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Abstract

Shape Memory Polymers (SMP) and Shape Memory Polymer Composites (SMPCs) can be used
in field applications to replace mechanical actuators. They offer lightweight, ease of part manufac-
turing, reduced energy losses due to elimination of friction between components and a wide range
of mobility. The present work focuses on production, characterization and modelling of SMPs and
their composites with the ultimate goal to obtain controlled field applications. Firstly a detailed
work on the properties of thermoplastic SMPs is put forward while looking at the capability to
produce part manufacturing via Extrusion Based Additive Manufacturing (EBAM). To this end, a
thorough characterization of different thermoplastic SMPs was done while looking at the effects of

moisture on the material’s mechanical performance and processability.

Modelling is crucial to understand the basic parameters needed for engineering design, such as
the shape recovery ratio, shape recovery rate and shape recovery force. Hence, thorough literature
review is provided on modelling techniques for thermoresponsive shape memory polymers. Although
many great efforts have been made towards modelling, there is still a gap between modelling efforts
and focus concerning engineering design. Specifically, it is necessary to provide models for the
common types of loading in engineering applications. Many of the future applications for SMPs lie
in soft robotics, unmanned aerial vehicles, self-assembly or self-folding structures, where bending is
the most common type of load. The method of activation of the thermal shape memory effect must
also be considered within engineering models. Furthermore, easy application and interpretation

of models are required for first stage engineering design. Consequently, a model for SMPs under
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bending applications, that can be later adapted to field heating conditions, is proposed to mitigate
the mentioned knowledge gap. The proposed model is a transient viscoelastic model that can predict
recovery properties for flexural applications. A methodology for parameter extraction via DMA has
also been presented in this thesis to explain the change of material parameters with respect to time.

This model can be easily adapted to different field activation methods of the SMPs.

Additive manufacturing of shape memory polymer composites was studied to acquire SMPCs, that
can be easily formed into desired shapes and activated in out-of-laboratory conditions. As such,
hybrid material SMPC structures manufactured by EBAM for field applications are proposed in this
thesis. Fabrication, actuation, and characterization of the composite were done in this thesis. The
proposed SMPC structure was easily manufactured and possessed great potential to be controlled
and showed sensing capabilities in strain and temperature. This work has opened doors for SMPs

to be used as self-sensing smart actuators in real life engineering applications.
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Chapter 1

Introduction

Shape Memory Polymers (SMPs) offer advantages over mechanical actuators due to their lightweight,
low cost, ease of part manufacturing, and optimization of energy due to the elimination of friction
between components and can offer limitless and complex ways of motion. Thermosensitive SMPs
are the most commonly studied materials since their temporary shapes can be stored and released
via the application of heat. This activation method is convenient and has the potential to be fully
controlled. Although SMPs show vast potential, there are still limitations that have held back their
broader engineering applications. These limitations include uncharacterized behaviour to ambient
conditions, difficulties in part manufacturing, motion predictability, and challenges when activating
these in out-of-laboratory conditions. Overcoming the mentioned limitations can expand the appli-
cations of SMPs. Promising applications have been found in the biomedical area, i.e. active splints,
sutures, cast devices, tissue engineering [16, 22, 10] and self deployable stents [3]. Other engineering
applications include wings for aerial vehicle gliders, motion triggering switches, self-appearing QR
codes, actuators for soft robotics, applications in the space industry such as antenna deployment,
and in the consumer industry for toy development, sports equipment and furniture storage, among
others [23, 9, 1, 20].

A few areas of study must be looked at in-depth to achieve all of the applications mentioned above.
These areas are summarized in Figure 1.1 and include the manufacturing viability, understanding
the effects of ambient conditions, modelling and predictability of the material’s behaviour and the
field activation. To manufacture with these materials, we must look at how repeatable the man-
ufacturing process is; there must be ease for part manufacturing while keeping the manufacturing
process cost-effective. For these materials to be used in field applications, we must understand the

moisture and temperature effects on these materials while also predicting how they will behave



under such conditions. Moreover, understanding how the material will behave during programming
and recovery is also crucial for mechanical devices and the engineering design of actuators. Models
that describe the most common type of loading while predicting critical parameters for design, such
as how fast, how much the material will recover and what force it will give off when recovering, are
essential for designing with SMPs. Furthermore, tailorable models for different loading conditions
and that are easily applicable to engineers and designers are essential to design with SMPs. Field
activation of SMPs is perhaps one of the most critical aspects of applying these materials to real
engineering applications. An activation method that is repeatable when manufacturing, that can
be controlled and can provide feedback information, that is tailorable for heat application, and that

does not impede the shape recovery characteristics is desired and optimal for the use of SMPs

- Repeatable
Manufacturing - Ease for part
vighility manufacturing

- Cost effective

- Moisture effects

- Temperature effects

- Predictability of how
the material will
behave - Predict key
parameters for design
- Modelling of most
common loading
modes
- Easy application of
madels
- Easy application - Apply different
- Controlled activation Ipading conditions

- Self-sensing

- Tailorable heat
distribution
- Does not interfere

with recovery
properties of SMP

Figure 1.1: Areas of research to be developed for the advancement of shape memory polymers for
field applications

With the mentioned areas in mind, this research’s long-term goal is to prove the viability of shape
memory polymers for engineering design and product development. The effect of environmen-
tal conditions on the materials’ properties, such as on processability and field behaviour, needs
to be performed as the first stepping stone into this goal while considering part manufacturing

feasibility. Furthermore, modelling of SMPs is required for a first stage design of the developed



products. Field activation of these materials must be considered for any engineering applications
with SMPs. Finally, to fully exploit these materials’ potential, self-sensing and self-actuation need
to be implemented and characterized within the material, which can be accomplished using com-
posite materials (Shape Memory Polymer Composites (SMPCs)). This thesis contributes to the
advancements made in the area of shape memory polymers for field applications. The thesis begins
by providing a thorough literature review of the modelling of thermosensitive shape memory poly-
mers. A knowledge gap on practical models for the first stage design was identified through this

review (Chapter 2).

The recent advances in additive manufacturing have opened a gateway to multi-material capabil-
ities. This area is particularly exciting since to create structures and composite materials with
multi-functionalities such as self-actuation and sensing. A review of the advancements in additive
manufacturing of shape memory polymer composites was done to investigate methods in which
thermally active shape memory polymer composites could be created via additive manufacturing
to activate these via joule heating. Several promising manufacturing techniques and areas of study
were identified, among those the opportunity to develop smart self-actuating self-sensing shape

memory polymer composites (Chapter 3).

Thermoplastic SMPs of the polyurethane type (SMPU) have been widely studied in recent years
and have shown to possess a wide range of "activation temperatures." Therefore, two thermoplastic
SMPU materials were characterized thoroughly to understand the effects of field conditions, such as
moisture, on the materials’ performance and processability for part manufacturing. A viable SMP
of the SMPU class was identified in this study for field applications (Chapter 4).

Most SMP applications are subjected to bending (flexural) loads, specifically those in soft-robotics
and self-folding structures. Hence, a transient model for shape memory polymers under bending for
engineering design was proposed to fill the identified knowledge gap. The aforementioned SMPU

material was used to validate this model (Chapter 5).

Field activation of shape memory polymers was recognized to be easily applied via joule heating
while using a simple manufacturing technique that can be accommodated to manufacture complex
parts. Activation of the Shape Memory Effect (SME) is proposed by embedding a conductive
thermoplastic able to provide feedback data. The activation via additive manufacturing of shape
memory polymer composites was published in this area, this showed the feasibility of achieving the
necessary high temperature for activation (Chapter 6). Building on this work, a detailed study was
done on the SME, including the material and thermal characterization and the proposed structure’s
self-sensing properties (Chapter 7). This thesis is one of the first stepping stones to relate shape
memory polymers to real-life applications. There is still much work to be done in this area; hence

questions and recommendations for future research are presented in this thesis (Chapter 8).



1.1 Background

The SME of thermo-sensitive SMPs is the response of the material to a series of thermomechanical
loadings. These thermomechanical loadings include the programming and activation of the SME.

The programing steps include:
1. Increase of temperature above the transition temperature.
2. Application of mechanical loading.

3. Cooling of the material below the transition temperature under the applied load or under a

fixed mechanical constraint.
4. Activation of the SME by elevating the temperature to, or above, the transition temperature.

SMP can be thermoplastic (TP-SMPs) and thermoset (TS-SMPs). TP-SMPs have processability
advantages over The SME in that they are easier to process, lower cost and recycle. Thermoplastic
block copolymers SMPs functions through physical bonds (hydrogen bonding) [4]. Thermoplastics
SMPUs are fabricated with hard-crystallized (urethane segments) and soft-amorphous segments
(polyether segments). Soft segments have lower glass transition temperatures (7,) (the polymer’s
temperature at which it switches from glassy to rubbery) than hard segments. Because of a hard
to soft segment ratio, a new 7T, is developed for the polymer; such temperature is the SME’s
triggering temperature. Additionally, the thermodynamic incompatibility between hard and soft
segments causes a microphase separation that contributes to the recovery characteristics of the
SME [4, 26, 13]. Different ratios of hard to soft segments define the SMP’s characteristics, namely
their activation temperature, moisture sensitivity, shape recovery characteristics, and mechanical
properties [24, 18, 15, 12, 21].

The SME of temperature-activated SMPCs can be done through different methods: increasing the
surrounding ambient temperature or inserting elements that generate heat within the material.
Although increasing the surrounding material’s temperature is the most straightforward option for
activation, one must consider that SMPs have a low heat conduction coefficient (k = 0.3W/mK)
(obtained from measured data) similar to that of a thermal insulator. Therefore heat conduction
occurs from the outside surrounding into the material relatively slow. Alternatively, this can be
done so that the heat distribution within the material is homogeneous, and therefore, controlled

activation of the SME is achieved.

Studies have looked at nano-filler dispersion within the SMP matrix and the use of carbon black,
graphene and carbon nanotubes as nano-filler particles to produce conductive materials to produce
resistive Joule heating. To properly embed these particles in a TP-SMP matrix, melt extrusion

processes need to acquire good particle dispersion and avoid filler agglomerations within the ma-



terial. The main disadvantage of this method is that high quantities of filler material are needed
to acquire a good percolation threshold, which decreases the shape recovery properties of the SMP
matrix [25, 28, 17]. These agglomerations also form unpredictable stress concentration factors and
reduce the strength of the material. Other techniques have focused on adding heating material such
as shape memory alloy wires, gold foil, and resistive metals to a SMP matrix [14, 19, 2, 11, 27].
At the moment, these techniques are complicated to mass-produce. Furthermore, there has been
no attempt to fully study and control the activation of SMPs with any of the techniques men-

tioned.

1.2 Objectives of the Thesis

This thesis’s objectives have been defined with the intention to significantly contribute to the
fundamental understanding of shape memory polymers in characterization and modelling to enable

their real-life engineering applications. The objectives of this thesis are proposed as follows:

1. To understand the effect of ambient conditions on the mechanical/thermomechanical proper-

ties and processability of the SMPU for part manufacturing.

2. To develop a transient model that is easy to apply and interpret, to predict the shape memory

behaviour of SMPs under bending.

3. To develop a technology that will allow for proper field activation of shape memory polymers

while keeping part manufacturing simple, repeatable and economically accessible.

4. To describe and explore the multifunctionality of thermally activated SMPCs via joule heating,

including activation and sensing capabilities.

1.3 Overview of Content

Most of the work done as part of this thesis has been published in peer-reviewed journal publications
and presented in international conferences, and published in conference proceedings. Some of the

work is in the progress of being submitted to peer-reviewed journals.

e Chapter 2 is a comprehensive literature review on property modelling of shape memory poly-
mers. An extensive classification of SMPs has been done, and a detailed review of the model
development efforts up to date is presented. Additionally, a discussion portion for areas of
research and applications is included. A version of this chapter is soon to be submitted to a

peer-reviewed journal for publication.



e Chapter 3 presents a literature review about the advances in additive manufacturing of shape
memory polymer composites to identify manufacturing techniques that will allow the manu-
facturing of SMPs and SMPCs that can be field activated. The review highlights the opportu-
nities in the field of additive manufacturing of shape memory polymer composites, including
embedding material sensors into smart shape-shifting structures. This review has been ac-

cepted for publication in the "Rapid Prototyping Journal" as seen in reference [7].

e Chapter 4 explores, in detail, the effects of moisture on thermoplastic SMP. The study centers
on two materials from the same family with different activation temperatures. The study
identifies the differences in these materials that ultimately lead to more defined plasticization
or moisture trapping depending on the hard-to-soft segment ratio. Moreover, a model is used
to predict the plasticization effect of these materials. Findings are used to guide the study to
avoid increased difficulty due to moisture when extruding or 3D printing by Extrusion Based
Additive Manufacturing (EBAM). This publication is published as see in reference [§].

e Chapter 5 presents a transient model for shape memory polymers under bending. The pro-
posed model predicts parameters such as the shape recovery force and the shape recovery
ratio necessary for understanding and designing with SMPs. A method for extracting SMP
material parameters via DMA is also proposed in this section. This work is a crucial stepping
stone towards a model that can be used for materials that are activated via joule heating. A
version of this chapter is almost ready and will soon be submitted to a peer-reviewed journal

for publication.

e Chapter 6 introduces the technology developed to additive manufacture thermally active shape
memory polymer composites. An SMPC structure has been 3D printed with two different
materials to achieve heating and activation of the shape memory effect. This work has been

published as seen in reference [5].

e Chapter 7 builds on Chapter 6. Here a detailed work on the joule heating behaviour of a
3D printed SMPC structure is outlined and studied. Different ratios of conductive and SMP
material are investigated. The heating behaviour of the structure is carefully characterized.
An electronics and control system were developed to accurately measure resistance while
providing a controlled current to produce heat and activate the shape memory effect. This
system provides the control of a self-sensing mechanism, in which the smart structure can
be controlled with respect to temperature and strain. This work was published as seen in

reference [6].
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Chapter 2

Literature Review on Modelling of
Thermoresponsive Shape Memory

Polymers

Abstract
Shape Memory Polymers (SMPs) are a type of multifunctional material that has received much
attention from academia and industry. There is a vast potential to use these materials as sensors
and actuators, which could shift the view of engineering materials in design. Thermo-sensitive
SMPs are the most commonly used type of SMPs because of their ease of activating the Shape
Memory Effect (SME). As such, there is a need for models that describe the thermomechanical
behaviour and shape memory properties of these materials. Specifically, the required traits of
these materials needed for engineering applications are the shape recovery force, shape recovery
ratio and shape recovery speed. Many great efforts have been made in the literature. This

section seeks to review the most important models up to date in this area.
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Nomenclature

@ Coefficient of thermal expansion €a Strain of the active phase

Fe Elastic Deformation Gradient Ee Creep strain

F™  Mechanical Deformation Gradient ey Strain of the frozen phase

F" Viscoelastic Deformation Gradient Eme Mechanical strain

Ft"  Thermal Deformation Gradient €p Plastic strain

F Deformation Gradient Estr Stored strain

S Stress Tensor €s Irrecoverable strain

A Retardation time Eth Thermal strain

1 Viscoscity ¢ Entropy

Lh Viscoscity of the hard segment E Elastic Modulus

s Viscoscity of the soft segment T Temperature

a Active volume fraction Ty Final Temperature

foF Frozen volume fraction T, Glass transition temperature

P Helmholtz free energy Ty Upper bound of transition tempera-
o stress ture

O. Creep stress Ty, Lower bound of transition temperature
Oy Yield stress T Melting temperature

€ strain Tirans Transition temperature

€0 Prescribed strain U Internal energy

2.1 Introduction

Smart materials can change their physical or chemical configuration in a controlled manner when
subjected to triggering mechanisms. Among these, Shape Memory Materials (SMM) have the ability
to store a temporary shape and recover their original (permanent) shape upon the application of
a stimulus, such as a change in temperature, pH, UV-light and moisture [40]. The ability of
these materials to recover their original shape is often referred to as the Shape Memory Effect
(SME). Among common SMM, Shape Memory Polymers (SMPs) are among the most studied
due to their promising applications in the biomedical [99, 81, 82, 46], consumer [70], oil and gas
[68] and aerospace industries [56]. SMPs have many desirable traits such as their high strain

recoverability (~150%) and considerable lower density in comparison to Shape Memory Alloys
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(SMA) and Shape Memory Ceramics (SMC), which have a recoverability of ~20% and ~10%,
respectively [54, 47]. Additionally, polymers possess advantages over metals and ceramics such as
their ease of manufacturing, potential recyclability, biodegradability, bio-compatibility and tailor-
ability [58].

Thermal responsive SMPs have gathered the most attention in the field compared to other types of
stimulus-driven materials due to the ease of activation (increase in temperature or heat application).
For these reasons, the present review will only focus on thermal sensitive SMPs. Efforts have
principally focused on characterizing these polymers experimentally [36], however in the recent
decade, considerable modelling attempts have been made. Complete understanding of the shape
memory behaviour is necessary to implement SMPs in the many potential future applications like
in self-assembling structures [21, 94], self-deployable catheters [99], self-adjusting sutures [99], self
appearing QR codes [112], and the like. Many of these applications will require SMPs to undergo
large deformations and severe thermo-mechanical loadings, specifically during the programming
and recovery cycles. Therefore, predictive models that accurately describe the recovery process are
necessary for engineering design with these materials. Accurate and easy to apply models can allow

engineers to push forward broader applications with SMPs.

Modelling the SME in polymers can be difficult to tackle due the complexity of the physical phe-
nomena, and generalizing a procedure for these polymers can be problematic due to the different
morphologies that they possess, i.e. amorphous and semi-crystalline [60, 36, 49]. The author looked
at the different morphologies and has classified common SMPs for the relevance of the review. A
classification of the modelling techniques of SMPs has also been put forward and is decribed into
three different kinds, those composed of (a) Spring-Dashpot components (section 2.3.1), (b) Phase
Change (section 2.3.2) and a (c¢) Hybrid modelling approach (section 2.3.3).

2.2 Thermally Activated Shape Memory Polymers

The SME in thermal responsive SMPs is a reaction of the material to specific thermo-mechanical
loadings rather than an intrinsic material property [60]. Some of the proposed applications for
these novel materials include micro-mechanical systems, rewritable data systems [84] such as Quick
Response (QR) codes [112] and self-deployable structures, among them morphing origami-like struc-
tures [65], self actuated hinges [25], antenna for space applications [7, 104], wings for gliders [8§]
and sports equipments such as a self deployable kayak [24]. An example of the thermal activated
SME applied to an application is illustrated in Figure 2.1. In the figure, a schematic of an SMP
kayak is activated and can be stored in a temprary shape for transportation. In other fields, such

as mechatronics and biomedical engineering, applications such as crawling robots [22, 23], surgical
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stents, sutures, orthodontic devices, drug-delivery systems, self-adapting cast and splints [33, 80]
have been proposed and studied. Some of the desired traits of SMPs that allow real applications
to pass the prototyping stage are high recovery percentage, shape recovery speed, ratio and shape

recovery force exerted by the material during recovery.

(@) Permanent Shape (b) Programmed Shape

(c) Recovering Shape (d) Recovered Shape

Figure 2.1: Schematic of a self-deployable Kayak that can take the shape of a sleeping bag for
transportation

Although the SME is said to be a response of the material, different chemical structures provide
a variety of SM properties. In general, SMPs can be either thermoplastics or thermosets, defined
by physical or covalent cross-links, respectively. Generally, for amorphous polymers the transition
temperature is the glass transition temperature and for crystalline polymers it is said to be the
melting temperature T, [47, 48]. For both types of polymers, the SME is the consequence of the
phase change from crystalline or glassy, to rubery [113]. Generally, soft segments (which can be
crossed linked chains or curing agents) are linked by netpoints that can be of covalent nature or
crystalline segments. This particular chapter will focus on the one-way shape storing of SMPs,
although there are multiple polymer microstructures that enable the ability of SMPs to store two-

way or multiple-way shape change.

One of the most commonly referenced classification for SMPs is the one provided in the reviews of
Liu et al. [54] and Nguyen et al. [67]. In the mentioned reviews, the authors classified temperature

activated SMPs into four major classes as:

I covalently (chemically) cross-linked glassy thermoset networks (amorphous networks)
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(Ttrans = Tg)

IT covalently (chemically) cross-linked semi-crystalline networks (rubbers)
(ﬂrans = Tm)

IIT physically cross-linked glassy (amorphous) copolymers, or semicrystalline homopolymers
(Ttrans = Tg or Tm)

IV physically cross-linked semi-crystalline block-copolymers
(,-Ttrans = Tm)

A general schematic representations of the internal structures of these polymers at different stages
can be found in Figure 2.2. Notice that only the general mechanism behind the SME is illustrated
in the figure, and the microstructure may differ for different polymers even within the same class.
For instance polymers such as epoxy, and thermosetting PU are both considered to be class I
although their microstructures differ [39]. The general shape memory mechanism works by setting
their permanent shape by cross links and actuating their temporary shape by their sharp glass
transition. In the figure, chemical cross-links are depicted by circles and are found in classes I and
II, while physical cross-links, can be found in classes III and IV. Notice that physical crosslinks are

not limited to these since they may appear in crystalline structures.

Just as for class I, the permanent shape of class II is set by the chemical crosslinks (depicted
with circles) while the temporary shape is set by crystallization and hence crystals are formed in
the form of organized structures depicted in the figure. Examples of these are Polyethylene (PE)
and Polycaprolactone (PCL), among others [39]. When the temperature is increased above the
transition temperature, these crystals melt and the secondary shape is set. During the cooling

process, crystals can again reform.

The permanent shape for class III and IV is set by rigid segments. In the case of class III it is
set by rigid amorphous domains (crystals), hydrogen bonding or ionic clusters. In the figure, the
general structure with amorphous and hard segments is shown for a general representation. The
permanent shape is set by these rigid segments while the temporary shape is set by amorphous or
soft segments. Hence the activation temperature for class III is either T, or T}, (depending on the
structure) of the soft amorphous phase. A common material and an example of this class is PLA
(Polylactic Acid) [39, 87].

Just as with class ITI, physical crosslinks set the permanent shape for class IV polymers. Physical
crosslinks include, polar interactions, hydrogen bonding or crystallization which includes these
types of physical bondings. In this type of SMPs, crystallization is the main cause for setting the
temporary shape. Class IV includes one of the most studied SMPs often referred to as thermoplastic

elastomers due to their physical crosslinking [18, 47|, e.g. thermoplastic polyurethane (TPU) [39].
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More examples of these classes include : (I) VeriFlex?™ [61], II Poly(e-caprolactone)[109], Liquid
Crystal Elastomers and hydrogels [54], (III) Polyurethanes [108, 90, 38| and (IV) PCL diol/MDI/BD
[37].

15



91

Setting of

Permanent Temporary RECOVE[‘_Y Recovered
Shape Temporary Shape Shape Shape
T>Ttrans T<Ttrans i T>Ttrans
» > \
Class (a)
I
*
I -
%)
>
=
1>
U
=4
1 &
=1
=
w
v

@® Chemical Cross-links

Amorphous soft segment

== Hard segment
. Crystallized segment

Figure 2.2: Description of the SME showing the different stages: (a) permanent shape, (b)setting of temporary shape,
(c)temporary Shape (d)recovery, (e)recovered shape. Reference of structures for Class I [76] , Class IT [55],Class III[118, 62],
Class IV [34]



2.2.1 Thermal Shape Memory Effect

The shape memory properties of thermally sensitive SMPs are closely dependent on temperature,
time and load. When an SMP is heated, its elastic modulus can decrease several orders of magnitude.
This particular property allows for the reconfiguration of the material and the retention of a tempo-
rary shape. Below the transition temperature, Tq5s, the polymer behaves as an elastic-viscoplastic
glassy material, meaning linear or nonlinear elastic behaviour coupled with time-dependent plas-
ticity. When the temperature is within or above the transition range, the material changes to a
viscoelastic rubber-like material [83]. A schematic of the SME cycle is seen in Figure 2.2, where
a) represents the permanent/original shape (in black), b) represents the setting of the temporary
shape c) the temporary shape, d) represents the recovery process and e) represents the recovered
shape. From the described material behaviour, the programming cycle (from (a) to (¢) in Figure
2.2) is as follows: i) increase the temperature above Tyqns, i) At T > Tirans, apply a load or strain,
iii) while holding the applied load/strain, decrease the temperature below Ty.qps. The recovery of
the original shape (Figure 2.2(d) to 2.2(e)) is acquired by increasing the temperature above Tty qns.
Notice that in the figure, the red colour represents an increase in temperature and blue, a decrease

in temperature below the transition temperature Tiyqns-

At the microscopic scale, the polymeric structure of different classes of SMPs changes during
thermal-mechanical loading to allow for the SME to take place. For instance, for the setting of
the temporary shape, class I shows the movement of the chains as they reach a temperature above
Ty, while the shape is conserved by the chemical cross-links anchoring the structure during cool-
ing. Class II, on the other hand, has crystallizable amorphous chains. The crystallite structures
melt away into amorphous chains when heated, and vitrification occurs during cooling, which sets
the temporary shape. For thermoplastics class III, the setting of the temporary shape occurs by
stretching the amorphous segment and anchor-points are created by physical cross-links between
hard segments. Thermoplastics class IV show the setting of the temporary shape by melting the

crystallites soft segments.

Although many polymers exhibit a thermal SME, specific characteristics allow certain SMPs to be
used as sensors, actuators, or self-deployable structures. For a material to be used as actuators, a
high recovery force, ratio and speed are usually desired. Intrinsic properties of the material, such as
a narrower glass transition is also commonly desired to obtain a shorter recovery period [105]. Some
of these material properties can be widely characterized by two different tests: the free recovery and
the constrained recovery. The free recovery, as the name implies, allows the material to move freely
during recovery. This test provides insight into the total recovery percentage and recovery speed.
Contrarily, the recovery force can be obtained from the constrained recovery; for instance, both ends

are constrained after programming during a uniaxial test [47]. After applying a prescribed strain,
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€9, and conducting a free or constrained recovery, parameters such as recovery speed, strain fixity,
recovery strain and recovery stress (Rg) can be quantified. Usual calculations include the total
shape recovery ratio (R,) and the shape fixity ratio (Ry) as well as the irrecoverable strain, (e5), or
the amount of strain that has not been recovered after the activation of the SME. Quantification
of these values is often done by studying the viscoelastic properties of SMPs. These properties
can be quantified from creep recovery, cyclic tensile tests and analysis of the viscoelastic behaviour
through Dynamic Mechanical Analyzers (DMA). These tests are often useful to determine the
degree of softening of the materials and can be correlated to the mentioned irrecoverable strain
[116].

2.2.2 Characterizing the Irrecoverable Strain
Modelling relationships

To be able to use SMPs in engineering applications, there is a need to understand and optimize
the SME. A thorough investigation of the reminder non-recovered strain, also referred to as the
irrecoverable strain, is necessary for SMP characterization and modelling to fully understand the
material applicability. The amount of irrecoverable strain is greatly influenced by the intrinsic
molecular structure of the polymers. For amorphous polymers, the remaining strain that is not
recovered can be accredited to structural relaxation, which is a time-dependent process in which
the polymer chains rearrange themselves to a new equilibrium position [67]. For semi-crystalline
polymers, the irrecoverable strain could be correlated to the inelastic deformation of the crystalline
part of the polymer, such as chain slip and twinning [86, 50]. The slippage mechanism is commonly
assumed to be the dominant cause of the irrecoverable strain. Qi et al. [72| have also attributed
the irrecoverable strain to breakage of hydrogen bonds in hard domains and possible interaction
between hard /hard and hard/soft domains. Irrecoverable in cyclic loading has also been attributed
to strain softening [72]. In rubbery materials, i.e. elastomers, strain-softening is referred to as the
Mullins effect [72]. This phenomenon occurs when hard block sections re-orientate, which occurs
when polymer chains are subjected to a strain that produces the hard segment to undergo breakage

and reformation of hydrogen bonds.

The SME is the polymer’s reaction to a shape memory training. Parameters such as program-
ming temperature, strain/load rate, total applied load/strain, shape-holding time and recovery
temperature affect the way irrecoverable strain evolves and sets through time. Resulting indica-
tors that allow researchers to carefully look at the irrecoverable strain and correlate it with the
SMP behaviour are the shape fixity, strain recovery rate, and strain recovery ratio. Strain fixity is

measured by the rate between the applied programming strain and the existing experimental fixed
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strain (equivalent to a spring-back in metals). Strain recovery rate is the rate per unit time at
which the SMP recovers after the SME has been triggered [89, 50]. Shape programming methods
by strain or load control are often used to determine the effects of experimental parameters on
the SME. Among those interesting studies, it was found that for thermoset SMPs, the strain rate

affects T, and the activation temperature of the material [98].

Tobushi’s et al. [89] described the ratio of recovery by relating the irrecoverable strain (¢,) observed
after the shape recovery cycle with respect to the occurred creep strain during the programming
stage, €.. This creep strain occurs in different amounts with respect to the applied temperature.
This expression can be seen in equation 2.1. Tobushi et al. suggested that if large strains are
applied then the same relationship may hold by impliying that a plastic deformation, €, will occur
as observed in equation 2.2 [93]. Later this irrecoverable ratio, S, was said to be the ratio between
the irrecoverable strain, e, and the holding strain, €;, applied when shape programming ( S = z—z)
As such, an empirical relationship that describes the irrecoverable ratio can be defined as a function
of the loading and holding temperature, T}, at which the SMP is programmed and its glass transition
temperature T, as seen in equation 2.3 [91, 92]. The authors proposed that the total irrecoverable
ratio is a function of the maximum irrecoverable strain ratio that can occur, S, the time at which
irrecoverable strain appears (t;) and a time constant c. From which, S,,t; and ¢ are all functions

of the shape setting or holding temperature 7}, and the glass transition temperature of the material
(Tg)-

s =S¢, (2.1)
es =S(ec +€p) (2.2)
S=8,(1—e ") (2.3)

Balogun et al. [3, 4] have instead described the strain storage with respect to temperature to predict
the Shape Memory (SM) behaviour and therefore estimate the irrecoverable strain. The authors
introduced a binding factor using a similar method as Xiao et al. [107, 105, 106]. This factor,
is an approximation that relates temperature and viscosity at high and low temperatures defined
as i, l1, respectively. The expression is defined in equation (2.4), and therefore the stored strain
st can be described by equation (2.5), where the binding factor compensates for the material
morphology at different temperatures and binds it with the mechanical strain being applied &;,..
A positive or negative strain occurs depending on a heating or cooling rate, this is compensated by

factor, k..
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z=1-(1+ e‘ln(p’h//‘l)l_l(Tg*0~5AThl*T)_l)

+1, T <0
Estr =2kmEme;  km = -1, T <0
0, T=0

A recent attempt to describe the irrecoverable strain has also been tackled by Guo et al. [29]. The

authors proposed that the irrecoverable strain in amorphous polymers happens as the summation

of two contributions. The first arises from the programming stage due to a low cross-linking degree

and can be accounted for by equation (2.6), where o(t), €,&, po, are the stress, strain, strain

rate, and viscosity of their model’s second dashpot. The second contribution is from the shape

setting process, which is defined by equation (2.7), where T}, and § are the starting programming

temperature and the cooling rate. The total irrecoverable strain €5 can be described by equation

(2.8).

ty
t
€im1(t):/ AU
0 M2a €

ta
O’(t) Th -T
Eirr, t) = dta t=
2( ) /0 H2a 6

€s =Cirrr,1 + Eirr,2

(2.6)

(2.7)

(2.8)

Table 2.1 provides a summary of the mentioned models, the author has considered that these

are some of the most important ones when describing the irrecoverable strain, which needs to be

considered for future modelling approaches.

Table 2.1: Summary of irrecoverable strain functions

Reference Equation Variable Dependency
[89] €s = Se.

93] es = S(ec +ep)

[91, 92] & =8,(1- e ——_—

3, 4] z=1-(1+ e“”(#h/#l)‘71(Tg*0-5AThl*T)71) un:

[29] es(t) = [y* 2Wat DT po s
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Experimental Relationships that affect the SME

There are experimental relationships worth mentioning among the programming and shape memory
variables that affect the overall behaviour of the shape memory effect and hence the shape recovery
ratio. For instance, shape fixity has been found to be dependent on the relaxation modulus of the
polymer [115] and therefore it will increase when shape holding time increases (step b in Figure
2.2), or when a higher temperature is used during shape programing. It has also been found that
shape fixity decreases when a higher strain rate is used since it does not allow sufficient time for
the polymer structure to set [98]. Works by Yu et al. [114] have found that a consistent high shape
fixity usually leads to an increase in recovery rate. Chen et. al have also found that materials with
high rubbery modulus and lower glassy modulus also recover their shape at a higher recovery rate
[11].

Total recovery ratio has been found to be high when the relaxation modulus of the material is
higher at the end of the shape programming cycle [107]. Factors that can decrease the recovery
ratio are a high shape holding time and temperature because they create an irrecoverable strain
due to creep, these effects were seen in both strain and load controlled shape programming methods
[92, 78]. Guo et al. also found that a higher loading strain rate yields lower recovery ratios and

recovery speeds [31].

Chen et al. found that constrained recovery, and therefore the study of the recovery force, is mostly
affected by the Coefficient of Thermal Expansion (CTE) of the material, while both constrained
and free recovery were highly affected by heating and cooling rates while setting of the temporary
shape [11]. A low heating rate during shape training allows polymer chains to reorganize and
increase their relaxation time, while a faster cooling rate when shape setting showed a decrease of
the recovery rate. Following the same logic, a lower cooling rate again allows for chain relaxation

to occur.

All these effects need to be accounted for to determine the irrecoverable strain and moreover the
entire shape recovery effect. In the following sections the modelling approaches to capture the shape

memory behaviour as a whole are described.

2.3 Modelling Approaches

Modelling the shape memory phenomena is complicated by nature. Mainly, researchers have ap-
proached this from two different angles. Shape recovery takes places at the transition region, if we
characterize this driving phenomena from a force point of view, it can be said that structural relax-

ation will define the amount an SMP recovers and how it moves through time during the recovery
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process [66]. From an energy point of view, when a polymer changes from the thermal stretched
state to a cooled down state, entropy of the polymer system is frozen as motion of the chains is
stopped. Therefore, the total energy in the system is in the form of internal stored energy [47].

It was mentioned in section 2.2.1 that the SME is based on the reaction of the application of thermo-
mechanical loadings to the SMP. As a consequence, the material properties such as shape fixity,
shape recovery rate and total shape recovery ratio are highly dependent on the material’s struc-
ture and nature. Modelling has been approached from quantum mechanical calculations, molecular
dynamics to the micro, meso and macro scale modelling [36]. The present review will focus on
analytical thermo-mechanical modelling approaches at the macro and mesoscale due to the applica-
bility of these models in direct simulation and reduced time of numerical implementation in contrast
to molecular models [79].

The most common models belong to one of the two categories: a) those based on elastic and vis-
cous elements (spring-dashpot models) and b) those based on a phase change concept. Although
earlier modelling techniques using the spring-dashpot models rely heavily on experimentation, they
have allowed the characterization of commercial SMPs that are useful for industrial applications
[93, 89]. Attempts at modelling viscoelasticity using spring-dashpot models are more appropriate
for amorphous polymers (Class I) [107, 66, 73, 105, 67, 106], while the phase change model are
usually directed to modelling of semi-crystalline polymers (Class II, III, IV), and their implemen-
tation can be found in works by Scalet et al. [79] and Bouaziz et al. [8]. Thorough and excellent
reviews have been conducted by Mather et al. [60, 36] and Zhao et al. [117] for these modelling
approaches. It is for this reason that the present review will focus on summarizing the most relevant
works in the area for completeness and reviewing the recent advances in the literature since their

publications.

2.3.1 Models based on Elastic and Viscous Elements

This modelling technique describes the viscoelastic behaviour of a material by using constitutive
equations of elastic solids and Newtonian fluids [58]. A material may therefore be described through
combinations of springs and dash-pots placed in a series or parallel manner. Some of the most
common models are the Generalized Maxwell, Kelvin Voigt and Zener Models. The elements in
these models can describe the SME by incorporating time and temperature dependent parameters
and nonlinearity within the constitutive elements. Intrinsically, the SME can be described as a
function of viscosity with respect to temperature. In the permanent shape the spring-dashpot
configuration is in a non-stressed condition. As the material heats up, the dashpots have lower
viscosity and therefore an easiness to stretch. Once the temperature cools down, the viscosity
increases drastically which stores and creates internal stresses within the polymeric structure (at the

temporary shape). Upon heating the dash-pots in the system are softer and allow for the material
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to return to its original configuration (permanent shape) [67]. The schematic of the described
phenomena; when the polymer undergoes a thermo-mechanical training, can be seen in Figure 2.3.
On the left, the general model is in nonstressed conditions and on the right, the configuration of

the model is in the set temporary shape.
Permanent Temporary
Shape Shape

'l'l1(*r1n()-mclzc‘hani(:al
Programming cycle

shape Memory Effect —| :
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]
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v

Figure 2.3: Spring-Dashpot model representation of an SMP configuration before shape program-

ming and later recovery

In the literature, the SME was initially modelled using discrete and piecewise functions that describe
the polymer during each thermo-mechanical process. Tobushi et al. [89] produced one of the earliest

attempts to model the behaviour of an SMP for tension, where elastic and viscous elements were
In their model the irrecoverable strain

used to capture the SME and its irrecoverable strain.
€s, portrayed in Figure 2.4(a), represents the slippage mechanism that accounts for the internal

friction between polymer chains. This model is a derivation of the Standard Linear Viscoelastic
model (SLV). Numerical values for this element were obtained experimentally by the authors from
creep tests (for details on the irrecoverable strain see section 2.2.2 and refer to equations 2.1-2.3).
Tobushi et al. [93] later improved their general viscoelastic model by increasing the order of the

model (m) to account for nonlinear behaviour when the material is subjected to larger strains.
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Their model is still a function of the infinitesimal strain e. It is important to mention that their
work accounts for changes due to thermal expansion («), which is independent of the mechanical
behaviour. Constitutive equations for the linear [89] and nonlinear model [93] developed by the
authors can be observed in equations 2.9 and 2.10, where material parameters p, A, o, and o,
represent the viscosity, the retardation time (delayed response to the applied stress), yield stress

and creep limit, respectively.

o e£—¢&;
A

g
FE
. m—1 . n
. o — 0y c o 1 o £ — &g .
_9 T _ T 2.10
é E+m( - ) k+ﬂ+b(gcl> — ta (2.10)

+aT (2.9)

Other discrete approaches besides the inclusion of a slippage mechanism seen in mentioned models
have also been proposed to describe the SME, such as that by Lin et al. [53]. A representation
of their model is portrayed in Figure 2.4 (b). The authors divided the effects of soft and hard
segments of the polymer by implementing two Maxwell models connected in a parallel configuration.
Attempts using simple models such as the Kelvin-Voigt to describe the SME have also shown to
capture some of the shape memory behaviour for example the work by Morshedian et al. and
Khonakdar et al. [63, 41]. Although this method sucessfully captures most of the behaviour of
the SMP, it involves the implicit assumption of small strains and are limited to a 1D deformation.
Another drawback of these modelling techniques is that these models cannot be generalized and
are mostly based on curve fitting to experimental data from relaxation and creep experiments
[77].

Further improvements have been done by adding different types of conditional strains to SLV,
such as the works by Balogun et al. [4, 3]. The authors assume that mechanical strain storage is
only dependent on heating rate, and therefore it is released when heated and stored when cooled.
The authors assumed SMPs to be "thermo-rheologically simple" (assumption that a structure of
a polymer is preserved and the stress-strain relation follows a singular trend despite their thermal
histories [17]). The model used viscoelasticity and time-temperature superposition theories to
produce a master curve of the relaxation modulus, which seems to capture the SM fixity and
recovery in small deformations for amorphous and semi-crystalline SMP. Differences between these
constitutive modelling techniques and obtained experimental data for semi-crystalline polymers

were found [35] but high accuracy was shown for amorphous thermoplastics [15, 107].

Efforts have been directed towards continuous models as described by Mather et al. [60] and Hu
et al. [36]. Although this allows the extension of models to finite strain, the modelling complexity

increases substantially. Most of these models have decomposed the deformation gradient to account
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Figure 2.4: (a)SLV model with friction element to describe the SME [89], and (b) is the schematic
of a model capturing hard and soft segment behaviour from [53]

for thermal-mechanical loadings and viscoelasticity with the use of the multiplicative decomposition
from Lee et al. [44] and modern continuum mechanics [16]. The decomposition represented by
equation 2.11 refers to the total obtained deformation gradient, F', decomposed into F™ and
F'" representing the mechanical and thermal parts. Where the mechanical deformation gradient
is composed of an elastic F¢ and viscous part F. Using the concept that within a transition
temperature range the material is both elastic and viscous, Diani et al. [16] developed a model that
followed two conditions. When the material is in the complete rubbery state, the contribution of
changes in internal energy are negligible to the predicted stress, that is: Fv = F;F¢ =1. When
the material is entirely glassy, the applied strain only creates internal energy (at the elastic region),
hence FV = 1. With the mentioned conditions and satisfying Clausius-Duhem law, a stress (S)
equation can be obtained as portrayed in equation 2.12 and an evolution law of the changes of the
viscous deformation gradient DV is the symmetric part of L = FvFv~1in equation 2.13. Where
C = FeT . Fe is the Cauchy-Green tensor of the elastic deformation and p is the viscosity. The
present model did not consider any plastic strains or crazing effect, which produced deviations from
the experimental results. However, following this technique and by obtaining different evolution

laws, improved models may be obtained.
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Models that capture non-linearities have looked at mesoscale approaches that consider molecular
mobility. One of the most commonly known models for amorphous SMPs is the work by Nguyen et
al. |66, 67]. The authors based their work on the concept that the response of an SMP is dependent
of time, temperature and structural mobility. A derivation from the Helmholtz free energy was
used to obtain the stress relationships. Notice that the equation of the Helmholtz free energy is
¥ = U — T, where U is the internal energy and ( is the entropy of the system. Nguyen et al.
[66] used the Adam-Gibbs model to describe the mechanical properties between and above T, and
used the Williams-Landel-Ferry (WLF) model and the Arrhenius model below Tj. In their review,
Nguyen et al. [67] describe in detail their proposed model. A 1D model representation can be seen
in Figure 2.5. Their model has divided the total strain € into a thermal and mechanical strain

decomposition, €5, and &, respectively. At the same time, the mechanical strain was decomposed

€
me

) and viscous strains (e},,). Thermal strains were segmented into three parts, an

into elastic (e
instantaneous response paired with structural relaxation and thermal strains that drive the system

to equilibrium, these were developed using a fictive temperature internal state variable.

€

Aol Aol
o 1 N |:I
5 Ex L X K] neq |
& ¢ < (T3

(T, 9) (T8 HAMMN—

Y

0 Vv
ET ) EeM EM

Figure 2.5: Representation of a 1D version of Nguyen et al.’s [67] model. Where descriptions for
equilibrium and non-equilibrium are represented by eq and neq. The figure shows, Kelvin and
Maxwell elements coupled until the Nth element. Reprinted with permission of [67]
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Srivastava et al. [84] also used internal state variables to macroscopically represent the resistance
to plastic flow of the polymer via micromechanisms (v = 1,2, 3). By looking at the intermolecular
(rotations of main-chain segments of the polymer) and molecular network resistance (rotations of
the side groups), the model can capture the physics of the material in contrast to other modelling
approaches (i.e. the phase change approach). When looking at temperatures below T, their
model considers two micromechanisms, while three micromechanisms are used above T, [84]. Each

micromechanism can be associated with a spring-dashpot configuration.

For the first proposed michromechanism (y = 1), a nonlinear spring respresents the elastic resis-
tance to intermolecular and intramolecular bond stretching, while the dashpot represents resistance
to plastic flow attributed to chain-segment rotations and slippage of polymer chains. An additional
spring in parallel with the dashpot is placed for energy storage and captures local elastic incom-
patibilities produced by a viscoplastic flow mechanism. Micromechanisms two and three (v = 2, 3)
as can be seen in Figure 2.6, are a combination of a nonlinear spring and a dashpot. The spring
represents the elastic response of the stretching of the molecular chains between the mechanical
cross-links. The dashpots represent thermally-activated plastic flow due to slippage of the mechan-
ical cross-links, which are relatively strong below T,. Unlike other models, this technique was able
to capture the nonlinear hardening observed at large strains as well as the unloading response of

the materials.

A common argument against the spring-dashpot modelling technique is the tedious experimentation
that has to be implemented to obtain material parameters. Adding more elements to a spring-
dashpot model can acquire a better material’s behaviour description, however more experimentation
needs to be done to acquire material parameters. The obtention of material parameters must be
approached with care in order to avoid unstable material parameters. The use of fractional calculus-
based constitutive models address this problem by reducing the number of material parameters
needed to describe SMPs. In their work, Fang et al. [20] compared the fractional calculus approach
to classical viscoelasticity to demonstrate the eficacy of the calculus based model. While classical
viscoelasticity bases on the Kelvin and Maxwell viscoelastic models, fractional rheological models
are based on the Koeller’s ’spring-pot’. The constitutive law of this element can be seen in equation
2.14. Where, o, ¢, t, F and p are the stress, strain, time, Young’s modulus, viscoscity, and therefore
T is the relaxation time. DX indicates fractional differentiation and yx is the fractional derivative

parameter between 0 and 1.

o(t) = B' " XuXDXe(t) = ErXDXe(t) (2.14)

As such, many of the fractional models can be obtained correspondingly from the spring-pot config-

uration, such as the Poynting-Thomson model used in Fang et al.’s [20] work. With this technique,
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Figure 2.6: Representation of a 1D version of Srivastava et al.’s [84] model. The figure shows the
micromechanisms implemented in a spring-dashpot representation

the authors required static and dynamic tests to obtain material parameters; such as the relaxation
moduli and storage and loss factor data. The authors’ model good fit to experimental data and

simulated the isothermal recovery of an amorphous SMP.

2.3.2 Models based on Phase Change

Section 2.2.1 explained in detail the morphological structure of most SMPs. Although physically,
amorphous polymers do not have a crystalline phase, researchers have argued that cross-links or
even small fractions of polymer chains that possess a different morphology from the rest of the
material can be regarded as a phase [59] and therefore a physical evidence of this morphology may
not be necessarily present. This modelling technique has been applied to a range of materials.
The concept of frozen and active phases has been explored in the area of SMA decades before
applying them to SMP [102, 43, 2, 1, 64]. Unified modelling attempts of the SME in SMA and
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SMP following this concept has been performed by Rogovoy et al. following the same phase change
concept [75].

Models based on phase change have considered the physics of phase transition at the mesoscopic
level. They typically propose that the SME consists of an anchoring mechanism within a movable
polymeric phase also referred as frozen/glassy or active/rubbery phases respectively. The phase
change concept includes the transformation of a frozen phase into an active phase and viceversa.
Important thermodynamic characteristics to consider were described by Lendlein et al. [47]. At
the beginning of the programming of the SME, below the transition temperature T;,.qys, the SMP
and therefore its two phases (frozen and active) will act as an elastic solid, which may behave
isotropically or an-isotropically as is the case for semi-crystalline polymers having oriented crys-
talline structures. Once the temperature reaches the T},.q,s range, commonly considered between
(Tirans — 10°C and Tyrqns + 50°C'), the active phase produces the polymer to behave as an entropic
rubber, making the polymer softer to deformation. After deformation of the programming step
and following a cool down step, T' < T}qns, both active and frozen phases return to their frozen
state, which will cause them to lock entropy changes produced by a lack of chain movement. Con-
sequently, this effect produces an energy storage within the internal energy. More specifically, for
semi-crystalline polymers, the structure is made of a crystalline phase and an amorphous phase.
Figure 2.7 represents a phase change before and after shape programing and recovery. Initially
the material has an initial frozen crystalline phase represented as dark blue segments within an
amorphous gray structure. After thermomechanical shape programming has occurred and as the
polymer cools down, temporarily frozen segments coming from the amorphous region will form
setting the shape, these are represented as light blue. When the temperature is raised above the
transition region, these segments vanish, and yield the original configuration. The phase change
produced during this procedure is considered to be a dissipative phenomena. It is to be noted that
a phase change must be temperature and time dependent and therefore it should be represented as

a continuous process.

The first approach to modelling SMP with this technique was done by Liu et al. [57]. The model
was constrained for small deformations and was described with a 1D formulation, additionally it
used on a glassy amorphous thermoset (Class I) polymer. It was assumed that the frozen and active
phases within the structure add to the total composition. This concept is portrayed by equation
2.15, where ¢ is the volume fraction of the frozen phase and ¢, the volume fraction of the active

phase. The frozen and active phases will vary to form the total state of the SMP [57].

Vfrz (T) _ Vact

op(T) = L2 gy = Tt

¢f+¢a=1 (2.15)

The mechanics of the material can be coupled between phases by assuming that the stress experi-
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Figure 2.7: Representation of an SMP configuration before shape programming and later recovery

enced by the frozen phase o is the same as that of the active phase o, by 0y = 0, = 0, since both
phases experience near perfect bondage. The strain ¢ can be described by € = ¢ref + (1 — ¢f)eq,
where €; and ¢, are the strain of the frozen and active phase respectively. The mechanical evo-
lution of the material can be described by determining a phase evolution law that transforms the
material from frozen to active. The phase evolution law first proposed by Liu et al. [57] only
depended on temperature, and as such, a fixed heating and cooling rate was defined (refer to Table
2.2 for evolution formula). Physically, however, the formation of phases is transient with time and
at different points in time a newly formed phase will have different stress-free configurations [59].
The Helmholtz free energy function is then used to describe the energy storage after the thermo-
mechanical training has occurred. Knowing that the mechanical strain €, = € — €44 — €43, the
Helmholtz free energy can be defined by equation 2.16, where ¥, is compounded by the elastic
mechanical, thermal energy and the initial energy with no storage. Therefore, the stress relationship
for the thermomechanical process can be obtained by equation 2.17, and in the same manner the

internal stress field that stores the entropic strain in the frozen phase (o4 )can be obtained.

w(& Estrr L (bf) = me(ema T, ¢f) + wstr(&_stm T) (216)
o a¢mT _ 8me
- 8€m ) Ostr = 3am (217)
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Similarly to the work proposed by Liu et al. [57] and Chen et al. [12], Chen et al.[13] developed a
model based on the same micro-mechanical principle similar to that portrayed in equation (2.15).
However, the authors proposed that Liu et al. [57] have only applied a storage of strain during
cooling in their evolution law, therefore a strain recovery was derived by the authors to include
the heating process. The authors later linearized the model for small deformations [13]. A detailed

description of these models is presented in the work of Volk et al. [96].

The basic models mentioned before did not consider the phase evolution with respect to time.
The authors of mentioned models justified this assumption by arguing that since shape programing
occurs by holding the strain at a certain constant temperature, time effects are not relevant [59, 73].
However, plenty of experimental work has shown that shape holding time severely affects the SME
(section 2.2.2). Since this modelling technique is based on the formation of a new phase with respect
to temperature, a definition of a function ¢¢(7') is necessary. In their recent work, Yang et al. [111]
provided a summary of the equations used to define the volume fraction of the phase evolution,
which contains only works from a phase change approach, the summary is expanded to include a
hybrid modelling approach and from recent advancements (section 2.3.2, 2.3.3, 2.4), shown in Table
2.2.
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Table 2.2: Summary of frozen volume fraction function used, this has been adapted and completed from [111].

Reference ¢ (T') Material Dependency
Class

[57] 1—- m I T

(73] rlT;Tr) I T

[101] ae—K(FED)™ I T

[74] m - T

[97] (0 tanh((T) —A)/ B)—tanh((T—A)/B) I T

tanh((Ty,—A)/B)—tanh((T;—A)/B)

27 [1 - (%) m] : I T

“SEar 5= 0l 11 T

Ts
[30, 32] = S\}%e

re(T) <AkH§§T)) At/To )
[111] 17/ p(r)dr x {1 ’716 w } I T

[o.]
Each expresion contains parameters i.e. A, B,T,., K n that need to be determined from a fit to experimental data.A and T'r are

constants and can be determined by linear dielectric spectroscopy. T} is the upper bound of the transition temperature usually
at which deformation takes place, for example T}, = T; + 20K, where T; is the transition temperature and similarly for 7;.
Other constants that have appeared during models are \ as the retadation time, « the frozen final phase, w glass transition
material parameter, K} boltzman constant, AH, is defined as the energy barrier and A/7y as the heating rate term.




Other approaches to describe phase evolution have been more specific to certain materials. For
instance Barot et al. [5] developed a constitutive model for crystallizable SMPs. The model used
a predefined rate of crystallization and rate of melting to explain shape fixing and shape recovery.
Again, the authors implemented the micro-mechanics equation in the total Helmholtz free energy
(equation 2.16). This model was later improved and a thermodynamic framework was developed
to further describe the crystallization process [6]. In their study, the authors proposed that in
an entropy production process, the rate of entropy is maximized, and therefore the crystallization
kinetics (the crystallized volume fraction) can be obtained. Time dependent modelling has also
been proposed by Long et al. [59], where the authors proposed to obtained the mechanical response
of the material by performing a convolution of deformation. Although the phase change model
captures the crystallization process for semi-crystalline polymers. Discrepancies in models show
that it is due to a viscoelastic behaviour that appears in the amorphous region of the polymer [79].
Therefore, a hybrid modelling approach would mitigate some of the discrepancies that older models

have shown with respect to the observed experimental data.

2.3.3 Hybrid Models

Newer models have looked at a hybrid modelling approach,which integrates the spring-dashpot
element modelling and some degree of phase change to capture the complete behaviour of the
polymer. This method seems to describe more precisely semi-crystalline polymers, since each phase
can be individually described by established models. Figure 2.8 shows an adapted version of a
proposed methodology from the work of Li et al. and Yang et al. [50, 110|. The figure shows an
individual description of each phase from which both models can be coupled to describe the SMP

behaviour. Each phase can be coupled into a Representative Volume Element (RVE)

Different types of models describing each phase have been adopted. For semicrystalline polymers,
specifically thermoplastic Polyurethane, Qi et al. [72] proposed a rate independent hyper-elastic
rubbery spring that can capture softening of the material due to realignment of hard segments within
the amorphous structure. This was coupled in parallel with a rate dependent viscoelastic-plastic
component. Multiple shape memory cycles were studied and looked at, hence the authors argued
that the behaviour of the material can be described by assumming that with time an evolution law

of "effective" volume fraction between hard and soft domains differs between each cycle.

Other works such as that of Qi et al. [73] have segmented the shape memory behaviour with respect
to the same ideology described by Liu et al. [57]. At the beginning of the process, the model proposes
that the material will follow an initial glassy phase showing behaviours of viscoplasticity, followed
by an isotropic hyperelastic material. Upon cooling the material is said to form a new frozen glassy

phase. The glassy phase is best described by a 1D spring-dashpot system (Figure 2.9). In the same
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Figure 2.8: Model calculation flow chart. Figure adapted from [50].

manner, the isotropic behaviour can be modeled as a hyper-elastic spring based on the Langevin
Arruda-Boyce eight chain model of the rubbery phase. As the deformation of the rubbery phase
disappears, a new deformation is created for the frozen phase, which may not necessarily be the
same to the common phase change model. As noted by Hu et al. [36] this model was not able to
show the hysteresis in Stress-Temperature curves obtained in constrained recovery experiments but

captured the general behaviour of the material appropriately.

Authors such as Kim et al. [42] have tried to model polyurethane based SMP (Class III) with
segments corresponding to the hard segment (viscoelastic), soft frozen phase (hyperelastic) and the
soft active phase (hyperelastic). The authors’ model showed that the parallel arrangement of the
elements behaved in a stiffer manner than the series mode and was more influenced by cooling rate.
From the experiments of the constrained recovery, the parallel model seems to qualitatively capture

better the SM performance.
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Figure 2.9: Spring-dashpot model representation of an SMP at the glassy initial phase. Figure
adapted from [73]

2.4 Recent Modelling Techniques and Developments

The previous sections summarized the works that has been previously reviewed by many authors.

In this section we have considered to include some of the more recently employed techniques.

Recent developments in the field have focused on improving and obtaining more thorough descrip-
tions of the irrecoverable strain. Xiao et al. [107] established, in good agreement with experiments,
a direct relationship between stress relaxation modulus at the end of the shape programming and
the final recovery percentage by using a generalized Maxwell model and previous modelling tech-
niques by Nguyen et al. [66, 67]. This relationship was applied for preliminary design studies in
the work by Ge et al. [26].

Authors have also focused on modelling techniques that describe the glass transition phenomena of
SMP, such as the use of internal state variables (variables representing the microstructure of the
system), among those works are [107, 105, 106, 3, 4, 28]. When the material exhibits a history
dependent behaviour, the material cannot be characterized by only current conditions. As such, a
common approach has been to use a fictive temperature, as described by Tool et al. [95], which
describes the temperature at which a glass will be in equilibrium after sudden cool down. It
is mainly used to model structural relaxation processes. The fictive temperature is used as an
internal variable that describes the structure in the transition range. Hence the final temperature
of the material can be predcited by the temperature at which the structure is in equilibrium, T,
and the final temperature, T, as defined by (2.18), where the constant g is a factor inversely
proportional to the viscosity of the material [66, 67]. Other internal state variables have also been

implemented when modelling, Gu et al.[28] provide an excelent review of internal state variables
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used when modelling amorphous SMP. A high fidelity between experimental and modelling data has
been shown by using internal state variables [45]. The mentioned authors have also suggested that
further work should be developed to take into account more internal state variables and represent

properties at the glass transition range with higher precision.

ddltf = —%(Tf -T) (2.18)
Works have also focused on capturing non-linearities by defining the strain energy density of the
material from statistical and continuum mechanics. Authors have used a meso-scale approach
by using statistical mechanics with the use of the 8-chain Arruda-Boyce model [103, 84, 83, 85,
71, 28] to describe the material behaviour at high temperatures (the response at the rubbery
phase) by capturing the molecular dynamics of the material such as the chain straighntening and
alignment. Models that use the viscoelastic response have modeled the hyperelastic response of
SMPs is commonly by Neo-Hookean and Money-Rivlin models [10, 14, 8]. These material responses
are usually coupled by using the decomposition of the deformation gradient F into elastic and stored

parts.

Different approaches have been investigated with respect to the decomposition of the deformation
gradient. Chen et al. [10] proposed to separate the deformation gradient F' into a mechanical and
thermal parts, where the mechanical part constitutes of the multiplicative decomposition of elastic
and viscous elements F€F?, and the thermal part F*? is resposible for thermal strains. Bouaziz et
al. Bouaziz et al. 8] propose to change the multiplicative decomposition into an elastic deformation
gradient in the rubbery phase F'¢ and a deformation gradient stored by the crystalline phase after
the cooled down process F5t". In the same manner they considered the crystalline volume fraction
as part of their deformation gradient as seen in equation 2.19, where H is the displacement gradient

tensor and I is the identity tensor.

F,=1+¢;T)H (2.19)

Advancements in the phase change modelling technique include the implementation of new phases
to describe additional hard segments. Guo et al. [32] stated that an SMP consists of many molecule
chains with different lengths and angles, and therefore the entropy of each chain will differ from
others. Consequently, each group of molecules with the same phase transition temperatures can
be regarded as one phase. Instead of using a simple active and frozen phases model, a generaliza-
tion can be made as ¢y + > ¢; = 1. Therefore, ¢¢(T') is regarded as an integral form (refer to
Table 2.2). Approaches on the phase change modelling technique are continuously becoming more

attractive since they treat the SMP as a composite material with a frozen phase matrix and an

36



active phase filler. For instance, Yang et al. [111] used Mori-Tanaka composite model approach to
predict effective mechanical properties of SMP. This technique can later be expanded to describe
SMPCs.

Recent approaches have also tried to improve the time dependency of the phase evolution after Long
et al. [59], to describe of the phase evolution with physically obtainable parameters. The work of
Yang et al. [111] based their work on the spatial heterogeneous dynamics theory proposed by Ediger
[19] to obtain a phase evolution expression. The theory demonstrates that the phase transition
behaves similarly to an energy level transition and as such, work must be applied to overcome the
energy barrier. From these concepts Long et al. proposed a phase evolution dependent on both

temperature and heating rate.

Much like previous modifications of the generalized hybrid modelling concept, Park et al.  [69]
proposed a Ponynting-Thomson model for the rubbery phase and a modified version of the model for
the glassy phase. The latter consists of a viscoplastic and a shape memory strain element in series
with the Ponynting-Thomson model (viscoelastic). The authors defined this shape memory strain
element as a storage strain that occurs during programming. The work showed a good accuracy
when modelling a SMP sheet subjected to uniaxial deformations. Guo et al.[29] propose a definition
of an active and a frozen phase as per previous models but each phase consists of three and four
viscoelastic elements. Additionally two springs in parallel to describe the thermal expansion at high

and low temperatures represented of the SMP.

Studies are also focusing on the multiple SME (explained in section 2.2) as developed by Xiao et
al. [105] and Wang et al.[100]. Xiao et al.[105] implemented a simple finite deformation, nonlinear
viscoelastic model to describe multiple shape memory effect of a Nafion membrane. Among other
works, researchers have looked at cold-drawing of SMPs as a programming alternative. Li et al.
[52] developed a viscoelastic visco-plastic model to capture the recovery of amorphous thermoset
polymers under compression. They first adopted the modelling technique from Nguyen et al. [66]
(equilibrium and nonequilibrium configuration) and later implemented a Narayanaswamy-Moynihan
model to determine the structural relaxation. Li et al. [51] proposed new formulas to estimate the
recovery ratio and argue that SME due to cold programming was mainly due to energetic force
instead of entropic energy, which is the one attributed to when modelling the most common SM

cycle.

2.5 Discussion Points

Modelling of SMP carry a high importance on potential designs for industrial applications. Simple

modelling techniques (1D approximations) may offer engineers a preliminary idea before design
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implementation in a computer software. Most of the applications of SMP have been used in bending
mode, with big deflections but small strains, however there are only a few models that have looked
at this type of loading. Although classic thermo-viscoelasticity can predict the shape memory
behaviour around the transition temperature there are nonlinearities observed which appear at
strains bigger than 3% [93]. Therefore a simple model that captures the behaviour of these materials
will perform better with these nonlinearities needs to be considered. Models have tried to capture
non-linearities by using rubber elasticity theories in the statistical and continuum mechanics field,

care must be taken when obtaining parameter estimations [9].

Extensive and sophisticated modelling approaches have emerged in recent years with the aim to
improve the prediction of the material behaviour. This is specially important for high precision
applications such as those in micro-mechanical systems [83]. Much effort has been devoted to obtain
high accuracy with different modelling techniques and although a common argument against these
extense models is the tedious acquirement of material parameters by experimentation, a clear
counter argument is that the material calibration may only have to be peformed once for the use of
the model on different applications. For instance the model may be implemented after in different

loading conditions via a finite element software.

There has been much criticism on the frozen and active phases modelling techniques, since there
is no physical evidence supporting that the polymer has frozen and active phases [83], although it
could be argued that a phase distinction could be found in semi-crytalline polymers and a correction
may be made to phases by grouping different morphologies within the polymer. However, on its
own, this technique cannot capture the viscoelastic behaviour of a very popular class of SMP (semi-
crystalline polymers). Obtainment of material parameters while using the phase change modelling
approach has also been shown to be difficult since there is no physical way of determining the change
of the volume fraction [107]. Even from Table 2.2 as stated by Yang et al.[111], the expressions
relating volume fraction to temperature include many parameters that are physically unattainable.
Recent works such as that by Yang et al. [111] have tried to implement relationships that are
developed from a physical point of view, their obtained expression for the ¢ can be seen in Table
2.2.

A hybrid modelling approach has been able to capture with high fidelity the SME of SMPs. This
is particularly important since these approaches can be used for application where the multi-

functionality of the material is further tailored by adding filler materials.
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2.6 Conclusions

In this work, a general summary, explanation and review of the most recent modelling techniques
for SMP has been presented. The work has classified the modelling techniques into three different
kinds, those composed of Spring-Dashpot components (section 2.3.1), a Phase Change (section
2.3.2) and a hybrid modelling approach (section 2.3.3). The review provides with discussion points
for current modelling techniques of SMP and a few discussion points to consider for those that
would like to implement and start developing and applying a modelling methodology. Through
this review, a gap in the literature was recognized. Although there have been many advances and
complex models with high accuracy that have been proposed, there is still a lack of models that are
easy to apply and comprehend. These models are particularly very important for engineers to start
designing engineering applications with SMPs. Basic traits such as recovery time, speed, force and
ratio are necessary to start designing. Particular little to no attention has been provided to one
of the most important loading configurations, which is bending. Furthermore, most of the models
assume isothermal conditions, although real engineering applications require of transient models to

predict the recovery properties of SMPs.
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Chapter 3

A Literature review on Advances in
Additive Manufacturing of Shape

Memory Polymer Composites

Abstract

A version of this paper has been submitted for publication. This chapter is a review on additive
manufacturing of Shape Memory Polymer Composites (SMPCs). In this chapter we highlight
the progress made up to date, conduct a critical review and show the limitations and possible
improvements in the different research areas within the different additive manufacturing tech-
niques. The main purpose of this review is to identify academic and industrial opportunities.

We introduce the reader to 3D and 4D printing of shape memory polymers (SMPs). Specifically,
this review centers on manufacturing technologies based on material extrusion, photopolymer-
ization, powder-based and lamination manufacturing processes. Additive manufacturing of
shape memory polymer composites was classified according to the nature of the filler mate-
rial: particle dispersed, i.e. carbon, metallic and ceramic, and long fibre reinforced materials,
i.e. carbon fibres. We make a distinction for multi-material printing with SMPs since multi-
functionality and exciting applications can be proposed through this method. Manufacturing
strategies and technologies for SMPC are addressed in this review and opportunities in the
research are highlighted.

We denote the existing limitations in the current additive manufacturing technologies and pro-
pose several directions that will contribute to better use and improvements in the production
of additive manufactured shape memory polymer composites. With advances in additive man-

ufacturing technologies, gradient changes in material properties can open diverse applications
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of shape memory polymer composites. Thanks to multi-material printing, co-manufacturing
sensors to 3D printed smart structures can bring this technology a step closer to obtain full
control of the shape memory effect and its characteristics. We discuss the novel developments
in device and functional part design using shape memory polymer composites, which should be
aided with simple first stage design models followed by complex simulations for iterative and
optimized design. A change in paradigm for designing complex structures is still to be made
from engineers to exploit the full potential of additive manufactured SMPC structures.

Advances in additive manufacturing have opened the gateway to potential design and fabrica-
tion of functional parts with shape memory polymers and their composites. There have been
many publications and reviews conducted in this area; yet, many focus mainly on shape mem-
ory polymers and reserve a small section to shape memory polymer composites. We present a
comprehensive review directed solely on the additive manufacturing of shape memory polymer

composites while highlighting the research opportunities.
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3.1 Introduction

Additive Manufacturing (AM) is revolutionizing the way engineers and scientists are approaching
design. Commonly referred to as 3 dimensional (3D) printing, AM, utilizes computer-assisted
design (CAD) to generate tool-path patterns. These patterns are transferred to the AM machine
and the material is deposited in a layer-by-layer fashion to construct a 3D object [86, 26, 163,
6, 144, 14]. Although 3D printing began as a rapid prototyping technology, it is evolving into
an end-product manufacturing technique due to the use of specialized materials, improvements
in printing resolution and manufacturing speeds, as well as the cost reduction for complex shape
manufacturing [118, 22|. In the present day, desktop polymer 3D printers are readily available
at low prices and are easily accessible. An extensive active online community of tinkers share
knowledge and provide valuable feedback to manufacturers. There is widespread AM knowledge
and know-how that provides support to materialize ideas rapidly. This leads to fast improvements
of the AM technologies. At the present stage, AM is entering markets in many diverse industrial
fields, including lightweight engineering, energy, medicine and food production [86]. Plastic AM is
commercially being used for medical implants [177], prosthesis and tissue printing [85, 168], optical
products [69], custom machine parts [176], sports equipment [106], wearables [28] and robotics [182]

to name a few.

Smart materials such as Shape Memory Alloys (SMAs) and Shape Memory Polymers (SMPs) are
materials that can store a temporary shape and return to their original/ permanent shape upon the
application of a stimulus [79]. The ability to store a temporary shape and recover the permanent
shape is often called Shape Memory Effect (SME). SMPs have the advantage of higher extensional
deformation in comparison to that of metals, which is an advantage for many applications requiring
high deformations [88, 79]. SMPs have been studied since the 1960’s [45], but it is in recent years
that the number of publications and potential applications have increased due to the use of 3D
printing [139]. According to market research, areas of applications for 3D printing of materials
showing a SME include aerospace [93], defense, robotics, automotive [129], clothing, utilities [54]

and medicine for self-deployable stents, sutures and others [177, 143].

The ability for a material to store a temporary shape, coupled with the ability to be manufactured
into complex shapes, opens the possibility to see materials as machines [105]. Since shape memory
materials can reduce the number of machinery parts and eliminate bulky actuators to achieve
dynamic movement, a wide range of complex shape transformations can be obtained through AM of
SMPs, for instance: folding, bending, rolling, expansion, contraction, twisting and a combination of
movements [116]. There are two main traits of SMP necessary to consider when implementing these
in any engineering design, the Shape Recovery Force (SRF) and the Shape Recovery Ratio (SRR)
[79]. The SRF is the force exerted by the material, while the SRR is the amount of deformation
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recovered from the programmed temporary shape [79, 104]. High recovery forces are often desired
for higher load-bearing applications, while high recovery ratios are desired for wide ranges of motion
[165].

Despite their advantages, non-reinforced SMPs lack some properties, such as high load bearing
mechanical properties. Enhancement of the material properties of SMP is possible by creating
Shape Memory Polymer Composites (SMPCs). Addition of particles, short or long reinforcements
or other polymer-based filler materials can enhance the recovery, stiffness and strength, thermal
and electrical conductivity, as well as magnetic shielding and barrier properties. Improvements on
these properties by particle doping have been covered in many reviews with respect to conventional
manufacturing techniques [108, 63, 138, 107, 166].

AM allows the manufacturing of intricate multi-material structures. As a result, it is only in the
last few years that the use of the SME has been investigated and its applicability sought. Multiple
applications and possible industrialization of the SME has become possible due to the potential to

combine complex manufacturing and multi-material 3D printing with SMPs [71].

Polymeric materials that show the SME are often classified in the literature into hydrogels, Liquid
Crystal Elastomers (LCE) and thermoplastic and thermoset SMPs [12]. The SME mechanism of
hydrogels is mainly based on material swelling. Hence, a hydrogel can be 3D printed next to a non-
swelling polymer to create reversible bending actuators. Hydrogels are often very soft and have
weak mechanical properties, which limits their capabilities and use in potential high load bearing
applications [12]; however, many applications are promising in the biomedical sector such as for
applications in tissue and organ regeneration [110]. LCEs are a mixture of liquid crystals with
elastomeric components; hence, they have the properties of liquid crystals and entropic elasticity
[62]. Shape change in LCEs is a consequence of the phase transition from anisotropic to isotropic
when heated above a transition temperature T; [71]. The advantage of LCE material is its ability
to obtain hands-free reversible actuation from a two-step programming method [174]. Limitations
of LCEs are still prevalent due to the difficulty of achieving macroscopic orientation [122, 71].
An excellent review of the activation methods and composites of LCE has been performed and is

recommended for further details [72].

The present review primarily focuses on the advancements made in the area of use of additive
manufacturing for SMPCs. There have been many reviews conducted in the area of additive manu-
facturing of SMP and their composites. However, an up-to-date critical comprehensive review based
solely on SMPCs is still missing from the literature. In this work, firstly, we introduce the basics of
3D printing of SMP and 4D printing. We provide a quick overview of SMPC and the importance
of multifunctionality. We then focus on the works that have used dispersed short reinforcements

in SMP matrices and the corresponding manufacturing technologies used. We highlight the contri-
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butions up to date to the field and discuss the drawbacks that each AM technology presents when
applied to the manufacturing of SMPCs. We then move on to the addition of long reinforcements
to SMP matrices and discuss the corresponding manufacturing technologies used. We denote the
limitations of these technologies and highlight the advantages of continuous fibre placement on the

material properties and the difficulties faced in manufacturing.

Although multi-material printing with SMPs has been thoroughly covered in the past [71], here we
highlighted the advantages of multi-material printing and how, with SMPC, multiple functionalities
may be accomplished, such as reversible shapes, actuation, and sensing. Finally, we discuss and

highlight the potential opportunities for AM produced SMPCs for academy and industry.

3.1.1 3D printing of Shape Memory Polymers vs. 4D printing

The SME or shape-changing can occur by two different methods. First, it can be caused by the
intrinsic properties of the material. Many polymers posses an intrinsic SME but only a few posses a
functional SME (one with high exerting recovery forces or fast and high recovery ratios). Secondly,
shape change can be produced by the creation of mismatched strains, either due to a mismatch in
the coefficients of thermal expansion or hygroscopic coefficients, which produce residual stresses.
Due to the versatility of 3D printing, this effect has been exploited for obtaining a shape change in
structures. Although this shape change is not based on the intrinsic properties of the SMP, it shows
the potential applications when applied to SMPCs for multiple shape storage and the possibility of

hands-free shape training.

SMPs show a material intrinsic SME, which requires two main steps: a "shape training step" and an
"activation step." The shape training step is the process in which the material stores its temporary
shape by 1) increasing the temperature of the material above its transition temperate T3, ii) applying
a constant strain to the material and iii) cooling the material below T;. Activation of the SME
will occur by increasing the temperature above Ty [79]. The training and activation process can be

observed in Figure 3.1.

3D printing of SMPs is often designated as "4D printing" in the literature. The use of this ter-
minology is widely popular and used for different circumstances. To accurately understand the

differences between the terminology used, one must make a distinction between these terms.

In this review, 3D printing of SMPs is defined as the AM using SMPs, which after manufacturing will
need a training and activation process to show the SME. The need to use AM with SMPs rises from
the necessity to manufacture complex shapes for applications and to improve the recovery properties
of the printed structures.For instance, it has been shown that the printing of cellular structures can

increase the recovery force exerted by an SMPs compared to a solid material [92, 180, 20, 91|. 3D
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printing of SMPs can also allow the manufacturing of structural components that have undergone
topology optimization for reduced weight and to modify or take advantage of the anisotropy of the
structure [184].

On the other hand, four-dimensional (4D) printing is defined as the 3D printing of SMPs but with an
added time dimension [15, 49]. By tuning the 3D printing parameters, a 3D printed SMP structure
can have a programmed shape by the end of the printing process. Hence, the material has had
the training step during the manufacturing stage. From now on, we will denominate this printing
strategy as 4D printing. Often, in the literature, it is referred to as "direct" 4D printing [71, 30].
In 2013 Tibbits introduced 4D printing to the smart materials community [152]. In his work, he
demonstrated the actuation of a structure by a moisture stimulus. The 3D printed part showed an
SME when removed from the printing bed to a water immersion step. The applications for this
technology were proposed for morphing structures with limitless shapes [130]. Ding et al. were also
able to accomplish direct 4D printing using an ink-jet technology for thermoresponsive polymers
[30]. In the present work, we will call 4D printing only to the process of 3D printing while storing
a temporary shape during printing. A schematic of the difference between 3D and 4D printing can

be observed in Figure 3.1.

4D printing has been achieved using several AM technologies. For an extrusion based AM, 4D
printing can occur by producing internal stresses in the 3D printed structure as a product of
the rapid heating and cooling rates during manufacturing. To restore the shape, an increase in
temperature above the glass transition temperature T, releases the internal stresses of the material
[179]. The main benefit of 4D printing is the removal of the manual shape programming step, which
can produce faster industrial procedures [77]. Although many of the 4D prints are mostly one way
reversible (can only store a single shape), researchers have suggested that there is the possibility to
create a two-way reversible 4D printing. For instance, two way activation has been done by using
a bilayer laminate in which a pre-elongated SMP film can be attached to an un-elongated elastic
PU film [18], this could eventually be applied to multi-material printing. Other works has shown
reversibility using hydrogels in which a hydrogel is printed next to a polymer to achieve movement
when hydrating and reversibility when dehydrating. A combination of activation methods (moisture
and thermal) can be used on bilayer materials compounded of hydrogels and SMPs to produce a
dual [77].

3.1.2 Additive Manufacturing techniques used for SMP

In this section, the most relevant techniques used for polymer 3D printing fabrication is discussed,
focusing specifically on techniques used for shape memory 3D and 4D printing. Many reviews have
summarized in detail the general AM techniques [112, 57, 113]. Hence, we will describe the AM
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Activation at T>Tt

4D printing

Figure 3.1: Schematic of a 3D printed structure. The difference in 3D vs 4D printing is shown.

techniques specifically for 3D printing with SMPs and 4D printing. We will elaborate in the next
section specifically on SMPCs.

1. Material extrusion: often referred to as Fused Deposition Modelling (FDM), Fused Fila-
ment Fabrication (FFF) or Extrusion Based Additive Manufacturing (EBAM), is a technique
in which molten polymer is deposited when extruded and pushed through a small heated
nozzle [97]. Multiple materials can be placed in one structure using a sequential deposition
order. Part quality produced by FDM printers are usually subpar to their photo or laser
curing counter parts. FDM printers can achieve a surface roughness of ~ 57 um on desktop
3D printers while a photocuring desktop printer can achieve ~ 20 pum [96]. Despite this, FDM
has been widely studied and used. The extensive use of this manufacturing technique offers
a wide variety of material accessibility, low cost machines, and available trouble shooting

information for a variety of materials and printers.

In recent years, many works have focused on understanding the effects of the printing param-
eters of FDM on the SME, such as printing speed and layer thickness [49, 128, 156, 56]. For
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instance, Abishera et al. reported that a higher printing speed usually yields higher shape
recovery forces due to the increase in internal stresses due to thermal gradients during the
printing process [128]. In general, the materials that are most common for this type of manu-
facturing are TPU and PLA. Some other types of materials that researchers have investigated
for their recovery properties are Nylon, PE, ABS, HIPS and PVDF [139].

Multi-material printing by FDM can provide mechanical reinforcement, provide materials
as a base support for complex manufacturing, and add multifunctionality such as electro-
responsiveness or self-sensing capabilities as was shown on an SMPC printed structured by
Garces et al. [37]. Multiple material deposition by FDM has been applied to a variety of
shape memory exhibiting materials, including hydrogels [141]. Printing of SMPCs can be
done by feeding a particle reinforced filament or by placing long fibers as reinforcement. This

is explained in detailed in the sections to follow.

. Direct Writing Assembly (DWA): is a technique similar to the concept of writing on
paper with a pen. As such, a viscous liquid is deposited on a substrate in a controlled manner.
The deposited liquid is then set or cured by evaporating solvents when using thermoplastic
solutions or using heat or UV curing to convert the viscous liquid into a solidified assembly.
Materials that have been used to manufacture with this technique are polymer solutions,
colloidal suspensions, UV-curable polymers, and polyelectrolytes [162, 76, 126, 42, 162, 1, 97].
Other names for this technique include Direct Writing (DIW), Robocasting (RC) or Micro
robotic Deposition (RD) [81]. Since this technique uses a liquid polymer to manufacture
parts, high precision prints may be achieved. 3D printing of SMP with DWA has been shown
successfully in the past years [70, 17]. Applications for this technology are many, among those
the manufacturing of cell scaffolds and vascular stents [83]. This technology has shown to be
particularly helpful when distributing particles in a liquid resin, offering many opportunities
for material functionalization. However, the equipment required is quite specialized and not
as cheap or commercially available as FDM. One of the most prominent technologies shown
in the past years was that by Kim et al. In their work, the authors showed the alignment of
magnetic particles using DIW for smart material control [66]. Although this work is not SME
based, it has been included in this review due to its potential use with SMPC. For instance, a
hands free programming step of the SMPC could be implemented via a magnetic actuation,

and can cause a reversible SME.

In recent years, large scale 3D printing using thermosets has been approached with this
manufacturing principle [135]. Exothermic thermosetting resins are usually used for this type
of manufacturing. The chemistry of these resins are a property of companies that have pursue
this such as Magnum Venus Products. Although this method has not been used for SMPCs,
it shows the potential of scalability.
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3. Vat photopolymerization: In this technique, a liquid photopolymer undergoes photopoly-
merization in a controlled manner. This is done by irradiating an energy source layer by
layer as material is deposited. The most common type of printing with this technique is
stereolithography (SLA), which cures via a laser, and Digital Light Processing (DLP), which
uses a light projector [71]. A form of DLP is the technology Continuous Liquid Interface
Production (CLIP), which has become affordable in a desktop bench size configuration [97].
The resolution of this technology surpasses that of FDM since there is no restriction from
the nozzle diameter. A high resolution in the nano-range can be achieved via projection
micro-stereolithography, which has been proposed with DLP [71]|. Photopolymers are a mix-
ture of liquid monomers, oligomers and photo-initiators [181]. Therefore this technology is
mainly focused on thermoset resins; hence they cannot be reprocessed. Applications of this
technology are constrained to a small size scale due to the use of the liquid resin. However,
due to the high resolution that this technology possesses, high detail applications are possible
such as in tissue engineering [117], energy storage, acoustics, photonics, thermal management
[148] and high detail mechanics such us microfluidic devices [11]. Thermoset SMPU and most
commonly PCL has been used to manufacture with this technology [181, 71]. Addition of

particles to a liquid resin is a possible manufacturing technique to produce SMPCs.

4. Material jetting: This technique uses printing heads, much like the ones for inkjet. The
heads deposit droplets of photocuring material and solidifies them by UV curing in a con-
secutive manner. A clear advantage of this technique is high precision and multi-material
depositing capability [97] with optimal interphase bonding in comparison to other technolo-
gies. Ge et al. [41] was able to accomplish 3D printing of SMPs using this technology. In their
work, the authors synthesized a photopolymer that possessed high stretchability, required for
the existence of the SME. In recent years, several advances have been made to 4D printing
by using material jetting and multi-material printing as described in the in-depth review by
Kuang et al. [71]. Printing of SMPCs is possible due to the excellent fusion between materials
that this technique possess. Particle reinforced SMPCs is still an issue with this technology

as is later explained in detail.

5. Sheet lamination: Sheets of material are placed on top of each other progressively to
create a part, hence no support material is required for manufacturing complex parts [124].
This technology, often referred to as Lamination Object Manufacturing (LOM), offers high
dimensional accuracy, but due to the nature of the manufacturing, a lot of material waste
is created during the manufacturing process [133]. Advances in robotics have made this AM
technique very attractive for multiple polymer sheets and composite material ply deposition

[13]. Composite materials that show a shape change have been manufactured via this method
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and will be described in the following sections.

6. Powder bed fusion: This technique relies on manufacturing by bonding layers of powdered
material. The main advantage of this technique is that the materials do not need supporting
structures since the support is the compacted surrounding material powder. The most com-
mon type of 3D printing of polymers with this technique is Selective Laser Sintering (SLS)
[97]. This technique offers an excellent layer adhesion with no visible layers, unlike FDM.
However, porosity and brittleness is a common issue for parts manufactured with this AM
technique. Yuan et al. [175] 3D printed TPU SMP using SLS successfully. A reference to a
solid injected part would be helpful to understand the decay in mechanical properties due to

porosity.

Although there are many other AM techniques besides the ones highlighted in this section, we have
focused on the ones used with SMPs. A summary of the AM techniques used for the manufacturing
of SMPs is shown in Figure 3.2. Schematics modified from [97] are shown for each type of man-
ufacturing. In the schematic, the AM techniques are divided into manufacturing processes such
as material extrusion, photopolymerization, powder-based, and lamination. DWA and FDM were
classified within material extrusion since the material is forced out of a nozzle or needle. SLA, CLIP
and DWA are part of the photopolymerization manufacturing. SLS is part of powder based AM.
For lamination, the most common techniques are LOM and we focus on an automated composite

layup used to create an SME using fibre reinforced composite plies.

3.1.3 Overview of SMPC

Composite materials are a way to obtain materials with tailored properties in comparison to the
individual properties of its constituents. In general, properties that can be modified are plenty,
such as mechanical, thermal, electrical, magnetic, barrier, to name a few. As previously mentioned,
SMPs have limitations and still require improvement in their activation, low strength mechanical
properties and shape recovery properties. The enhancement of these properties can be done by
using filler materials in an SMP matrix. Filler dispersed materials have been used to improve
shape recovery characteristics, such as increasing the recovery rate and recovery force exerted by
the material. In the same way, the effects of continuous fibres within an SMP matrix have been
investigated to obtain high load-bearing SMPCs [108, 63, 138, 107, 166].

One of the essential uses of filler material in an SMP matrix is the activation of the SME by
methods that allow for a field activation. Joule, induction and infrared heating have been conducted
through the addition of filler material [159]. In addition to this, multi-material printing has allowed

multifunctionality in materials such as sensing for health monitoring, temperature, motion and
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Figure 3.2: AM techniques for SMPs. Figure modified and adapted from [97] for the relevance of
this chapter. (Open-source figure)

others. Materials that are commonly added to SMP are polymeric, carbon, metallic or ceramic-
based [78]. Typical filler materials are listed in Table 3.1.

There are still considerations and issues to keep in mind when obtaining SMPCs, as explained by
Lei et al. [78]. Works are still devoted to enhancing the properties of these materials. One of
the main issues with SMPCs is getting a strong interphase between fillers and matrix material.
A suitable interphase is crucial in SMPCs since they often undergo large deformations and cyclic
activation. A consideration that needs always to be addressed when designing SMPCs is that filler
material reduces the mobility of the polymer, which can affect the SME characteristics of the raw

material [78].

In the present review, we focus primarily on AM of filler reinforced SMPCs, since a thorough review

on this topic is missing in the open literature. There have been many works that have focused on
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Table 3.1: Common fillers used for manufacturing SMPCs

Nature Examples Refs.
Chitosan 109
Natural CNC {357 ]9 4)
. Short glass fibres 170
Synthetic Woven glass fibers {33] |
CB [80]
CNT [127]
Carbon MWCNT [119]
long CF [31]
long CF [82, 73]
Metallic SMP-SMA [132]
Hybrid Cu-decorated CNT [3]
Grafted CNC with Silver nano-wiskers [153]
SiC [87]
Ceramic Hexagonal-BN [84]
Modified BN [7]
CB-SMPU/TPU layered (Reversible) [19]
Multi-material | Bilayer SMPC [150]
Bilayer SMPC with a silver nanowire layer [99]

multi-layer and multi-material printing with SMPs to produce activation, multiple shape storage
and reversible shape memory storage [78]|. In the literature, these material combinations are also
referred to as SMPCs. For this reason multimaterial printing has been added to this review. We will
exclude polymer blends from this chapter since we do not consider them to be within the SMPCs’
scope. This review will focus specifically on natural and synthetic particles and fibres, metallic,

and ceramic fillers.

Effects of the AM printing parameters and obtained structure of parts when using composites is an
area that is often overlooked. For instance, for the most simple AM technique, FDM, printing of filler
dispersed polymers can be complicated due to nozzle clogging. Gradual nozzle clogging produces
less material to be deposited during manufacturing, which can compromise the homogeneous fibre
weight percentage in the composite and change the anisotropy of the material. Filler material will
additionally cause effects on layer bonding, changes in viscosity of the material, filler alignment,
changes in thermal properties that will impede the material to cool at the same rate as the non-
doped material [46]. All these factors have an impact on the properties of the AM SMPCs, including

the recovery properties, as is documented in the rest of this review paper.
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3.1.4 Conductive Carbon based SMPC

A distinction is made in this section for conductive SMPCs, specifically carbon-based materials
due to their ability to provide SMPCs with multifunctionality. Carbon based materials offer the
advantage of high thermal and electrical conductivity, electromagnetic shielding capabilities, as
well as the ability to increase stiffness of polymer based matrices [98, 171]. The ability to increase
the mechanical properties of an SMP while obtaining the multifunctionality of activation by Joule
heating [131, 37|, and a self-sensing capability [37], can offer opportunities in soft-robotics [67,
43, 146], grippers [27], self-assembly structures [136], biomedical devices [143, 142], self-healing
applications [60, 51], textiles [54], aerospace[93] and applications in electronics such as changing
the dielectric properties of an structure [5], and limitless possibilities in sensors and actuators
[25, 64, 145].

In a recent review, Panahi-Sarmad et al. [121] discussed the advancements in carbon-based filler
materials in SMP matrices. The authors concluded that there are still some challenges, such as the
proper dispersion of particles in the nano- and macro scale. Reduction in shape fixity and recovery
ratio are usually the main affected parameters with particle addition [121]. Perhaps the primary
and still occurring challenge that researchers encounter when using fillers in the nano-scale range
is to obtain the perfect balance between weight percentage and electrical conductivity to achieve
both mechanical reinforcement and electrical conductivity. An alternate solution to this issue could
be the use of hybrid particles [61]. The authors would like to highlight some of the most common

carbon based filler materials in the nano-scale range:
e Carbon Black (CB) particles ([8, 167]

e Carbon Nanotubes (CNT), MultiWalled Carbon Nanotubes (MWCNT) and Carbon Nano-
fibres ([119, 31, 25, 98, 44|)

e Graphene Nanoplatelets ([74, 34])
e Graphene Oxide ([27, 149, 151])

Commonly used fillers in the macro range include short and continuous carbon fibers [140, 155].
The advantages of added particles and or fibres to SMPs are evident from the presented review.
However, many of these composites require tedious manual manufacturing techniques. Product
manufacturing, through conventional methods is usually expensive for complex parts and even
more for specialized materials. A simple manufacturing technique that reduces cost and amplifies

material design opportunities by using multi-material layering is AM.
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3.2 Additive Manufacturing of SMPC

In this section, we review key aspects of AM of SMPCs; such as, manufacturing limitations, en-

hancement of SMPs’ properties by use of fillers and use of filler materials for activation of the SME.

We have divided this section according to filler type, i.e. particle dispersed and long fibres. A

summary of the common AM techniques used for different types of SMPCs, is shown in Figure 3.3.

These techniques will be discussed in further detail in the sections.
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Figure 3.3: Common AM techniques for different types of reinforcements

Thermoplastics, thermosets and hydrogels are the the most commonly used matrices for AM of

particle dispersed SMPCs. Due to the nature of these matrices only certain types of AM techniques

are possible. We have summarized the techniques used in the literature as shown in the schematic

on the left hand side of Figure 3.3. Although, some of these AM techniques have not yet been
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achieved using SMPCs, we have included them here since we believe to be feasible in the future.
For instance, although 3D printing of an SMP via powder-based AM has been achieved, 3D printing
of SMPCs has not been reported yet, but it is undoubtedly possible since nanocomposite powder
could be heated to create a fused manufactured part. In the same manner, successful SMP material
jetting has been achieved, yet to the authors’ knowledge implementation of this AM technique for
SMPCs has not been yet conducted. Implementation of nanoparticles to inkjet could be deposited
on the SMP resin. There have been a few works that have explored the activation of the SME by
depositing inks on an SMP surface. These inks can be heated via joule heating or through radiation.

These works will be discussed later on.

Material Extrusion

FDM printing of SMPCs is based on the use of a filament compounded of an SMP thermoplastic
matrix filled with particles [46, 138]. Many materials with a PLA matrix and CNT or graphite
oxide particles are commercially available. Although it’s well known that PLA shows an SME
and much work has been done and focused on 3D printed PLA nanocomposites, these works have
overlooked the SME or the effect of these particles on the SME [16]. Only a few studies have been
conducted to understand and describe the shape memory behaviour of these additive manufactured
parts. One of the earliest attempts to 3D print an SMPC was that of Yang et al. In their work, the
authors designed a light-activated SMPC using PU as a matrix and CB filler particles. The authors
showed a successful photothermal conversion, which was mainly achieved by the filler particles. The
authors 3D printed multiple structures to show the application of their technology [169], an image
of their results is shown in Figure 3.4. Other works have also incorporated MWCNT into PLA
to produce photo-activated composites and actuators [50], primarily focusing on the impregnation
of this composite on paper for the design of actuators due to their low cost. This technology was
shown in very thin composites, the light can only reach a thin layer at the surface to activate the
SME. As such, the authors did not show the recovery force that the proposed actuators exert. This
limits the applicability of the technology.

A few preliminary works have been done to show the potential of 3D printed SMPCs activated
via joule heating. In their work, Ly et al. mixed 3 wt.% CNT with SMP polyurethane based
thermoplastic matrix (SMPU) [100]. The authors activated the SME via resistive heating. In their
work, the authors stated that a high printing temperature produces a better bond between layers,
which increases the conductivity of the samples. A low feed rate and high infill ratio also increase
the conductivity of the sample printed. In general poor conductivity between layers was obtained
but a decrease in resistance was observed after the printing process. The authors stated that there

was much difficulty to 3D print SMPC due to nozzle clogging.
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Figure 3.4: Figure reprinted with the permission from [169] (a section of this figure has been used
for the relevance of this chapter). The recovery of a 3D printed photo-responsive structure can be
observed in the image.

Following this work, Garcia et al. added CB spheres to SMPU via solvent casting, consequtively,
extruded, and then samples were manufactured via FDM. The highest conductivity was obtained
by adding 7%wt. of particles. A series of mechanical and sensing testing were performed on the
composite, however, a more in-depth analysis or results on the recovery behaviour of the composite
is needed in the future [38]. Contemporary to this, Garces and Ayranci [36] proposed that PLA /-
Graphene could be used for activation of SMP by using 3D printed PLA /Graphene oxide for resistive

heating, the authors showed the temperature and SME characterization of the composite.

An exciting work by Liu et al. [89] added the semiconductor SiC and graphite to PLA. The
authors observed a clear increase in thermal conductivity with the addition of SiC, which produced
a faster shape recovery. Although this study shows potential in electrical properties and perhaps
reinforcement, the authors reported difficulty in collecting reliable data. The shape programming
of the samples was only 3% in strain, and low recovery forces were observed throughout the study,
although a definite increase in recovery force by SiC was noticed. This work is promising and
pioneering in using highly heterogeneous materials for FDM, which could be used in different

applications in the future.

Following this work, in 2019, Liu et al. [90] prepared a PLA/CNT filament and characterized it for
resistive heating. By using different angle-ply configurations for printing, the authors found that
different configurations can produce different heating patterns. This is exceptionally interesting
since anisotropy produced by printing can be used to modify and alter heating and activation of
the SME. Furthermore, electrical properties will be affected by printing parameters such as speed,
layer thickness and, of course, raster angle. The authors found that a slower printing speed, a
larger thickness and 0° degree raster angle contributed to a faster resistive heating activation of
the shape memory recovery. Following this, Liu et al. [92] manufactured a PLA/CNT filaments,
and 3D printed braided-like structures and angle-ply laminated samples, these are shown in Figure
3.5. PLA/CNT specimens presented advantages over raw PLA printed samples, such as an earlier

start in recovery, slower shape recovery rate, but a smaller final recovery ratio as expected in most
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particle dispersed composites. However, this issue was ingeniously compensated by infusing silicon
to the matrix. The authors found that the angle-ply lamina PLA /CNT printed structure displayed
a higher recovery force than pure printed PLA, which is necessary for engineering applications with
SMPCs.

(a)

1[;»\ i:“n umbi.r /Jy//
~\\\.(k\\\

Odd number
layers

(b)

Interior yarns

s YV
e (VAN .

Corner YHELS: T e e e

Figure 3.5: 3D printed structures printed with PLA/CNT filament in (a) a ply-angle oriented
configuration and in a (b) braided configuration. This image was obtained and published with the
permission of [92]

Due to the increasing environmental concerns, natural, environmentally friendly materials are the
next logical step in the polymer industry. Specifically,natural fillers will be beneficial for applications
in the biomedical sector due to their biocompatibility and their biological active nature, which
promotes cellular adhesion [48]. In the past, 3D printed medical devices with SMPs have been
proposed, such as the 3D printed stent by Zhang et al. [67]. Recently Yu et al. also proposed a
3D printed SMPU cardiovascular stent reinforced with CNC to obtain higher recovery forces than

commercially available stents and less relaxation in recovery forces [21]. Reinforcement of plain
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SMP matrices for 3D printing with natural fibres is still an area that has not been widely exploited
and is expected to grow in the upcoming years with the increasing environmental impact of plastics.
Fillers such as wood on PLA and PHA composites have been studied by Le Digou et al. [75]. In
their work, wood chip fibres were seen to align during the material extrusion while printing. The

actuation of the SME on the composite was induced by moisture swelling.

To the best of the authors’ knowledge, limited work has been done in the area of 3D printing by
FDM of filler dispersed SMPCs. There is plenty of evidence that the particle aspect ratio will affect
the SMPC’s material properties; however, the way the properties change is not entirely understood.
For instance, effects of particle alignment for embedded rod-like and fibre like particles during
material extrusion, is an area that has not been studied. Much work is still needed to understand
the effects of particle alignment during printing on the shape recovery properties of the SMPCs. A
thorough study on the printing parameters, such as printing speed and material feeding rate, on
the recovery properties of the 3D and 4D printed SMPCs is also required to completely understand
the effects of particle dispersion on additive manufactured SMPCs. For conductive SMPCs, effects
of printing parameters on the conductivity and layer fusion and mechanical properties of the 3D

printed part is still an area that needs further development.

Direct Writing Assembly

One of the first attempts to 3D print SMP with DWA was by Rodrigez et al. [134]. In their work,
the authors manufactured a bio-based thermoset printable SMP reinforced with 3%wt¢. CNF for
enhanced mechanical (storage modulus increased by a factor of 100), electrical resistive heating
and shape memory properties. Storage modulus was observed to increase significantly with the
use of CNF concentration. Figure 3.6 shows the programmed and recovered shape of a 3D printed
conductive stent with their technology. Although the work is promising, further characterization

of the shape recovery is still needed, such as recovery speed and ratio.

Figure 3.6: a) is a photo of the programmed and b) the recovered 3D printed thermoset SMPC
stent. (Open source article and images) [134]

Thermoplastic matrices have also been shown to be 3D printable via DWA. For instance, ferromag-
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netic PLA structures have been manufactured with high accuracy. A solution of PLA dissolved in
dichloromethane, with Benzone and FesO, particles, was prepared for the printing process. The
authors activated the SMPC by thermal induction and remote magnetic activation. The process
of material deposition while being cured by UV while solvent evaporation occurs, followed by a
example of the printed structure, as well as the magnetic actuation of the SME and the application

for a stent can be observed in Figure 3.7.

Solvent
evaporation

Figure 3.7: DWA manufacturing used for PLA-ferromagnetic SMPC and stents printed. Image
reprinted with the permission of [162].

Dispersion in the liquid state of nanoparticles is more facile to achieve using a liquid matrix. DWA
allowed Wei et al. to 3D print highly conductive material for use in electrical, magnetic insulation,
joule heating and 3D printable shape-memory circuits [161]. The authors used a PLA matrix
and hybrid particles made of CNF coated with silver. The proposed material and 3D printing
technique showed great potential in conductivity and recovery properties. However, this study
lacks an in-depth mechanical analysis, which is needed for further development into applications.
Recently, Wang et al. [157] was able to obtain a prototype of 3D printed sensors for liquid detection.
The material used was poly(D,L-lactide-cotrimethylene carbonate) (PLMC) and 10%wt. CNT to
produce a conductive composite, able to trigger its SME by joule heating. The immersion of these
structures in different liquids increased the resistivity of the material due to material swelling. The
application to liquid sensing converts the prototyped structures into multifunctional sensors by
triggering thermal activation of the SME and solvent sensing. Although the authors did not check
the resistance with respect to temperature, it is something to be explored for further development.

This work is potentially useful for feedback control of moisture sensing and even moisture swelling
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activation of the SME. This technology could potentially be extended to other electronic applications

such as small actuators, electromagnetic shielding and energy harvesting.

DWA is a technology that can be used with SMPCs and is an area that can obtain good particle
dispersion. Development in industrial thermo, electro and moisture responsive SMPCs is possible
using this technology. Due to the use of solvents and specialized materials, some of the mentioned
manufacturing techniques might be limited when looking into large scale manufacturing. However,

prototyped applications with SMPCs using DWA are promising in a variety of industries.

Vat Photopolymerization

Using particle-dispersed composites with SLA or DLP is still challenging, firstly as with most par-
ticle dispersed composites, particle dispersion is an issue that needs to be studied meticulously.
The main concern when printing via vat photopolymerization is the high viscosity of the composite
resin, as well as the scattering produced by the filler particles. For instance, CNTs are strong UV
absorbers; this presents problems when curing the photopolymer resin [32, 23]. Hengky et al. [32]
suggested that using conductive nanoparticles such as CNT in SLA could provide enhanced mechan-
ical properties, electrical and thermal conductivity. Particle alignment accomplished while printing
is still something that is not fully understood. In general, printing speed by DLP photopolymer-
ization is currently a slow process (approximately 30 mm /hr), hence scaling up this technology can
be problematic [23]. Choon et al. [23] proposed the use of nano-silica particles (Si03) as nucle-
ation sites to improve photopolymerization, and as a consequence,this increases the curing speed
of SMPs during AM. Besides improving curing time, the authors improved the elongation range
of the matrix material, which is usually small in photopolymerized polymers. The elongation was
~ 85%; the reinforcement also kept the recovery range in about 87 — 90%, which is acceptable for
many applications [23]. Although this is a slow process high detail and resolution for parts can be

obtained, as can be observed in figure 3.8.

Due to the nature of this technology, scaling this technology is nearly impossible, since the resin vat
is exposed in its liquid form to the air. However, for small size applications, resolutions is far superior
to that of FDM, which and improve product quality of SMPCs. Increase in mechanical properties
and curing time could be improved by the use of particles when printing with SMPCs.

Ink-deposition for SME trigger

The deposition of conductive materials on top of an SMP matrix to produce activation of the SME
via joule or infrared heating is a clever and perhaps the simplest way to achieve remote activa-

tion. Although this technique posses the advantage of simplicity, it cannot provide reinforcement
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Printing speed is improved 5.6 times faster

Figure 3.8: DLP manufacturing of a SMPC reinforced with nanosilica particles. Images reprinted
with permission of [23]

and optimization of the SMP material’s properties. Nevertheless, this technique could be used in

combination with other AM techniques to achieve multifunctionality of SMPCs.

Using ink-deposition, Wang et al. [160] achieved the activation of the SME by proposing the
application of a CNT ink suspension on top of an SMP matrix to produce the activation of the
SME through joule heating. By spraying into an automized system, the authors were able to
obtain differently shaped heating patters. This technology posses some limitations, such as fine
dimensional detailing due to ink spraying. A figure of their automated spraying system is observed

in Figure 3.9.

The same concept has been applied by Liu et al. [95]. In their work, the authors used heat shrink
sheets (PE sheets) and deposited black ink to activate via infrared light and bend the material to
obtained self-assembly of structures. A similar idea of depositing carbon ink in different patterns
was suggested by Zolfaghatian et al. [183]. In their work, a chitosan and CB ink was deposited on
top of the heat shrink sheets to produce a similar activation. However, because of the use of their
manufacturing technique, they were not able to deposit ink in different patterns. Hence the ink was

deposited only as strips in bending joints for a self-folding structure.
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Figure 3.9: Ink deposition of CNT. Image reprinted with the permission of [160]

3.2.2 Long fibre reinforced SMPC

Although the multifunctionality of particle dispersed SMPCs has shown to be successful, achiev-
ing homogeneous dispersion is a constant issue for mass production. Continuous fibres have the
advantage of reinforcing the material matrix far more than embedding particles, which can lead
to high load-bearing applications. Although continuous fibre SMPCs exists mainly for thermosets,
fibre-reinforced thermoplastics with automated fibre placement is a field that has been studied for
decades in common themroplastics [9]. 3D printing of this technology is challenging due to slow
placement speeds to achieve consolidation between plies. This technology has become popular with
the aid of affordable robotic systems. Works have shown that by manipulating fibre placement,
the mechanical performance of composites can be altered due to their anisotropicity [65]. There
are mainly two methods that have been used to show an SME when using continuous fibre place-
ment. The first, by material extrusion, used primarily with thermoplastic matrices, and the second
by automated laminated ply fibre placement, a summary of the manufacturing techniques used
for thermoplastic and thermoset long reinforced SMPCs is seen in the right hand side of Figure
3.3.
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Material Extrusion

d™ was the first company to sell continuous fibre placement

A notable 3D printing brand Markforge
for FDM 3D printers. FDM printers commonly allow the placement of continuous synthetic fibres
such as aramid based Kevlar™, carbon and glass fibres continuously along the printing tool path.
For instance, Wang et al. [158] used PA66 as the matrix and embedded continuous carbon fibres.
Figure 3.10a and b show a 3D printing FDM extrusion head in which a carbon fibre thread is fed
through an upper orifice. The fibre is coated with resin and extruded through the nozzle. Fibre
content can be controlled by increasing the amount of resin extruded through the nozzle. This work
did not take advantage of the intrinsic SME but showed shape shifting based on localized eigen
strains produced by CTE mismatch. The shape-changing procedure can be observed in Figure
3.10c. Examples of the deployment of the technology can be observed in Figure 3.10 d and e.
The authors also suggested that the SME could also be activated by Joule heating through the
carbon-fibre plies. Although this technology is not based on the SME of SMPs, this 3D printed
composite is a clear pathway for the future of smart thermoplastic composites in the AM world and

can provide different functionalities such as multiple or reverse shape storage to SMPCs.

Following this work, and based on the same FDM principle, Shen et al. [140] introduced 3D
printing of SMP thermoplastic matrix reinforced with continuous carbon fibre for reinforcement.
The effects on the tensile mechanical properties of the SMPCs were studied, such as printing speed,
temperature and ply angle. An SME was observed, but no quantitative results were presented in
this work. Although the results shown in this work are preliminary, they show great potential in
the reinforcement of thermoplastic SMPCs. Following this work, Zeng et al. [178] modified and
used a commercially available desktop printer to manufacture an SMPC with a PLA matrix and
continuous carbon fibres. The authors activated the SME of a bent sample via joule heating of the
conductive fibres. The 3D printing parameters influence good fibre impregnation and, therefore, the
mechanical and SMPC characteristics of the printed material. Thus this technology is constrained
by low printing speeds at the moment, which is an issue for mas manufacturing and large scale
product production. An opportunity to optimize printing and obtain adequate shape memory

properties is currently available in this area.

Although not completely manufactured by additive manufacturing, there are a few works that are
worth mentioning since they demonstrate the versatility of placing long filler material in an additive
manufactured SMP matrix. A few works have added SMA wires to SMP in the past, but recently
Kang et al. added it to an extrusion-based 3D printed structure by leaving gaps within the material
for SMA wire placement. Material impregnation is a concern in this work [59]. The use of SMA
in SMP matrices can be used for a two way reversible activation of the SME and potential use in

crawling robots [154].
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Figure 3.10: a) FDM Continuous fibre placement and (b) nozzle. (¢) The 3D printing and shape
memory storage of the process. (d) and (e) are examples of accomplished shape-shifting with the
technology. All images were reprinted and with the permission of [158]. A section of two images
from the publication have been joined in this figure for the relevance and purpose of this chapter.

Lamination

The concept of 4D printing has been extended to different material composites. Hoa et al. [155, 47]
proposed that by using an automated layup system, prepreg laminated epoxy carbon fiber plies can
be placed in different angled orientations to exploit the warping created due to the anisotropy of
the material, after this is heated. The novelty of this work is relevant to SMPCs in the sense that a
temporary shape can be stored due to the CTE mismatch between plies which causes a controlled
warping. This technology removes the need for molds when using curved shapes. Figure 3.11 a is
an image of a 4D printed laminate after it has been activated, while Figure 3.11b is a laminated
showing a tubular structure after it has been activated. This technology can be useful for high load

bearing applications that require a one time shape shifting.

74



(@) (b)

Figure 3.11: Figure (a) is a photograph of a laminate with a high curvature after activation and b)
is a laminate with small curvature. Images reprinted with the permission of [47]

3.3 Multi-Material SMPC

Multi-material printing is a relative new approach in AM that will become popular in the coming
years due to the ability to deposit materials next to each other with a good interphase bonding.
This technique offers a wide range of advantages and has been exhaustively looked at in recent
years. Pinho et al. has conducted an excellent review on the multiple actuation methods for 4D
printing, and has made a special distinction to multimaterial bilayer printing [125]. We will provide
here a summary and an introduction to understand and show the potential this technology has on
the use of AM particle and fibre/particle reinforced SMPCs.

Design considerations and ideas include localized hinges that activate the SME in an SMPC for
localized activation to use in an origami self-folding configuration. The use of LCE [174] next to SMP
may enable multiple shapes and self-programming abilities for the SMPC [71, 39]. Perhaps one of the
most crucial gaps at the moment, and the most interesting in multi-material printing, is the potential
creation of functionally graded materials, where different reinforcing components or materials mix
in a gradient manner to simulate materials found in nature such as cells, tissues, wood or teeth
[120]. Gradient changes in stiffness, electrical and thermal conductivity could yield a sequential
activation of the SME, obtain multi-functionality for SMPCs and avoid stress concentration and

weak interphase bonding between materials.

Thermally actuated multi-material prints have enabled the use of particle filled composites to
create a heating medium through resistive, inductive or infrared heating. One of the most exciting
combinations of multi-material printing is the creation of Thermorph [4] by An et al. In their
work, the authors 3D printed, using FDM, a PLA and TPU sequence to create a 4D printed
structure. Complex geometries were created with this very accessible technology. The use of two
materials, one active and one constraining, in this case, PLA and TPU respectively, created the

programmable strains through rapid cooling. Printing speed and cooling in this process are crucial
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to obtain the stored shape.In their work, the authors showed the 3D printing of a complex flower
with this technology, and proposed different printing configurations to achieve a variety of kinetics.
The possibility of Thermoform opens a few future avenues for the SMPC world, such as remote
activation of the 3D printed shape. Following this work, Kacergis et al. investigated the printing
parameters for 4D printing based on bilayer PLA /TPU composites but suggested that surrounding
heat activation might not be the best choice to achieve field applications of 4D printing [58]. Garces
et al. [37, 36] proposed the 3D printing of SMPU with a Graphene oxide/PLA bilayer composite.
Although the authors did not look at the direct 4D print phenomena, they proposed the actuation
of their bilayer composite. A smart design must always be considered since not all the structural
material needs to be designed with a shape morphing material, rather sectional heating of the SME

can be performed to obtain the required SME activation[111].

Previously, we mentioned that one of the advantages of polyjet printing is a great interphase bonding
between various materials due to their liquid state before curing. Oxman et al. have previously
discussed the possibility of gradient-like mixtures between a variety of materials using this 3D
printing technology. [120]. By taking advantage of this capability, Ge et al. 3D printed what they
identified as Printed Active Composites (PACs)[40]. PACs are composed of glassy polymer fibres
as SMPs (with Tj; of 60°C) embedded in a rubbery matrix. The materials used for this structure
are off the shelf with commercial names, Tango Black and Verowhite, respectively, from Stratasys.
A study on the mechanical properties of these materials has been reported [55]. Using the same
materials, Wu et al. showed that by mixing these two materials in different ratios, different glass
transition temperatures T, may be achieved and create what the authors called Digital Materials
[164]. This material tailorability was used for sequential folding and activation of the SME [173].
Figure 3.12¢ shows the manufacturing process and (a) and (b) show the application of a self-folding
box. Other works have demonstrated that this technique can also allow for material self-locking
[103] such as for a self-locking box. Using this technology, authors also proposed the design of hinges
and the activation of these by using resistive heating wires [2]. Additionally, DIW silver wires were
deposited on an SMP 3D matrix by inkjet for sensing capabilities [114]. The pioneer research group
in this technology has conducted a review on 4D printing and is recommended for the reader [71].
The activation process, the application of a self-folding box and the printing technology can be seen

in Figure 3.12.

Multi-material printing with DIW is also possible by using different printing heads. The use of
multiple materials is not new and has been used to print materials other than SMPs [68]. Kokkinis
et al. demonstrated the multi-material printing of a 3D structure activated at two different temper-
atures. The authors used two different stimuli: direct heating and light irradiation. The authors
used PCLMA as the SMP resin and modified it to create multiple activation temperatures. A CNT
ink was deposited on top of the print to enhance heating by irradiation [137].
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Figure 3.12: (a) shows the activation process of PACs, b) a self-folding application and the c)
manufacturing of PACs. This image is reprinted with the permission from [40]. (In this image
sections of two figures have been ussed for the purpose and relevance of this chapter)

Moisture actuation of multi-material printing lies heavily within the hydrogel material spectrum.
Bilayer hydrogel-based bilayer composites have been investigated extensively. The shape change
lies in a simple concept. Hydrophilic polymers absorb water molecules in their polymer network,
which produces swelling. 3D printing a hydrophilic polymer next to a rubbery material can produce
a bending actuation [125, 130]. Dehydration of the material will produce a reverse actuation of the
composite. Material extrusion FDM has been used to manufacture multi-material structures based
on this concept [10]. Baker et al. used thermoplastic PU hydrogel filaments to create a trilayer
composite based on a hydrophilic polyurethane core (Tecophilic) and hydrophobic polyurethane
skins (Ninjaflex) to promote actuation. Upon dehydration, the actuator return to its original
configuration. Figure 3.13 shows the fabrication process (a) and the reversible actuation method

by hydration.

Material jetting has also been used to create moisture activated multi-material active prints. The
materials used are the Verowhite and Tangoblack by Stratasys. Verowhite is a hydrophilic polymer,
while the second if a hydrophilic material. Thorough reviews on the use of these materials can be
found in [125, 71, 130].

Finally, particle orientation to achieve shape change as demonstrated by Kokkinis is referred to
as "5D" printing [68]. This is a technology that revolutionizes AM. In their work, the authors
use multiple printing heads and inks to create a multifunctional material. The fifth dimension is
defined as the ability to rotate the distributed particles in a resin. This was done by using an

electromagnet to orientate particle deposition. At the moment, particle orientation has only been
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Figure 3.13: CAD model demonstrating the AM process in (a), followed by the activation of the
shape change. (Open source article and image)[10]

achieved by using DIW, and there is still the opportunity to change particle dispersion for different
manufacturing technologies and applications for SMPs [68].

3.4 Opportunities Ahead

Novel and exciting engineering applications of SMPCs are starting to become possible thanks to the
advancements in AM. We believe there is still significant progress to be done in the areas of AM,
SMP, and SMPC before furthering AM based SMP and SMPCs. Improvements are still needed
in the areas of SMPs and SMPCs’ material performance, optimization of AM methods for SMPs
and SMPCs, models for design and optimization of additive manufactured material performance,

as well as controlled activation methods of the SME.

At the core of this research area also lies a high cost and a lack of readily available materials to test
their performance. Increasing accessibility to SMPs can increase the available data to researchers
that can contribute to the optimization and design of better raw SMP resins. SMPs with higher

recovery rates and higher recovery forces are desired for a variety of applications.

A more extensive data set could also mean better optimization algorithms and models for obtaining
adequate printing parameters for different types of SMPs. Models and algorithms for re-calibration

of these printing parameters based on the particles or fibre filler material can improve additive
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manufactured material performance, and ease for device designing at an industrial scale.

Perhaps one of the main limitations of the AM technologies presented in this paper is the slow man-
ufacturing speeds caused by the layer-by-layer manufacturing procedure. Most of the technologies
present slow printing speeds, which is a definite obstacle in advancing industrial and mass-scale
applications. Volumetric printing technologies like that presented by Kelly et al. [62] are a gateway
to new fast printing techniques. This technique has not yet been applied to 3D printing of SMPs
or 4D printing.

Common issues concerning 3D printing of particle doped SMPs are still vast. For material extrusion
technologies, there is the issue of clogging due to high viscosities produced by filler material content.
Researchers are forced to compromise printing resolution by increasing the nozzle diameter in the
attempts to avoid clogging. Attempts at modifying the rheology of the composite have been done
for DIW [24], and FDM [102] technologies to produce shear-thinning. However, research on shear-
thinning produced by particle addition in different AM processes is still new and challenging since
different aspect ratios of particles, and fibre lengths would affect the rheological characteristics [1].
Perhaps special additives used to tailor the polymer melt properties in well established extrusion
technologies can be of help in tackling this issue in the near future. Effects of particle alignment
produced by material extrusion based AM in SMPCs has not been investigated. Alignment of par-
ticles in SMPCs may also be achieved by using magnetic fields and 5D printing. For photopolymers,
printing with conductive particles is still complicated since particles absorb UV light, which can

affect the curing process and produce printing resolution drawbacks.

Besides the evident need for optimization of printing parameters for SMPs to minimize porosity, im-
perfections and crack growth on the printed parts, a study on the effects of the printing parameters
on the 4D printed SME; i.e. cooling rate, in SMPs and SMPCs is an area that is still left untouched.
To fully exploit AM of SMPCs, a study on 3D printing with various techniques at different scales is
necessary to fully understand the applicability and limitations of specific manufacturing techniques

and materials.

3D printing of SMPCs with continuous reinforcement is still challenging. Fibre dispersion and
homogeneous impregnation is still problematic as it is severely affected by printing speed. Effects
of fibre placement on the SME need also to be further investigated. Potential applications with
different fibre orientations and effects on the SME is still an area that could be investigated in more
depth.

Although much work has been done in the modelling area of SMPs and SMPCs [166], at the
moment, there is still a lack of user-friendly models at the design stage to predict and understand
the shape memory properties of SMPs and SMPCs with any filler material. Thermomechanical
models that account for a 3D printed structure for SMP and their fillers are an area that is still
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to be developed. A few works like that by Abishera et al.[128] have shown progress in predicting
the recovery stress with respect to different printing speeds on 4D printed structures. This work is
particularly interesting since most publications use generic thermoviscoelastic models that assume
a solid part and ignore the AM process. Generalized coupled models that are relevant to activation
methods of the SME i.e. via joule heating, infrared heating or induction for thermal-active SMPCs,
are still in the early stages of development. Only a few have been conducted in this area for specific
thermal activation of the SME [101, 123, 172].

Concerning the activation of SMPCs, there still exists an inaccurate activation of the SME in terms
of the amount of recovery obtained in time. Still, there has been no evidence to show that one can
stop and resume activation when desired. Activation of the SME is still done without fundamental
understanding of control systems, and there is no feedback for the intermediary steps while activa-
tion has occurred. A few feedback close loops controls have been proposed for thermally activated
SMPCs via resistive heating [37], but this is just the beginning in an area that is still in need of
research. To the authors’ knowledge, there has been no attempt to obtain feedback control from
moisture activated materials, although there are some new moisture sensors incorporated in SMPC
devices [157]. More advanced techniques, such as data-driven machine learning could be desired
to predict and understand the activation of these SMPCs. The inclusion of 3D printed sensors
within the SMPC structure, simulations, and FEM models are needed for data training models and
general feedback control of the structures [184]. The addition of multi-functional particles could
also be applied in energy harvesting. There have been works in which cathode and anode inks
have been deposited to 3D print lithium-ion micro-batteries, the same could be implemented in an
SMPC structure [147]. AM with complementary or multi-filler materials is still an area that can

potentially accomplish a variety of applications for SMPCs.

More tailorable material properties of SMPCs will open endless opportunities. AM has opened
the doors to obtain controlled gradient variability of material properties [129]. Gradient changes in
mechanical, electrical and thermal properties applied to SMPCs can offer the possibility of sequential
activation of parts and a blended fusion between different material parameters. For instance, Oxman
et al. proposed [120] the concept of a 3D printed chair, where elastic materials for ergonomic back
support could be 3D printed perfectly blended into the structural components. The same concept

can be applied to foldable furniture for storage optimization and furniture transportation.

Finally, all these advances and possible areas of study contribute to opportunities in design using
SMPCs in various applications. Simple designs concepts like origami-like actuation and use of self-
reconfigurable structures like moteins can serve as an inspiration to redefine the design concepts. A
framework for design with SMPCs has been put forward by Jian et al. [53]. The use of functional
materials for end AM is proposed in their framework and is shown in the schematic in Figure 3.14.

There exist a few key concepts that every engineer must account for in the design process when
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Figure 3.14: 4D SMPC design framework. Image modified from [53]

using SMPCs: the stimuli needed, the structural requirements and layout, material selection and
geometrical requirements. The design process is to be aided by modelling and simulations. A sum-
mary, troubleshooting and potential design considerations to have for future SMP device design
based on the literature has been proposed and is recommended for designers ready to implement
AM with SMPCs [29]. Although SMPCs offer a wide variety of possible kinetics, the true advan-
tages lie in the benefit of shape-shifting with complex curves, and surface topography [115]. With
the use of AM, topology optimization can create lightweight 4D printed actuators for multiple ap-
plications. Ingenious application designs are the next opportunities in this area. However, a change
in traditional design needs to be made to exploit the benefits of SMPC fully. Initial design stage
models need to be supplied to engineers and designers, followed by complex simulations for design
optimization implemented in CAD and CAM software.

3.5 Conclusions

AM of SMPC is the beginning of a new area for the multifunctional materials. Advances in 3D
printing in different technologies, i.e. AM with material extrusion, photopolymerization, lamination
and powder-based technologies, have enabled the potential for engineering design with complex
shape-shifting materials. The multifunctionality of materials by the addition of short fibers, nano-
particles and continuous fibre placement to enhance material properties of 3D printed structures
is the first step towards exploiting the shape memory capabilities of SMPCs. Perhaps the most
crucial contribution and game-changing ability of AM is the opportunity to create multi-material
structures with ease. Layered composites that enable self-sensing, programming, activating and
correcting are the future and the next step to see materials as machines. With the ability to embed
electronics into a polymeric structure, complete control of the shape-changing capabilities of SMPC

becomes possible. This review paper looks at the advancements made by researchers in the areas of
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AM of SMPC with respect to filler material addition and manufacturing strategy. An overview of

research opportunities has been put forward to contribute to future SMPC advancements. Finally,

design considerations have also been discussed as a reminder for researchers that design towards

real-life applications is the ultimate goal for these materials using AM.
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Chapter 4

Effect of Moisture on Shape Memory
Polyurethane Polymers for

Extrusion-Based Additive

Manufacturing

Abstract
Extrusion-based additive manufacturing (EBAM) or 3D printing is used to produce customized
prototyped parts. The majority of the polymers used with EBAM show moisture sensitivity.
However, moisture effects become more pronounced in polymers used for critical applications,
such as biomedical stents, sensors, and actuators. The effects of moisture on the manufacturing
process and the long-term performance of Shape Memory Polyurethane (SMPU) have not been
fully investigated in the literature. This study focuses primarily on block-copolymer SMPUs
that have two different hard/soft (h/s) segment ratios. It investigates the effect of moisture on
the various properties via studying: (i) the effect of moisture trapping within these polymers
and the consequences when manufacturing; (ii) and the effect on end product performance of
plasticization by moisture. Results indicate that higher h/s SMPU shows higher microphase
separation, which leads to an increase of moisture trapping within the polymer. Understanding
moisture trapping is critical for EBAM parts due to an increase in void content and a decrease
in printing quality. The results also indicate a stronger plasticizing effect on polymers with

lower h/s ratio but with a more forgiving printing behavior compared to the higher h/s ratio.
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4.1 Introduction

Over the last decade, extrusion-based additive manufacturing (EBAM), commonly referred to as
thermoplastic 3D printing, has gained much attention due to the major advantages it offers for
producing customized prototyped parts. To convert EBAM from a prototyping technique to end-
use manufacturing that can be utilized for novel and critical applications, it is necessary to learn
about some of the difficulties the technology faces. For the majority of the polymers used with
EBAM, including polylactic acid (PLA), acrylonitrile butadiene styrene (ABS) and various grades
of polyamide (Nylon@®)), moisture is an obstacle during the manufacturing process and later during
the part’s life cycle. However, this effect is a more pronounced problem when the printed parts are
intended for critical applications, such as in the case of polyurethane-based shape memory polymers
(SMPU). It is important to understand the effects of moisture in these materials for EBAM in order
to obtain void-less consistent printing quality and predict engineering part performance. Some
of the most promising applications of EBAM-based SMPU are biomedical applications such as
customized airflow and 3D-printed cardiovascular stents (Figure 4.1a),casts and splints [24, 12, 27].
Other critical and promising applications include grippers, actuators for soft robotics [23], origami-
based self-assembly structures for smart manufacturing [26, 8] and potential printing of smart self-
deployable sports equipment such as a shape memory polymer (SMP) 3D-printed kayak [11]. The
prototype of a small-scale kayak that may be folded to a temporary shape for storage/transportation

and later deployed onsite is seen in Figure 4.1b.

In general, SMPs are classified into two main categories, those that show a shape memory effect
(SME) by means of chemical bonds (commonly in thermosets) and those by means of physical
bonds or hydrogen bonding (commonly in thermoplastics) [29].SMPUs are a type of thermoplastic
SMP and many studies have focused in this particular polymer since their commercialization in
1997 [15, 38.

SMPU thermoplastics consist of hard-crystallized and soft-amorphous segments [29]. Hard segments
commonly have higher transition temperatures—the temperature at which polymeric chains acquire
mobility—than do soft segments. This thermodynamic incompatibility causes immiscibility between
segments, provoking these two blocks to segregate and produce a microphase separation that leads
to an SME [43, 22, 9]. Within the SME, crystallized segments function as links to the amorphous
soft segments [22, 37]. Polymeric chains can be set temporarily above the transition temperature
and frozen upon cooling. When the polymer is reheated to T > Ty ansition, the chains return to

their original configuration [25].

Different ratios of hard to soft segments (h/s ratio) affect the molecular mobility and determine
the properties of a SMPU. This ratio alters the intrinsic properties of the polymer such as its

glass transition temperature (7y), melting temperature (7}, ), mechanical properties, shape memory
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(a) (b)

Figure 4.1: Examples of 3D-printed applications of Shape Memory Polyurethane (SMPU) by
EBAM. (a) A photograph of an in—house 3D-printed generic stent and (b) 3D-printed kayak pro-
totype based on reference [11].

characteristics and effects of moisture on the polymer by plasticization or moisture trapping [22, 37].
The individual characteristics of hard and soft segments affect the resulting SMPU. Soft-segments
are generally amorphous structures characterized by a low T,; they are flexible by nature and
contribute to the elastic properties of the resulting SMPU [22]. The crystalline structures of hard
segments do not change over the range of temperatures used to program the SMPU and act as
embedded fillers within the amorphous polymeric structure. In SMPU, urethane segments act as
hard segments and polyether or polyester glycols act as soft segments [40, 31, 4, 21, 35]. Hydrogen
bonding within these hard crystalline structures can potentially serve to set the initial permanent
shape [22]. Studies on the chemical, mechanical and shape recovery properties of SMPU have been

reported to obtain a better understanding of their properties and functioning [26, 30, 36, 42].

The effects of moisture on SMPUs have been previously studied by investigating the effects of im-
mersion of a thermoplastic SMPU in water. It has been reported that hydrogen bonding, also known
as plasticization, alters the T, and elastic modulus of the SMPU [50, 32, 16, 46, 33, 44, 7|. Plasti-
cization by water lowers the glass transition temperature, mechanical properties and melt-viscosity
of the SMPU [45, 18, 19, 47, 48, 5, 13, 34, 10, 39]. An alteration of the glass transition temperature
may produce an uncontrolled activation of the SME and undefined mechanical characteristics of

the moisture-affected polymer.
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Although moisture effects on thermoplastic SMPUs have been studied, investigations have not
related moisture effects according to the h/s ratio of different SMPUs and have not linked this
to manufacturing technologies such as EBAM. The present study focuses first on the common
moisture problem when manufacturing and second on the effect of plasticization by moisture on the
chemical, mechanical and shape memory properties of SMPUs and the effects on the 3D-printed
part. Understanding the effects of these parameters will significantly increase the use of SMPUs
in aforementioned applications. The study outlines an in-depth analysis of moisture effects on two
different types of SMPU, one with a low and the other with a higher h/s segment ratio. The study
demonstrates the material behavior after a part has been manufactured and the effects of moisture

on EBAM manufacturing.

4.2 Raw Materials

The SMP materials used in this study were purchased from SMP Technologies (Tokyo, Japan). Two
different types of ether block copolymer polyurethane thermoplastic SMPs, MM4520 and MM7520,
were used. According to the technical sheet provided by the manufacturer, the SMP materials
are prepared from diphenylmethane-4,4’-diisocyanate, adipic acid, ethylene glycol, ethylene oxide,
polypropylene oxide, 1,4-butanediol and bisphenol A. MM4520 and MM7520 were received in pellet
form and have prescribed glass transition temperatures of 45°C and 75°C, respectively. These
materials are semicrystalline by nature, their amorphous parts are made of polyesther polyols and
their crystalline hard part are made of urethane segments, the chemical composition is presented

in Figure 4.2.
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Figure 4.2: Schematic of the chemical formula of SMP MM series, provided by the manufacturer
(www2.smptechno.com)

4.3 Methodology

The methodology is divided into two sections: (i) the effect of moisture trapping in the SMPUs on
3D-printed parts and (ii) a study of the plasticization effect of moisture on two different SMPUs.
The latter is relevant to EBAM SMPU parts’ performance under moisture-affected conditions. For
both sections, to avoid any embedded moisture gas bubbles, the SMP pellets were dried for 12 h at
80°C' in a Lindberg/Blue MT™ vacuum oven before the melt extrusion processes. Drying time was

selected as recommended by the manufacturer and verified by TGA analyses.

The study of moisture trapping by the SMPU was done on melt-extruded filaments, which were
later fed to a commercial EBAM printer to study the effects on printing quality. Studies of moisture
absorption characteristics and effects of plasticization by moisture were conducted on melt-extruded

SMPU ribbons since this represents the best scenario possible for a 3D-printed part.

4.3.1 Ribbon Preparation, Compounding and Water Absorption

The samples were prepared by melt-extrusion using a HAAKE”™ Haake MiniLab Rheomex CTW5
twin-screw extruder (Waltham, MA, USA). Each screw has a length of 109.5 mm and conical
diameters of 5 and 14 mm respectively. The material was poured into a pneumatic feeder and the
torque level was adjusted to keep it at a constant 70 N-cm . The extrusion parameters were set to
195°C and 50 rpm. Ribbons were manufactured using a die with cross sectional dimensions of 4 mm

by 0.5 mm. The extruded ribbons were pulled using an LME take up roll system (Dynisco, Franklin,
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Table 4.1: Printing parameters used when 3D printing with each respective material (MM4520 and
MMT7520).

Material Nozzle Printing Speed | Build Plate Fan Speed
Temperature (°C) | (mm/s) Temperature (°C) | (%)
MM4520 210 10 50 10
MM7520 230 10 0 10

MA, USA) (the diameter of rolls used for the pulling was 1 inch, below the rpm of the roll reported).
The pulling speed of the take-up system was kept constant at 9.74 rpm and was measured using an

encoder (4096 counts per revolution quadrature encoder, US Digital, Washington, USA).

4.3.2 Filament Preparation for EBAM

To prepare the samples, filaments for the EBAM were melt-extruded using a 3-mm circular cross
section die using a Brabender™ single screw extruder attached to an ATR Plasti-Corder drive
system (Brabender, Duisburg, Germany). Extrusion parameters for SMPU MM4520 were adapted
from Villacres et al.[39], with heating zones of 170°C, 180°C, 190°C' and 195°C, and extrusion
rates and pulling speed of 20 rpm. For MMT7520, temperatures were set as 175°C, 185°C', 195°C
and 205°C, for the four different heating zones of the extruder. Extrusion rates and pulling speeds

were set at 15 rpm.

4.3.3 EBAM Manufactured Samples

Printed (EBAM manufactured) samples were prepared using an Ultimaker ™ 2 desktop 3D printer
(Ultimaker, Geldermalsen, Netherlands) with a nozzle diameter of 0.4 mm. Printing parameters
for MM4520 and MM7520 are portrayed in Table 1. Geometrical parameters such as infill density
(100%), infill pattern (+45°) and layer height (0.2 mm) were kept the same for both polymers.
Square samples of 30 x 30 mm were printed with an inner central circle of 10 mm and thickness of

3 mm.

4.4 Experimental Methodology

4.4.1 Moisture Manufacturing Effects: Moisture Trapping

After the extrusion process, filaments were thermally conditioned in an oven and dried at 80°C

for 24 h. Filaments were then immersed in distilled water for different periods. The filaments
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were immediately fed to the 3D printer and square samples were manufactured. Moisture content
after printing was visually and microscopically inspected and compared between both types of
SMPU.

4.4.2 Moisture on Manufactured Parts: Effect of Moisture by Plasticiza-

tion

After the extrusion process, samples were thermally conditioned and oven dried at T, +5°C for each
respective polymer prior to performing water immersion tests. The drying temperatures were chosen
to avoid crystallization temperatures of the polymers. To correlate moisture impact on SMPU post-
processing to EBAM manufacturing, samples (ribbons) were subjected to 100% moisture content
by immersing them in distilled water. Water absorption by the samples was therefore related to
the immersion time in distilled water at room temperature. Samples were tested immediately after

they were withdrawn from the water.

Thermogravimetry (TGA) Analysis

TGA samples, weighing 10-15 mg, were cut from the manufactured ribbons and immersed in
water for periods of 0, 48, 72, and 112 h at room temperature. TGA analyses were performed to
measure the water content of each sample. The analyses were conducted on TA Instruments Q50
Thermogravimetry analyzer (TA Instruments, New Castle, USA). Samples were heated from 25°C

to a maximum temperature of 400°C' at a heating rate 10 °C'/min.

Differential Scanning Calorimetry (DSC) Analysis

DSC tests were conducted using DSC Q1000 (TA Instruments, New Castle, USA). The tests were
carried out to examine the potential effect of immersion time (humidity) on Tj,. Specimens of 2 —5
mg were cut from the manufactured ribbons and were tested using a heating rate of 20°C'/min.
The heating rate was chosen to allow comparison with previous studies [46]. The analyses were
carried out from —40°C to 240°C'. Glass transition temperatures were obtained from DSC experi-
mental data. Sample DSC curves of dried polymers are shown in the supplementary information in
Appendix B.3. The average of three measurements of the glass transition temperatures of the dried
polymers were = 44.5°C and 74.5°C' for MM4520 and MM7520, which is similar to those reported

by the manufacturer.
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Infrared Spectra Analysis (FT-IR)

Attenuated total reflectance (ATR) was used to collect Fourier transform-infrared spectroscopy
(FT-IR) with the aim of recognizing the interaction of water with the polymers. Infrared band
analyses were performed using a DIGILAB FTS 7000 Fourier Transform Infrared Spectrometer
with UMA 600 microscope (Hopkinton, MA, USA). FT-IR spectra were obtained by averaging 75
scans for each spectrum at a resolution of 2cm ™! in reflection mode. The characterization technique
was done on a thin film produced by depositing a layer of 0.4mm of polymer on a heated glass bed

using an extrusion-based additive manufacturing desktop printer (Ultimaker T™™2+).

Tensile Testing

Ribbons were cut to 25 mm length samples for testing. A length of 10 mm was left at each side
as gripping aids. A final gauge length of 5 mm was left for testing. Tensile tests were conducted
using Electroforce® 3200 Series by TA instruments™ (New Castle, DE, USA). Tensile grips were
tightened using 17.6 lb-in at each side. The specimens were stretched to 100% in strain using a
rate of 0.02 mm/s. Elastic modulus was calculated according to ISO 527-1 for plastics [28]. Due
to a high sample elongation and stroke limitation of the tensile device, only elastic moduli were

determined for this study.

Shape Recovery Tests

For MM4520, seven samples at 0, 12 and 24 h each were tested. For MM7520, seven samples at 0
and 24 h each were tested. Samples were cut to 45 mm lengths. Gripping lengths of 10 mm were
used, leaving a final gauge length of 25 mm for testing. The gauge length was chosen due to the
limitation of the machine’s stroke. The shape programming was done using Electroforce® 3200

Series by TA instruments ™™ equipped with a heated forced-air convection chamber.

Figure 4.3 shows the schematic representation of the programming cycle done on SMP specimens.
The surrounding temperature was raised from room temperature to 50°C' (T, + 5°C) for MM4520
samples and to 80°C' (T, + 5°C) for MM7520 at a heating rate of 0.50°C/sec during 3 minutes. To
obtain an optimal recovery and allow for the polymer to store energy, a programming temperature
of 50°C was chosen for MM4520, similar temperatures have been considered in previous studies
for materials having a glass transition temperature close to that mentioned previously [46, 44, 2].
Therefore, a temperature of 80°C' was chosen for MM7520. Figure 4.3a shows a sample fixed at
both ends. From Figure 4.3a to 4.3b, the sample was stretched to 100% strain, from the original
length (Lo) to the prescribed length (Lp), at a rate of 0.2mm/s. Immediately after, the sample was
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cooled down to T}, using forced air to prevent any further recovery. The samples were then placed
in a cooler until activation. The activation, or recovery, process was conducted in a Lindberg/Blue
M™ vacuum oven (Waltham, MA USA) set to 70°C (T, + 25°C") for MM4520 samples and to
100°C (T, + 25°C) for MM7520 samples. During activation, a small constant load, corresponding
to ~ 0.2N, was applied at the free end of the sample to prevent curling during recovery. Samples
recovered their shape from Figure 4.3c to 4.3d. For analysis, pictures were taken at 4 Hz for 5 min

during activation and change in length was measured according to [1].

(a) (b) © (@@

T T
R S

Mechanical apd . Tempe.rature
Thermal strain gradient

Figure 4.3: Schematic showing the programming and shape recovery procedure of a Shape Memory
Polymer ribbon, where (a) shows the original sample (b) and (c) the sample while and after shape
programming, respectively and (d) the recovered sample.

4.5 Results and Discussion

4.5.1 Moisture Manufacturing Effects: Moisture Trapping

Moisture trapping within SMPUs is significant for any melt-extrusion manufacturing process. Fig-

ure 4.4 shows photographs of the outcome of 3D-printed SMPU parts when the material is affected
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by moisture prior to the EBAM process. Figures 4.4(al), 4.4(b1), 4.4(c1) and 4.4(d1) are images
of MM4520 printed parts manufactured with filaments immersed in water for controlled moisture
exposure (0 min, 10 min, 5 h, and 24 h). From afar, printed part quality is not affected by moisture
absorption of the filaments. Figures 4.4(a2), 4.4(b2), 4.4(c2) and 4.4(d2) show zoomed-in views
of the printed surfaces. These images show an increase of imperfections of the surface (circle like
patterns), which indicates moisture trapping before reaching water saturation. These imperfections
are clear voids within the 3D-printed structure. There is a gradual increase in the number of voids

in the specimen from the dried specimen to the moisture-saturated specimen.

Figures 4.4(el), 4.4(f1) and 4.4(gl) are images of MM7520 printed parts manufactured with fila-
ments immersed in water for 0, 10 min and 24 h. The printed part quality decreases significantly
with respect to moisture affected filaments. The effects can be seen by a color and surface change
from uniform transparent to white rough surfaces. This whiter surface has a high percentage of
voids, as can be closely seen in Figure 4.4(e2, {2, g2). The images show that moisture trapping

increases dramatically after only 10 min of water absorption.

4.5.2 Moisture on Manufactured Parts: Effect of Moisture by Plasticiza-

tion
Moisture Absorption Content

The TGA plots of moisture-saturated materials, MM4520 and MM7520, are presented in Figures
4.5a and b, respectively. The tests were done with samples that were first immersed in water for
0, 48, 72, and 112 h. Both the polymer matrices absorbed water and reached a saturation point
after 72 h. Figure 4.5a,b also show the degradation temperature (Td). Both of the polymer samples
started to decompose at ~ 300°C'. Therefore, thermal degradation of the polymers was independent
of the absorbed water content. The most water evaporation (removal) occurs before 48 h, as seen
by the greatest weight loss percentage in the TGA. After 72 h, weight loss gradually decreased and

eventually stabilized.

Figures 4.5¢ and d show the derivative thermogravimetric analysis (DTGA) for MM4520 and
MM7520, respectively. These were obtained by taking the derivatives of the data presented in
Figures 4.5a and b with respect to temperature (i.e., zoomed in between 45 and 200°C). The peak
represents the point of maximum moisture removal (in Figure 4.5¢ for MM4520). The peak values
for the various immersion times of samples are shown in Figure 4.5¢ for MM4520. As the immer-
sion time of the polymer in water increased, the maximum point of the rate of desorption shifted
to a lower temperature by a few degrees. On the other hand, no visible desorption trend found

in MM7520 with various water immersion times (Figure 4.5d). This data suggests that a greater
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(e2) (f2) (22)

Figure 4.4: Photographs showing the effects of moisture in filaments on EBAM manufactured parts.
Figure (al), (bl), (c1) and (d1) are images of MM4520 printed parts manufactured with filaments
immersed in water for 0, 10 min, 5 h and 24 h. Figures (al), (b2), (c2) and (d2) show zoomed-in
views of the printed surfaces. Similarly (el), (f1) and (gl) are images of MM7520 printed parts
manufactured with filaments immersed in water for 0, 10 min and 24 h, the close-up versions are
shown in (e2), (f2) and (g2).

amount of water was absorbed and free water moved more readily from MM4520 than MM7520.
This is especially interesting for drying purposes since a drying procedure will have to be performed
on 3D printing filaments. Yang et al. also suggested that free water has a negligible effect on T},
and can be fully removed below 100°C, whereas bound water directly affects T,;. Bound water can
be removed by heating above 120°C' [46]. Because of the nature of the EBAM process, thermal
history will be wiped after melting the material, therefore drying conditions for EBAM filaments

can include bounded water removal temperature ranges.
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Figure 4.5: TGA and DTGA curves of (a) and (c¢) MM4520; and (b) and (d) MM7520 after different

immersion times in water

Figure 4.6a shows the water content (weight %) of MM4520 and MM7520 samples as a function
of their immersion time in water. Plots were generated by calculating the water content values
from Figure 4.5a,b data at around 240°C, assuming that all weight loss was due to the evapora-
tion of water and that the polymer became completely free of moisture. The plots indicate that
MM4520 contained 4.22% moisture intake compared to 2.28% for MMT7520 at saturation. The
differences between SMP samples are due to the different amounts of soft segment content of each

polymer.

Figure 4.6b shows the plot of water saturation values vs. glass transition temperatures of the SMPU
samples. In addition to our measurements of MM4520 and MM7520, the data for MM3520 was
compiled from the literature [46]. Glass transition temperature has been reported to increase linearly

with respect to hard segment content [31]. A linear relationship of total moisture saturation can
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Table 4.2: Bonding frequencies for dry materials.

FTIR-Wavenumbers [cm ]
Material Bonded Free Bonded Free Bonded
C=0 C=0 N-H N-H C-0
MM4520 1703 1724 3306 3400 1059
MM7520 1701 1730 3304 3383 1057

be related to the ratio soft/hard segments, or the glass transition temperatures of SMPU samples;
thus, the soft segments of the SMPU can be directly associated to plasticization in the polymer

matrix.
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Figure 4.6: (a) Ratio of water content to MM4520 and MM7520 after different immersion times in
water (b) water Saturation with respect to Shape Memory Polyurethane T} series.

Moisture and Its Effect of Hydrogen Bonding (Plasticization)

The literature covers extensively the matter of hydrogen bonding in SMPUs due to moisture absorp-
tion [50, 16, 46, 44, 49, 6, 41]. This phenomenon can be characterized by observing a wave number
shift of C=0 and N-H stretching to lower values from the original non-interacted peaks [49, 6, 41].
The Infrared Spectroscopy for (a) MM4520 and (b) MM7520 can be found in the supplementary in-
formation in Appendix B.3. Comparative values of the peaks of dried and water-immersed samples

are summarized in Table 4.2.

The intrinsic properties of shape memory polymers, such as shape recovery and mechanical prop-

erties, are closely related to their degree of phase separation (D,s). The intermolecular hydrogen
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bonding between the carbonyl group (peak at ~ 1700cm 1) and the NH group, from the urethane
hard segment, can be used to determine the degree of phase separation. Merline et al.[31] suggested
that the degree of phase separation can be calculated through (Equation 4.1). The comparison is
thus considered between the bonded absorption bands (A;) and free absorption bands (Ay) of the

carboxyl groups.

(Av/Ay)

S = 7(1 T AyA) (4.1)

From the obtained calculation, Figure 4.7a shows a plot of the calculated degree of phase separation
for three different commercially available polymers, MM3520, MM4520 and MM7520. Data for
MM3520 was obtained from [46]. The figure shows a linear increasing trend between the calculated
degrees of phase separation as glass transition temperature of SMPU increases. Because the glass
transition temperature is closely related to the amount of hard segment content within the polymer,
it can be directly inferred that an increase of hydrogen bonding between hard segments occurs [46].
Wen et al.[41] also showed that there exists a proportional relation between hard to hard hydrogen
bonding and phase separation between soft and hard segments for thermoplastic polyether-based
polyurethane (N-H--- O=C bond). Thus, the degree of phase separation plays a significant role in

determining the shape memory characteristics of the material.

Studies have revealed that water has a direct effect on hydrogen bonding within the SMPU’s
structure. It has been suggested that water molecules act as bridges between hydrogen-bonded N-
H and C=O0 groups [44]. The degree of phase separation has also been determined with respect to
absorbed moisture by the polymers (i.e., immersion time in water). Figure 6b shows the variation of
degree of phase separation with respect to immersion time in water for MM4520 and MM7420. There
is a clear decrease in phase separation for MM4520 but no visible effect for MM7520. Although water
molecules function as bridges, theoretically increasing the phase separation and the free volume,
through this calculation method it can be seen that phase separation decreases for MM4520 perhaps

due to intramolecular hydrogen bonding.

From the FT-IR results, bond stretching (a) N-H (b) C-O and (¢) C=0 for MM4520 and MM7520
were studied after different immersion times in water. An increase in wavenumber was observed from
(N-H- - -H) and (C-O- - -H) groups for MM4520 in contrast to MM7520 (Figure 4.8a,4.8b). These
results show a weakening of hydrogen bonding for MM4520 as water absorption occurs [44, 20].
The loosely bound water weakens the hydrogen bond and decreases T;. A weakening of hydrogen
bonding is also related to a phase separation between soft and hard segment, as suggested by Wen
et al.[41].

Hydrogen bonded C=0 shows a slight increase for MM7520 and a slight decrease in MM4520

112



N
~
()]
(o]

ly = 0.1259x + 47.263

n
(=)
T

N

N

1

Whn D O
S N A~
T T T T®
-

o]
T

*

+ MM 4520

n
w
T

/ ®* MM SMP
, Experimental
¢ * MM 3520

B b B O
B~
T

* MM 7520

N
~No
T
=
[\S)
T

Degree of Phase Separation%
'ﬂ
Degree of Phase Separation %

25 45 65 85 0 20 40 60 80
Glass Transition Temperature (°C) Imersion Time [It] (Hrs)

(a) (b)

N
(@]

n
o

Figure 4.7: (a) Degree of phase separation with respect to different SMPU series (MM3520, MM4520
and MM7520) and (b) change in the degree of phase separation with respect to moisture absorption
for MM4520 and MM7520.

(Figure 4.8c), this result is in agreement with Yang’s [44] study of MM3520. Yang showed that
within the chemical structure of SMPU MM3520 hydrogen bonding is present at two points of the
C=0 group. The two hydrogen bonds provoke a counter reaction, forcing the infrared band peak
to decrease [44]. Because of the close glass transition temperatures between MM3520 and MM4520,
the same phenomena can be inferred for MM4520. Contrary to MM3520 and MM4520, the infrared
band on the C=0 group for MM7520 increases, suggesting that there is only one place at which
bonded water occurs. Studies have shown that bounded water affects the shape fixity and shape
recovery of SMPUs and directly affects their glass transition temperature. Free water, on the other
hand, has a negligible effect [50, 16, 46]. In contrast to MM7520, MM4520 shows more bound
water and presents a visible decrease in phase separation; moisture will have a more severe effect
on MM4520 than on MM7520.

Moisture Absorption and Glass Transition Temperature

Figure 4.9 shows the change and decrease in glass transition temperature (Ty;) for MM4520 and
MM7520 as the immersion time in water increases. Previous studies have shown that moisture has
a plasticization effect on thermoplastic polyurethanes causing a decrease on the glass transition

temperature [50, 16, 46, 48]. Yang et al [46] showed that bound water reduces the glass transition
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Figure 4.8: Values of bond stretching for (a) N-H bond, (b) C=0 and (¢) C-O bonds.

temperature in a linear manner. On the other hand, free water has been shown to have a negligible
effect on the glass transition temperature and mechanical behavior, as expected from the degree
of phase separation in Figure 4.7b. Figure 4.9 shows a rapid change in T, for MM4520, while the
decrease of Ty for MM7520 is much slower, with a faster saturation. The T}, decrease of MM4520 is
similar to the decrease of MM3520 found by Yang et al. [46]. It canbe observed that plasticization
by water occurs in both polymers but is more prominent for MM4520 than for MM7520. This is
possibly due to a higher bound-to-free water ratio in MM4520 than in MM7520, when in contact

with water.

Moisture Absorption and Mechanical Properties

Of all the materials tested, the effect of moisture on mechanical properties is the most significant
for MM4520. Figure 4.10a shows the evolution of mechanical behavior for MM4520 and MM7520.
MM4520 changes from a tough material with a defined yield point to a material without a clear
yield point when immersed in water (see plots corresponding to legends MM4520 0/5/10/24HRS).
Nevertheless, almost no significant effect on MM7520 was observed (see plots corresponding to
legends MM7520 0/120HRS). This is caused by the lubrication of chains and a decrease of phase

separation due to plasticization, which improves the elasticity of the material.

Figure 4.10b shows the elastic modulus (Ey), and one standard deviation at each side, obtained from
tensile tests conducted for MM4520 and MM7520 with respect to immersion times in water. The
elastic modulus of dried MM4520 (717 MPa) and MM7520 (803 MPa) did not differ significantly.
Additionally, a rapid decrease of the elastic modulus for MM4520 was observed as immersion time
in water increased. There was no significant effect for MM7520. The obtained difference between

both polymers is given by a higher plasticization of the polymer with a lower hard-to-soft segment

114



40.0

& MM4520

® MM7520

30.0 |
25.0

200 | o ¢ e

Tg0-Tg (°C)

—_

w

=
T

100 | o

50 F

0.0 : : .
0 50 100 150
Immersion Time (Hrs)

Figure 4.9: Graph showing a change in T, with respect to immersion time in water for MM4520
and MM7520.

ratio (MM4520) compared to MM7520, just as it was seen by Yang et al. on a polymer with lower
hard-to-soft segment ratio [46, 44].

Model Description of MM4520 Elastic Modulus and T; Relationship

The plasticization effect is often convenient for many engineering and biomedical applications,
such as body temperature-activated devices, including stents; an understanding of the material’s
behavior is also necessary to predict product performance. In the present study a model is proposed
to predict the mechanical properties, with respect to moisture content, of a material with a lower
T,. Reimschuessel et al.’s logarithmic model [34] is used to obtain, via a regression analysis, an
approximate solution of MM4520’s uniaxial elastic modulus with respect to immersion time in
water. Reimschuessel et al. described a decreasing logarithmic model that shows the relationship
between the elastic modulus and water content percentage for the plasticization effect in polymers

[34]. Equations were adapted from Reimschuessel et al.[34] model.

The experimental data shows that the modulus (Ey) of MM4520 decays with respect to immersion
time in water, reaching a saturated Elastic Modulus (Eg). The initial elastic modulus for water
content at 0 h is described by (E,), where immersion time in water is W(0) = 0. Therefore, the

boundary condition is as follows (E,(0) = E,).
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In this model, the elastic modulus decreases to a finite value E after an amount of water, indicated
as Wy, has saturated the polymer. This is identified as E,(W;) = E; and therefore (dE,)/dW = 0,
Ws — oco. The speed at which the modulus decreases, described mathematically by &, is a function

of E,, Es; and W (Equation 4.2). The solution to the ordinary differential equation and its constant

for the initial boundary condition results in Equation 4.3). To write this in terms of a saturation

time or water saturation content, W, a value of 1 is defined as an artifice, where E,11 — Fs = 1.

Consequently, W,_; — W, = §,, and, using n = W,/(W, — ), an expression for constant k is

obtained.
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Using a nonlinear least squares fit in MATLABTM | the experimental data was weighted with respect
to the number of experiments conducted and fitted to find the coefficients of the following model
f(z) = aze” "1 4¢; which is in the same form as equation (Equation 4.5). Coefficients were obtained
with 95% confidence intervals and their values are portrayed in Table 4.3. Figure 4.11a shows the
obtained Young’s modulus from the experimental data, model curve fit and statistical lower and
upper bounds. Regression residuals for MM4520 are presented in Figure 4.11b. The curve fit
results in an adjusted coefficient of determination of R? = 0.9895, showing that Reimschuessel et
al.’s model correlates with our experimental data. For the predicted model, water saturation is
considered at 99% of water saturation value, with a resolution of 0.01 h. of immersion time in
water. The final generic model shown in Table 4.3 was calculated from the obtained curve fit model
coefficients. Without any more experiments, the elastic modulus can be predicted with respect
to immersion time in water for SMP MM4520. Similarly, the same procedure can be applied to
determine the glass transition temperature of both materials. However, a statistical model will be

more significant with a higher sample size that the one obtained in this study.
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Figure 4.11: Graph of elastic modulus (E,)for MM4520 for (a) fitted model and (b) residuals.

117



Table 4.3: Estimated coefficients for MM4520 elastic modulus with respect to immersion time in
water.

Estimation curve: f(z) = are /" ¢

. ai b1 C1
Eitégiit:ris. (95%CI)  (95%CI)  (95%CI)

650 6.888 70.4

Final generic E, = (e0 — Es)ef(ln[E"*ES]” WIW L E,
model:

. E, (MPa)  E,(MPa) W(h) n (1 MPa)
Crtimated O5%CT)  (95%CT)  (95%CT)  (95%CT)

720.4 70.4 31.17 -0.698

Moisture Absorption and Shape Recovery Properties

To observe the possible effects of moisture in the strain recovery process, a one free end recovery with
an application of 0.2 N in force was applied. The strain recovery percentage, portrayed in Equation
4.6, was obtained from the ratio of the difference between the prescribed strain (¢, = 100%) and the
recovered strain €, to the original prescribed strain [4]. Figures 4.12a and 4.12b, respectively, show
the recovery for samples of MM4520 at 0, 12 and 24 h and 0 and 24 h for MM7520. The longer the
samples were in water, the less able they were to recover, as can be seen in the figures. Recovery

percentage was measured at 90% of the maximum recovery’s plateau. See Figure 4.12a.

Ry =(ep —&r)/ep (4.6)

The tests showed that both materials recovered the same amount after being activated (Figure
4.13a). As moisture percentage increased, 90% of the maximum recovery decreased significantly for
both materials, as portrayed in Figure 4.13b. The ANOVA returned a P-value = 1.992 x 10710 <
0.05 for MM4520 and a P-value = 0.027 < 0.05 for MM7520. The amount of recovery found is
less than what has been reported [3]. This may be caused by the applied strain and the additional
force (0.2 N) placed at the free end of the samples. However, the procedure was kept constant
allowing a comparison of the relative values for water-immersed samples and dried. The effect on
glass transition temperature may have an effect on the programming temperature and the ability
of the material to recover to a maximum strain. The programming temperature does not change.
Therefore when these polymers reach a temperature where plastic deformation occurs, the polymer

loses the ability to store elastic stress [17].

The required time to reach 90% of the maximum recovery’s plateau was also recorded. Recovery
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Figure 4.12: Representation curves for strain recovery of (a) MM4520 at activation temperature

T = 50°C and (b) MM7520 after different immersion times in water at activation temperature
T =80°C.

rate for both materials was obtained from the slope of the strain recovery percentage with respect
to time. Figure 4.14a shows the recovery rate with respect to time for MM4520 and MM7520.
P-values obtained for MM4520 and MM7520 were 8.47 x 108 and 0.0070, respectively, showing a
significant difference in recovery rate for both materials. Because both materials lose their elastic
capacity when being programmed, their ability to recover at a fast rate is also affected, just like a
spring would be when being deformed. Consequently, a trend of increasing required time with an
increase in moisture content is observed in Figure 4.14b. P-values of 0.0123 and 0.9231 for MM4520
and MM7520 were obtained, respectively, showing a significant effect of moisture on recovery time
for MM4520 while no significant effect was found for MM7520.

Effects of moisture on recovery rate and time may be caused by the evaporation of bounded and
free water molecules within the samples. It is noted that free water is easier to evaporate than
bounded water [16, 14]. Because of its higher hard-segment to soft-segment ratio, the recovery of
MM7520 is not as affected by moisture as MM4520. Therefore, it is able to evaporate moisture

content quicker because it is harder to produce hydrogen bonds within its structure.
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4.6 Conclusions

The influence of moisture on the preprocessing stage of manufacturing and in the post manufacturing
stage of two SMPUs containing hard to soft segment ratios was investigated. For the preprocessing
stage, filaments of SMPU were manufactured and immersed for different periods in distilled water
and immediately fed into a commercial 3D printer. The results showed that the polymer with higher
T, (higher h/s ratio) trapped more moisture, affecting dramatically the printing quality only 10
min after moisture exposure. This phenomenon is inferred to have occurred due to water molecules

trapped within the phase separation that produce voids when evaporated.

The degree of phase separation increases as the transition temperature (7, or h/s ratio) of the
SMPUs increases. As the degree of phase separation increases, there exists a wider space for water
molecules to be stored and create voids when the polymer is being heated and extruded during
EBAM. This is clearly seen in the printed qualities of the two SMPUs. Although moisture content
is related to water immersion, effects of moisture were also seen in filaments exposed to ambient

conditions for less than 48 h (with uncontrolled moisture exposure).

SMPUs with higher h/s segments (higher T), such as MM 7520, are more susceptible to moisture
trapping. The final quality of a melt-extruded part is severely affected by moisture in polymers with
a higher T,. Although a higher h/s segment ratio is more affected by moisture trapping, because
of its resistance to hydrogen bonding and therefore plasticizing, these SMPUs are more beneficial
for manufacturing. To obtain void-less printed parts and therefore a better printing quality when
using an SMPU with a higher T}, for 3D printing, rigorous precautions must be taken to maintain

the dry conditions of the printing filaments.

Although the polymer with higher T, was more affected in the preprocessing stage, in the post-
manufacturing stage the material was less affected by plasticization effects. The polymer with the
lower T, was more affected by the formation of hydrogen bonding into (N-H) and (C-O) groups
when immersed in water. This is caused by a lower hard-to-soft segment ratio in the polymer with
a lower T,;. This study also showed that, due to plasticization, moisture absorption has a more
severe effect on the mechanical properties of the material with a lower 7. The elastic modulus
slowly reached a saturated modulus for the polymer with lower 7}, while there was no visible effect
on the polymer with the higher 7. From these observations, a generic model for predicting the
elastic modulus with respect to immersion time was obtained for an SMP with a 45°C T,. A
similar decreasing exponential effect was observed for the mechanical properties on the polymer

with nominal 45°C' T;;. A linear decreasing trend was observed on the other polymer.

Moisture also had a significant effect on the shape recovery properties of the material. The ability

to reach 90% of the maximum recovery and the recovery rate for both materials decreased when the
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material was immersed in water. This may be caused by the plastic deformation that the polymeric
chains suffer from the decrease of Ty and the applied strain. Moisture did not have a significant
effect on the time required to reach 90% of the maximum recovery on the polymer with a higher Ty,
but had a significant effect on the polymer with a 45°C' T,;. This may be caused by the evaporation
time for free water in contrast to bound water. Since the polymer with the higher T, has a higher
hard-segment ratio, it can be inferred that it will have less bounded water than the polymer with

lower Tj,.

An SMPU with a higher T,, which has a higher h/s segment ratio, resists hydrogen bonding and
therefore plasticization. This makes it more desirable for ambient moisture exposure applications.
However, due to a higher degree of phase separation, moisture trapping has a significant effect
when subjected to melt extruded manufacturing techniques. This effect becomes critical in EBAM-
3D printing manufacturing. The present study contributes information for engineers and designers
regarding the material selection for shape memory polyurethane designs for emerging manufacturing

technologies such as 3D printing.
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Chapter 5

A Viscoelastic Model for Shape
Memory Polymers Under Bending

Abstract
Shape Memory Polymers (SMPs) are materials that can be used for many engineering appli-
cations. Predicting and understanding the response of these materials is still an area that is
vastly investigated. Many great efforts have been made in modelling SMPs; however, most
developed models are designed for a uniaxial tension or compression loading mode and/or are
often too complex to allow easy application and interpretation, which makes it difficult and
overly complicated. SMPs have the most significant applicability in the bending loading mode

for soft robotics and morphing structures.

The present work provides a phenomenological viscoelastic transient model for bending appli-
cations to address the aforementioned shortcomings. Among the most crucial data required for
engineering design are the maximum shape recovery force, the shape recovery deflection and
ratio with respect to time, which can be determined with the proposed model. This model is
derived from Tobushi et al.’s model and y using the bending consideration for small strains
of a beam, which refers to a linear relationship between strain and curvature at a given time.
The bending moment of the beam can then be calculated from the stress distribution of each
cross-section. Consequently, the deflection, shape recovery force and ratio can be determined
with respect to time by using a discretization in x, y-direction, and time, and by changing the
loading conditions for each step. Additionally, this work provides a method to extract the ma-
terial parameters via Dynamic Mechanical Analysis, which reduces experimentation time and
has not been shown in the past. This model has been experimentally validated in constrained

recovery and free end recovery tests.
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5.1 Introduction

SMPs can maintain a temporary shape and then recover their original-permanent shape when
triggered via an activation method, eg. UV light, pH, temperature, moisture, among others [22].
The phenomenon of storing and recovering a temporary shape is often referred to as Shape Memory
Effect (SME). Thermally activated SMPs are the most common shape memory materials due to the
ease of activation via a temperature change [16]. A shape training, followed by the SME activation, is
obtained by following four different steps: i) Heating of the material above its activation temperature
(often the glass transition temperature) ii) loading of the material at a constant temperature and
iii) cool-down of the material with a constant applied load or constraint. These steps results in
storing a temporary shape. The recovery of the original shape occurs by increasing the temperature

to or above the activation temperature (often the glass transition temperature) [15].

SMPs are used in self-deployable [29, 17], self-folding and self-assembled structures [4, 10, 26|, in-
cluding actuators such as grippers [31] and crawling devices [30]. Many of the described applications
require an understanding of the expected material’s movement and behaviour after activation. The
vast majority of studies that focused on the behaviour of SMPs are based on the experimental
characterization [25, 13, 12, 14]. However, models are required to predict the behaviour of SMPs
to start designing for real-life applications. Although significant advances have been made in this
area, scientists need to provide designers with models that can predict essential features required

for engineering design, such as recovery rate, ratio, and shape recovery force.

The vast majority of the proposed models have been for a tensile and or compressive loading form
[11], these models were extensively reviewed in (Chapter 2). In this section, a summary of the
different modelling approaches will be provided and a modelling review focused to the relevance of
this chapter. In summary, models are based on two different modelling techniques: 1) a phase and

2) a spring-dashpot modelling technique. Developed by Liu et al. [19], the phase change modelling
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technique has been widely used and has shown promising modelling results. This technique assumes
a thermodynamically based evolution law to determine a phase change between frozen and active
phases. This modelling technique has received criticism from authors that have stated that there
is no physical evidence that supports the existence or change between these mentioned phases [27],
but other have argued that the existance of these can appear in semicrystalline polymers [27]. Due
to the phase change concept, this model often yields physically unattainable material parameters
and furthermore, on its own, it is unable to predict the rubber-like behaviour of thermoplastic

polymers.

On the other hand, a viscoelastic modelling approach focuses on the history of the thermo-mechanical
loading of the material. One of the earliest modelling attempts was that by Tobushi et al. [28].
Their model is based on the Standard Linear Solid model (SLS) and added a slippage mechanism as
illustrated in Figure 5.1. The slippage mechanism captures the irrecoverable strain occured by the
internal friction between polymer chains [28|. The strain undergone by the slippage mechanism is
denominated as €, in Figure 5.1, and it is placed in series to an elastic spring with elastic constant
of E5. These elements are in parallel to a Maxwell element with spring constant F; and dashpot
viscosity, 7. In Tobushi’s model, the described slippage element is assumed to be responsible for
the remaining strain and is also responsible for the SME. This model, although simple, captures

the irrecoverable strain occured.

A viscoelastic modelling approach bases on using constitutive equations of elastic solids and Newto-
nian fluids, which can be represented by spring and dashpot components. The resulting behaviour
of these elements is, therefore, time dependant, hence for a transient model the material properties
will also be time dependant. In the permanent shape, the spring-dashpot configuration is in a
non-stressed condition. As the material heats up, the dashpots have lower viscosity, and therefore a
higher stretchability. The deformation at high temperature will be locked in the dashpot elements
once the temperature cools down. The viscosity will increase drastically as temperature decreases
and internal stresses will be produced. Once reheating, the viscoscity decreases and allows the

internal stresses to drive the material to recover the equilibrium position [23].

Only a few models have attempted to capture the bending behaviour of SMPs using a viscoelastic
approach. Wang et al. [32] used a generalized Maxwell model coupled with the Williams-Landel-
Ferry (WLF) equation to describe relaxation and changes in material properties [18]. This was
implemented for a three-point bending load using commercial FEA software, hence no bending
formulation was proposed. In their work, different heating rates were tested to obtain key char-
acteristics of recovery rate and recovery force. However,this model lacks experimental validation
and requires commercial software or extensive FEA coding to reproduce the results and or apply to
different materials. Wu et al. [33] developed a bending model for the shape recovery behaviour of

polyurethane-based laminates based on the SLS model. Although their model considers a viscoelas-
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tic approach, it does not predict the possible irrecoverable strain that occurs in the process, and the
recovery happened along the path of a circular arc with changing central angle, restraining the ap-
plicability of the model to the cantilever loading they have proposed. Another method of modelling
is through the phase change modelling approach. There are only a few models that attemptted this
by using a phase change approach. For instance, Gosh et al. [9] developed a beam theory for SMPs
and implemented it in a finite element framework. Based on their previous experience [1], Bahani
et al. [2] used the phase change model and implemented it to Euler-Bernoulli beams for bending
applications. Although, numerically the model is simple; this study did not show shape recovery

ratio or force curves needed for quick engineering design.

This chapter presents the author’s main contribution to the viscoelastic formulation for flexural
loading. This model can predict the transient bending behaviour of an SMP and its irrecoverability.
Furthermore, this model provides with the necessary trend, and prediction of the programming
and recovery behaviour of SMPs. This model was fully validated and verified with respect to
experimental data. The author also proposes a way to obtain the material parameters by using
DMA data and a model derived from Bhattacharyya et al. [3].

5.2 Model

5.2.1 Viscoelastic Model

The representation of the spring-dashpot configuration of Tobushi’s model [28] can be seen in Figure
5.1.

U/ )
—l—/\V

A
es By

Figure 5.1: Graphic representation of the viscoelastic model used by Tobushi et al. [2§]
The gorverning equation for this model is presented in equation 5.1. Where, the strain rate € can
be expressed in terms of the strain ¢ and the stress o. Additionally, the model considers thermal

expansion, where « is the coefficient of thermal expansion and 7' is the temperature rate. The
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contributions of the coefficient of thermal expansion is ignored in the following expression for the
sake of simplicity. The material parameters, E, u, and, A represent the elastic, viscous responses of
the system and the retardation time respectively. These parameters are related to the rheological
model in Figure 5.1 by equations 5.2, 5.3 and 5.4, where F4, E> and 7 are the temperature dependant

rheological parameters.

é:%+%—€;s+ 7 (5.1)

E(T) = Ev(T) + Ex(T) (5.2)

u(T) = n(ng()T ) (5.3)
w(T)

AT) = B> (T) (5.4)

The friction element represented by e, portrayed in Figure 5.1, was first suggested by looking at
the relationship of experimental data by Tobushi et al. [28]. The authors performed a series of
creep tests under different temperatures and noticed that the material always has a temperature
dependent irrecoverable strain for a certain temperature [3]. The creep strain, e, is defined as the
total strain, €, minus the elastic response as observed in equation 5.5. Hence, €5 will only appear
if the creep strain surpasses a thershold value €7,. The threshold value, 1, is defined solely as a

temperature dependent material parameter.

(5.5)

Given the loading conditions, three different regimes appear depending on the model conditions
and the strain history at a time (7). Regime I and IT occur when the creep strain rate €, > 0
and regime IIT will occur when €, < 0. Regime I appears when e.(7) < e1(T) while regime II
appears when this condition is not met. If the process is isothermal, for the programming stage,
the material will be subjected to regimes I and II since the material is being loaded. Recovery will
therefore occur when the material is being unloaded, hence in regime III. The three regimes are
ruled by the behaviour of ¢, at different conditions. The expressions for €, are shown in equation
5.6. Tobushi et al. 28] proposed a temperature dependant parameter C(7T'), which is introduced
to capture the ratio of the excess creep strain (¢. — €r,) that is irrecoverable, hence this parameter
is limited to 0 < C(T) < 1.
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0 ec(ty) <ep(T)
es(t,T) = € C(T)(eo(t) —en(T) eclt) > er(T),ec(t1) >0 (5.6)
es(1,T) gc(t1) <0
Using equations 5.1-5.6, equation 5.7 is generated along with the definition of the effective param-

eters found in equations 5.8-5.10. Hence these effective parameters urprr, \prrandes,,., can be

rewitten according to the three different regimes.

fr<t)= E(T) * 1err(T)  Appe(T) Aerr(T) (5.7)
(T ee(r) < en(T), ee(r) >0
u(T) - (r

MEFF(t > 7‘) = 1;<(TT))§E;“;:| Ec( ) > EL(T)) 80( ) >0 (5.8)
u(T) () <0
A(T) ee(r) < en(T), ec(r) >0

Aerr(t> 1) = 250 eo(r) > er(T),€u(1) > 0 (5.9)
AMT) (1) <0
0 eo(1) <er(T), EC(T) >0

ESEFF(t > T) = —% EC(T) > €L(T),éc(T) >0 (510)
Clee(r) —en(T)]  éc(r) <0

It is necessary to relate these regimes to programming and recovery cycle of the SMP. At the
beginning of the programming cycle (¢ = 0), the temperature of the sample is at a low temperature
below T7,, which is at least Ty —25°C. Programming begins in step i) where, heating of the material
usually occurs in a set of predefined conditions to T}, > T,. During step ii) programming of the
sample is done by loading the sample. If the load has not provoked e.(7) to surpass 1, (7},) then
the material will behave as regime I, else, the behaviour can be described by regime II. In step iii)
the sample will be cooled to below Ty, therefore e, (T%) will change to e7,(7%), this will change the
value of €5 as expressed by equation 5.6. An increasing value of 5 appears in regime II, which is

only dependent on temperature and time. Let’s make the time at the end of the programming step
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to be 7. Therefore at the beginning of the recovery stage, the creep strain will be equal to &.(7).
The recovery of the original shape will occur by an increase of temperature from 77, to T},. In this
step the recovery will start and since recovery starts in a stress free condition, €, < 0 will occur

and this will cause regime III to take place.

This section explains only the governing equation of the viscoelastic model and can only be used
in a uniaxial loading mode. In the following section a description of the bending formulation will

be proposed.

5.2.2 Bending Model

In the present work a viscoelastic model (Tobushi’s model) has been applied to bending. A formu-
lation for bending has been proposed. The formulation has been implemented to a 3-point bending
situation for the purpose of model verification. However, the formulation can be eaily extended to
other bending conditions. Loading conditions for a 3-point-bending test will be assumed in this
section, where the load, P is applied to the middle of a simply supported beam as seen in Figure
(5.2a). The beam is assumed to be thin and hence the deformation is small, therefore the strains
along the y axis of the beam can be defined according to equation 5.11, where « is the curvature of
the beam and y is the distance from the neutral axis IV to a point in the y direction. An assumption
that the material behaves in the same manner in compression as in tension has been made, and
hence its neutral axis, NV will be placed in the middle of the thickness of the beam as shown in
Figure 5.2b. Hence, because of the symmetry that the system has, it is sufficient to analyze half

the beam.

The length, height and width of the beam are denominated as L, H and b respectively. The moment,
M(t,x) can be calculated according to equation 5.12, where dA = bdy. By substituting equation
5.4 onto 5.7, a generalized expression for the moment at every cross section of the beam can be

obtained as following.

€ =Ky (5.11)
H/2
M(t,x) = /0(t7x7y)y dA = 2/ o(t,x,y)by dy (5.12)
0
At this point, we can recapitulate the proposed equations. Equation 5.11 is replaced in equation 5.7
to obtain an expression of the stress. The moment can be calculated by integrating the obtained

stress by equation 5.12. The reader may notice that the stress will be dependant on x,y, and t.

The simplest way to solve equation 5.12 is by discretizing these three variables. The stress can
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Figure 5.2: (a) Exaggerated schematic of a three point bending test, (b) Discretization of half the
beam. The figure shows the neutral axis "/N" in blue.

En+1—En « __ On41—0n
ar - and 0 = =g

time ¢, denotes the present time, t,; denotes the time in the future after one step, and At is

be discretized by using Euler’s approximation, € = . In the equation,
the time step. Hence by discretizing equation 5.7 and solving for the stress, an expression for the
stress for o(t,+1) as shown in equation 5.13 can be explained. The bending formulation, numerical

integration and discretization has been previously addresed by Ma [20].

E(t)At
U(.’I/',tn+1,y) == E(tn)€<x7tn+1ay) + U(tNay) - —————— +
E(t,)At < € MEF(Q(?)B)AtE(t ) (5.13)
g(xvtnvy)()\EFF(tn) - E(tn)> - /\EFF(tn)

The moment at t,y; can be found by using the definition of equation 5.12 as shown in equation
5.14. Substituting equation 5.13 into 5.14, the solution for the moment can be seen in equation
5.15.
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0 (5.14)
H/2 H/2 B(T\At
M(tpi1) = 2/ E(T)k(tns1)by* dy + 2/ (1 - ())G(tmy)by dy
0 0 MEFF
H/2 H/2
. 2/ <E(T)At B E(T)>K(tn)by2dy B 2/ fun AL L (515)
0 AEFF 0 AEFF

Rearraging equation 5.15, an expression of the curvature of the beam as seen in equation 5.16a can

be obtained, where I, is the inertia of the beam and M (t,,) = 2 fH/2

o o(tn,,y)bydy. The expression

has been simplified and the three integrals are named 2, ¥, T

1 bAt
H/2
Q= 2/ )\SEJy dy (5.16Db)
0 EFF
H/2 4
U = 2/ 3 Kny? dy (5.16¢)
0 EFF
H/2 4
r= 2/ ony dy (5.16d)
0 KEFF

5.2.3 Numerical Procedure

The logic of the model works according to the flow chart shown in Figure 5.3, where the material
parameters are E(T), pu(T), C(T), e(T), and A(T). In the flow chart the variable z is dicretized
fromx =0to x = L/2 as ¢ at t, = 0,21, T2, ..., Tq+1, similarly variable y is discretized from y =
0toy=1L/2asyo at t, =0, Y2, ...Ym, Ym+1. Given the initial conditions and the loading history for
a cross section along the beam (at a given x), the values M(t,), M(tn11), £(tn), K(tnt1), €(tn,y)
and o(t,,y)) can be calculated with equations provided in section 5.2.2. Depending on the initial

conditions some of these will come from the initial conditions and some will be calculated.

Given the initial conditions, the model can be provided with either the curvature at t,, x(t,), or
the moment M (t,), or analogically the stress, o(t,,y), or strain, e(t,,y), at a given point along
the z axis from Figure 5.2b. This logic sequence can be applied to any loading conditions, however

to explain the logic sequence, let us follow the programming step when applying a load (P) at a
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constant loading rate. For a given x in the beam and at a given time, the material parameters
(E(T), w(T), C(T), eL(T), A(T)) are calculated by assuming that the temperature increases in
a linear manner and that the temperature everwhere in the beam is the same, i.e. the beam is
uniformly heated. This assumption is valid since we have assumed a thin material and due to
experimental constrains somewhat low heating rates, ). The temperature increases from a given
low temperature, T7,. For the programming stage, the initial condition is a stress free material with
a strain of zero. The stress is then calculated at a given position in x, time and y. The creep strain
. is calculated. The rate of change of the creep strain, €., is calculated at the given x, time and
y using Euler’s formula. If €, is greater than 0, the point in the beam at a given time will be in
either regime I or II, else it will be in regime III. The properties are calculated accordingly. For
the programming stage, the beam will in regime I or I, at the beginning it will be at regime I and
later with time it will be regime II at a given cross section. Since the moment can be obtained from
the applied stress M = xP/2, the curvature of the beam at each cross section can be calculated,

followed by the total deflection at the midspan.

To obtain the deflection of the curvature and be able to obtain the evolution of the deflection with

respect to time, one can relate the curvature to the deflection of the beam by equation 5.17.

O?w(t,x)

e —k(t,x) (5.17)

The Boundary Conditions (BC) for a 3-point bending test are specified by equation 5.18 and
5.19.

w(z =0) = (5.18)
gi;’(x =1/2)=0 (5.19)

For different stages during the SME cycle, the initial conditions will change. To better explain the
model, this section will be devided into the programming stage and the recovery stage. The recovery

stage will have two subsections, the free end recovery and a constrained recovery test.

Shape Setting cycle: Although this has been briefly explained as an example, shape setting may
be done in a variety of ways, in this work a constant loading rate was considered, hence the load,
P = LoadRate * t at the midspan. Using basic statics the initial moment along the beam can be
obtained. However, shape setting is usually performed under a constant temperature, for which the
heating rate is @ = 0, and T will be the desired programming temperature, usually close to Tj.

Since the initial condition is a defined moment, the curvature of the system x can be calculated,
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which can then allow to obtain the strain of the entire beam. To calculate the stress, the regime
needs to be determined, since the cycle is under a loading condition, €. > 0. The stress can then
be calculated according to equation 5.13.

Free end and Constrained recovery: After shape setting has occured, usually two tests are
performed to obtain valuable data; namely (a) the constrained recovery and (b) the free end recovery.
From the constrained recovery, the shape recovery force (SRF) can be obtained, whereas for the
free end recovery, the shape recovery ratio (SRR) and recovery rate can be obtained.

During the constrained recovery (after the programming stage, Figure 5.2a to 5.2b). The position of
the two ends and the midspan were kept constant. Therefore, the strain is assumed to be the same
and constant as that from the final step in the shape setting step. The curvature will be assumed
to be constant throughout the contrained recovery. For the recovery, an increase in temperature is
applied at a give rate . For a thin structure, and with relatively low heating rates, the temperature
may be approximated in a liner fashion T' = T, + QAt. The logic of the step will follow Figure 5.3.
After calculating the integrals Q, ¥, T', the expression of the moment is calculated with respect
to the curvature. With the applied moment, the recovery force P, excerted at the midspan can be

calculated as equation 5.20.

4 x M(L/2,t, H/2)
o L

P, (5.20)
During free end recovery, the material is in a free state condition. The beam has deformed from
Figure 5.2a to 5.2b. Therefore the initial curvature of the beam is defined by the last curvature
obtained during the programming step. A temperature increase is applied with a heating rate Q.
The curvature, x, is then determined at every point in time. Since the beam is free and in an
unstressed condition, the moment (M (t,,) and M (t,4+1) are zero at all times. Once the curvature
is determined, the derivation of the deflection can be calculated by equation 5.17. As reference
and ease for the reader, a summary of the initial conditions for each step is portrayed in Table
5.1.

Table 5.1: Steps and initial conditions, where 7 is the time at the end of the programming stage

History Initial Conditions ‘
Programmming 090=0,e0=0, M = Px
Constrained Recovery 09 =0, k = k(z,7,y) = cte, g9 = e(x, T,y)
Free Recovery o0 =0, k=k(z,7,y), €0 =¢e(z,7,y),M =0
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Figure 5.3: Flow Chart that describes the logic of the model
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5.3 Material Parameters Estimation

One of the most tedious parts of viscoelastic modelling is the determination of the material pa-
rameters, for this model is the determination of E(T) A(T), u(T),er and C(T), which requires
a vast number of testing and extraction from experimental data, specifically from tensile, creep
and strain relaxation tests. These materials change with respect to temperature, and testing at
different temperatures must be conducted which increases experimentation time significantly. In
the past, many have approximated these material parameters with respect to remperature using
the William-Landel-Ferry equation, or have segmented different material behaviour into below, in
between or over Ty [28, 8, 18, 3.

By introducing Dynamic Mechanical Analysis (DMA) tests, the number of testing can be reduced
since DMA can provide with the static and dynamic behavior of the material. In a DMA test, the
storage modulus F, the loss modulus, E;, and the phase angle between these two, § are obtained
[21] (The conventional notation for the storage modulus E’and E” were not used to align this work
to Bhattacharyya et al.’s [3] terminology). When the material is more elastic, the storage modulus
increases as the phase angle decreases. These material properties are a good representation of the

ability of the material to store or lose energy.

Bhattacharyya et al. [3] in their study for a uniaxial loading showed the analytical solution of an
SMP model to obtain the storage modulus Es and tané by applying a periodic strain. The applied
strain was assumed to have an amplitude of 6(])3 ! at a frequency w, and an applied constant strain

6611, in such a way that the total applied strain can be defined as equation 5.21.

e(t) = €5 + €5 cos(wt) (5.21)

The proposed strain will yield a stress of the form seen in equation 5.22.

o(t) = of"* + o cos(wt + 9) (5.22)

A relationship of the stress and strain can be obtained by substituting equation 5.21 and 5.22 into

equation 5.7, to obtain equation 5.23.

P sin(tw) = a(t)d — Uf;sin(é + wt) n oA (t) + oBcos(wt + ) B e+ ef}\cos(wt) n %S (5.23)
W

From here, one can assume that the periodic strain yields the periodic stress. Hence, the nonperiodic
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part seen in equation 5.24 can be solved as seen in equation 5.25. The relationship from regime II
(equation 5.7) can be substituted to get the solution for ¢! (equation 5.25), where tq is the initial
time. It is sufficient to express this relationships with the effective material parameters, since these

will change according to the regime of loading.

A A
t — ey,
R (5.24)
E Heff Aeff
Aq He Ay
U wel G
. e, (5.25)
olto) — Heff (6641 _ eseff) _ UOBlCOS(wtO +6) G_W)( —to)

Aetf

The periodic relationship between stress and strain can be solved by using equations 5.23, 5.26 and
5.27. The solution for 069 ! can be described and related to the DMA test as shown in equation 5.26.
From these equations a solution for the storage modulus and the loss modulus can be obtained as

seen in equations 5.28 and 5.29.

ot =\ /B2 + E? (5.26)

E;
§=tan ' — 5.27
an o (5.27)
w? 4+ —1
B, =g tetideis (5.28)
Bt
w 1= ,\MeffE
B =—— (5.29)
Heff 7= + 2
2
The solution can be rewritten by setting A = «—2— and B = | -£ which result in equations
Aefflieff Heff
5.30 and 5.31.
2
E, _w'+4 (5.30)
E Ww?+B

ln<%> :1n<ij:g> (5.31)
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Let 2 = w? and y = In(E;)

r+ A
=1 In(FE .32
y n<$+B>+n( ) (5.32)
A
At =0, y:ln(B) +In(E) =y (5.33)
At x =00, E=e¥=) (5.34)

_E o __E
Hett = g 0 el = g (5.35)
By looking at the intial conditions, that is when the frequency is 0, x = 0 and and hence the initial
value for In(Ej) is equal to equation 5.33. In the same manner if we evaluate when x approaches
infinity, we see that the elastic modulus can be obtained from equation 5.34. Hence, the three
material parameters Acsy, pefs and E can be extracted from Ej, defined in equation 5.28 by fitting
the DMA experimental data to the expression in equation 5.32. The extraction of the material

parameters u, A and C will be described in section 5.5.1.

It is worth mentioning that in this thesis, the material properties are assumed to be mainly driven
by the changes in temperature. Note that the threshold value, €, cannot be estimated through this
method and will be fitted to the final model in bending.

5.4 Materials and Methods

A description of the materials and experimental methods are provided in this section. Experimenta-
tion was carried out for DMA testing, flexural testing and the programming and recovery methods

necessary for model validation.

5.4.1 Materials

Shape Memory Polyurethane thermoplastic type (MM7520) was used for all experimental vali-
dation. The material was purchased in the form of pellets from DiAPleX, (Tokyo-Japan from
www.smptechno.com). This type of material has a prescribed glass transition temperature (7T}) of
75°C. All samples were fabricated via injection molding on a Sumitomo SE-DUZ (Tokyo-Japan).
The material was dried for 24 hrs at 100°C in a Lindberg/Blue M (Waltham-USA) prior to injection
and according to previous works done [7]. Samples with dimensions of 52 mm x 12.7 mm x 3.2
mm were manufactured by injection molding and then sanded to obtain flat surfaces. The dimen-

sions of the cross section of the samples were in average of 2.86 £ 0.07 (mm) x 12.62 £+ 0.04 (mm).
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The injection was performed with a fill peak pressure of 13157(psi) at a velocity of 17(in/s), with
temperature heating zones of 176°C', 232°C, 243°C, and at the nozzle tip 247°C.

. Top:View

Side View

Figure 5.4: Pictures of an injected sample before sanding

5.4.2 Dynamic Mechanical Analysis (DMA)

A series of cyclic frequency sweep DMA tests were conducted at different isothermal temperatures.
The range of frequency for the tests was between 0-50 Hz and the isothermal temperatures were
taken betwen the ranges of 55°C and 80°C with intervals of 5°C. The test were conducted at
different amplitudes to ensure that the material entered strain regimes as explained in the model.
Amplitudes of 15,150,200 and 350um were used. The DMA set-up and double cantilever mode is

shown in Figure 5.5.

Figure 5.5: Picture of a double cantilever mode DMA set-up
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5.4.3 Flexural Testing and Shape Setting

Flexural (bending) tests were performed using an Electroforce BOSE 3200-TA Instruments (New
Castle-USA) testing system, equiped with a heating chamber. The equipment was installed with a
10N load cell. The testing occured by increasing the temperature of the chamber to 75°C', and then
the temperature was equilibrated at said temperature for 5 minutes to obtain isothermal loading
conditions. The specimens were then loaded at a constant rate of P = 1N/s, up to a maximum
deflection of 5mm at the midspan. After reaching the maximum deflection and with the applied
load, the temperature was decreased to ~ 30°C. Measurements of deflection with respect to time
were recorded at a frequency of 10 Hz. A picture of the test is provided in Figure 5.6. In the image,
the loading actuator and the span length of 40 mm can be seen. The programming stage was kept

constant for the constrained and free recovery tests, yielding approximately 35 sample repetitions.

Figure 5.6: Picture of a three point bending test of an SMP sample.

5.4.4 Constrained Recovery

After shape setting occured, the samples were heated using three different heating rates, i.e.
0.2, 0.4,0.8°C/s from 30°C to 90°C. Five repetitions of each were performed. The loading actuator
was kept fixed during the constrained recovery process, in such a way that the specimen excerted
a force while trying to recover onto the loading actuator. The load cell is attached to the loading
actuator and it captures the excerted force by the specimen at sampling rate of 10 Hz. The pro-
gramming and constraining cycle is described in Figure 5.7. In both (a) and (b) of the figure, the
lines in orange represent the temperature with respect to time while in blue is the displacement in

Figure 5.7a. Notice that there is an increase in displacement at approximatly 300(s) where the ma-
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terial is strained, the displacement is then held constant throughout the cycle. The force response
is shown on the blue left axis of Figure 5.7b. Notice that there is a peak of force at approximately
300(s) where the material is strained and then relaxation occurs. Once the temperature is dropped
to approximately 30°C' at 700(s), it is later raised to the activation temperature, as a response, the

sample shows a recovery force at around 900(s).

. 100 7 . 100
==Displacement =Reaction force

==Temp.chamber } ==Temp.chamber ;
5 ==Temp.cmd 90 6 =Temp.cmd 90

80

Temperature(°C')

Displacement (mm)
w
Temperature(°C')

0 — 30
0 500 1000 0 500 1000
Time (s) Time (s)

(a) (b)

Figure 5.7: Programming and constrained recovery cycle, where (a) is the holding of the displace-
ment and (b) is the response to temperature changes.

5.4.5 Free End Recovery

For the recovery process, the specimens were left and placed in the deflected shape in the three point
bending test set-up. Recovered deflection with respect to time was measured via particle tracking of
speckles impregnated on the sample as can be observed in Figure 5.8. Five repetitions with different
heating rates, i.e. 0.2,0.4,0.8°C/s were applied to the specimens from 30°C to 90°C.

Each speckle was recognized and tracked via image processing in MATLAB using a modified code
for particle tracking [24]. A sample of the initial stage, begining of recovery and final recovered
shape is shown in Figure 5.9a. The movement of each speckle in the y direction with respect to
frame taken as well as any movement tracked in x and the trajectories with respect to frames were
found via this method. A sample of the obtained is shown in Figure 5.9b. For model validation the

speckle at the midspan was tracked.
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Figure 5.8: Picture of a free end recovery test.
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Figure 5.9: (a)photographs of the initial, beginining of recovery and recovered state of a the beam
(b)Trajectories detected at every single point in the beam
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5.5 Experimental Validation Results

Experimental validation of the model is shown in 4 stages. Stage-1 is the obtention of the material
parameters extracted from DMA tests. Stage-2 is the prediction of the isothermal programming or

shape setting. Stage-3 is the constrained recovery followed in Stage-4 by the free end recovery.

5.5.1 Material Parameters Estimation

The DMA frequency sweep results are presented in Figure 5.10. The storage modulus Eg with
respect to frequency w is shown in Figure 5.10a, while Tan(d) with respect to frequency w is shown
in Figure 5.10b. As can be observed in these figures, there exists a consistent decreasing trend of the
storage modulus and an increasing trend of the Tan(d) curves with an increase in temperature as
expected per the material’s viscoelastic behaviour. The experimental results of the storage modulus
E,, and the tan(d) curves are plotted in figure 5.10. The material parameters Ay, pe sy and E can
be obtained by fitting equation 5.30 to Fs. The fit was performed at every single temperature.

2500 —55°C — 15um &5 ' ' ! | [—55°C — 15um

—60°C' — 15um ‘—(‘S[)DC — 15pm

65°C' — 15um | 65°C' — 15um
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______________ 65°C' — 150um ‘— - 65°C — 150pm
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- - 75°C' — 150pm - - 75°C — 150pum
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Figure 5.10: Results from DMA using various amplitudes

The DMA experiments were classified into two different regimes and verified by the fit feasibility.
Regime I, where there is no creep strain and that at higher strains where creep strain appears.
The experimental validation of the first regime was obtained at a small amplitude of 15um. The

material parameter E at each temperature is collected from the initial fits, the trend and fit can be
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observed in Figure 5.11a. Although there can be multiple methods to solve for p and A, this method

has been constrained to obtain a material parameter 0 < C' < 1 for the presented model.

The material parameter C(T) determines the ratio at which the creep strain will be recovered.
The trend proposed for this material parameter follows an exponential decaying trend as shown in
Figure 5.11b. C' was estimated using the extraction of Acy; at a small amplitude and assuming
those values are within regime I, for which Acfy = A. The trend and values obtained for A¢sy and A
can be observed in Figure 5.11c. Notice that the prediction of A,y deviates from the experimentally
obtained values at low temperatures. Following the same logic as that for A\, the material parameter

1 was extracted and the trends can be observed in Figure 5.11d.

Notice that as the applied amplitude increases the values of A increase at each point except after
T,, while for p only the initial values increase with 7. Since the proposed model is transient, the
expressions that are used to predict the change in material parameters are summarized in Table 1.
The author understands that different models have been proposed to capture the glassy phase and
the viscoelastic phase of the material, however a simplification of this is proposed that the author
believes will capture the change in material behaviour. A concern needs to be noted for the users of
this model when material parameters approach very small numbers close to zero, since singularities

may be produced when solving the moment equations.

Table 5.2: Material Parameter fits

Material Parameter Equation fit Coefficients
E(T) Lo ibhen ae = 0.2286; E., = 0.0003; E, = 2063
A(T) al e~ +dl - al = 0.3099; bl = 84.2400; ¢l = 13.8100; dl = 0.0130
w(T) au e~ =)’ 1 du au = 104.9; bu = 66.04; cu = 8.635; du =0
C(T) ace e T ac = 66.7900; bc = 0.0780
er(T) A e T ap = 0.4; ely = 0.0001; &l = 0.0020

The author would like to point out that e, is included in Table 1, although it has not been extracted

from the DMA and has been chosen to fit the flexural programming results of the model.
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5.5.2 Software Logic Validation and Convergence

An overview of the software validation and convergence is presented here for completeness. The
software was tested to match the analytical solution provided by Bhattacharya et al.[3] for a strain
relaxation test. The code was slightly modified by ignoring the relationship in equation 5.11 and it
was subjected to a constant strain and unloading. This allowed to test different regimes througout
the code.

The strain applied in tensile mode for an isothermal strain relaxation test (performed at T, for

validation purposes) follows equation 5.36. The stress response follows equation 5.37.

go, 0<t<ty, g9 >0

.= (5.36)
0, t>1
T By,
€0kt + 0By — 52 )e 70 0SSt ta<th
) —EBglt—ta)
0 =19 5 (c0 —€spp) + (o(ta) — 5 (e —Esyy) Jo T ta St (5.37)
u u —Eg(t=ty)
—es(ty) 52 + (o(ts) — 0By + Es(tb)i)eiﬂg ty <t

To test the solution, the strain is constant up to 5 seconds and then is unloaded as seen in the
Figure 5.12. The comparisson between the analytical solution from Bhattacharyya et al. [3] and
the software proposed is also observed in the figure. As can be appreciated, the numerical solution
matches closely the analytical solution. In the figure, the stress response in regimes 1, 2 and 3
are shown in sequence, where as the analytical solution is graphed as a piece-wise function from

equation 5.37.

Finally, convergence of the code was tested for different time steps for the shape setting stage
(which is explained in the next section). The shape setting stage was chosen since it is isothermal
and the material properties are therefore constant. The convergence to a maxium displacement
at the midspan with respect to the time step can be observed in Figure 5.13. A tradeoff between
prescision and computational resources was made. A time step of At = 0.001(s) was chosen for the

comparisson of model to experimental results.
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Figure 5.12: Comparisson between analytical solution for a strain relaxation test and the numerical
model

2.5

P

Maximum Displacement [mm]
[Sv]

1.5 : ' . '
0 0.002  0.004  0.006  0.008 0.01

Time step (At) [s]

Figure 5.13: Convergence for shape setting

5.5.3 Shape Setting

Shape setting or shape programming of the material occurs isothermally. Values for the material
parameters are obtained directly from the DMA fit at 75°C, i.e. E; = 920.4 (MPa), p, = 39.815
(MPa-s),\, = 0.2214(s) and Cy = 0.066. For the set of samples, the maximum applied force was
7N which yielded an average displacement of approximately 1.8 mm. A sample of the prediction
and a representative experimental data is shown in Figure 5.14a. The ranges for R1 and R2 denote

the regimes I and II respectively, under which the model is running.
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Figure 5.14: Results of the programming stage where (a) are the result of the model prediction and
experimental validation of the displacement with respect to time. (b) Effect of changing A(T}). (c)
Effect of changing 1(T})

The model showed to capture the behavior of the beam although there exists discrepancies between
the maximum obtained deflection with the model and experiments as can be observed in Table 2.
The average difference in deflection with the predicted parameters is approximately 0.190 4+ 0.140
in which the model consistently overestimates the magnitude of the deflection that occurs during

programming.

A summary of the comparisson between experimental results and the model can be observed in
Table 2. Due to the sample size variability, the maximum experimental deflection has a variation
of 0.201 (mm). The discrepancy of the model to the experimental values could be caused by a few
possible sources of error. Firstly, there could exist a slight temperature difference between oven and
sample, which can cause a slight difference between material parameters of the real experimental

temperature values. For instance, if the sample was only two degrees below 75°C', A would change
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to half its value.

Table 5.3: Summary of the model validation with experiments for the shape setting stage

Maximum Maximum [|[Model — Experiment||
Model Deflection Experimental Deflection Deflection
(mm) (mm) (mm)
1.84+0.1 1.74+0.2 0.194+0.1

The parameters that most influences magnitudes, values and behaviour of the model is A(T') and

w(T). As reference and as comparisson, it can be shown that by solely adjusting A, the prediction

of the maximum deflection changes drastically as observed in Figure

observed by p as seen in Figure 5.14c.

The material parameter, e, (T) was determined from the programmin

5.14b. The same effect was

g stage. The value of er,(T})

was obtained where the discrepancy in prediction was minimized, therefore yielding a value of

approximately €7, = 0.0015. An exponential logistic trend was assumend and forced to fit the value

at 75°C obtained from the programming stage. The trend of the proposed formula can be observed

in Figure 5.15.
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Figure 5.15: fit of €1 (T)
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5.5.4 Constrained Recovery

In this section, the results of the constrained recovery tests and modelling results are described. The
recovery force was obtained at three different heating rates after the programming stage. Results of
the experimental and modelling runs are shown in Figure 5.16. The experimental results are shown
in Figure 5.16a and modelling results in 5.16b. On both graphs the recovery force is plotted on the
left axis, while the temperature increase is plotted on the right side of the axis (in orange). The
results are shown with respect to time. As observed, there is an incremental time shift in the time
it takes the force to appear between experimental runs with different heating rates, as shown in
Figure 5.16a. The shape recovery force starts to increase when the oven has reached approximately
70°C. Notice that the time shift is more prominent from 0.2°C'/s to 0.4°C/s but less so for 0.4°C/s
to 0.8°C'/s. The difference in this time shift decreases with higher heating rates (i.e. 0.6,0.8°C/s)
since the material has changed from glassy to viscoelastic whenever the transition temperature is
reached (Figure 5.16a). The model was able to capture this behaviour at different heating rates, as

seen in Figure 5.16b.

Experimentally, the maximum SRF tends to decrease as the heating rate decreases, as can be ob-
served in Figure 5.16a. The average maximum SRF for 0.2,0.4 and 0.8°C/s are 0.579+0.159, 0.631+
0.040, and 0.668 +0.011, respectively. An explanation for this could be that the time the material
is given to relax reduces, provoking a decrease in force. This particular trait could not be captured
in the present model, where the maximum predicted SRF is assumed to be the same with changes

in heating rate, as observed in Figure 5.16b.
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Figure 5.16: (a)Experimental esults of sample curves of the shape recovery force at different heating
rates and (b) are model runs at different heating rates
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From Figure 5.16, the temperatures at which experimental recovery begins are not the same as
those assumed by the model. This is caused by the discrepancy between the measured temperature
of the oven and the assumption that the material heats instantaneously. There is room for improve-
ment, and the inclusion of the heat transfer on the sample could be implemented according to the
experimental setup. However, this model provides with a base that can be used to adapt models to
activate the SME from within the structure, using techniques such as joule heating. For the model
validation, the experimental curves were shifted to account for the difference in temperature and

time of activation.

Since there is not a significant difference in heating rate above 0.4°C'/s, the experimental data
of 0.2 and 0.4°C/s was used to clearly show the capability of the model to capture the SRF.
The model enters regime III, followed by regime II, and back to regime III as observed in Figure
5.17a. Although the model captures the overall trend and behaviour, the maximum values are
quite different from the experimental values when using the material parameters extracted from
the DMA. The comparison can be observed for different heating rates in Figure 5.17b, where the
discrepancy in magnitude is highlighted in two different axes (at the left, in blue, the modelling
result and at the right in black the experimental results). Moreover, the relaxation of the force is
not well captured by the proposed model. However, the model estimates an excellent overall trend
approximation and a reminder force. The model predicts a faster relaxation than the experimental

value, which is a conservative approach.
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Figure 5.17: (a)Comparison between model and experimental data, the figure shows the regimes in
which the model enters (b) Shape Recovery Force results and comparisson to experimental data at
different heating rates
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The discrepancy between model and experimental values was looked at in-depth since it is much
more during the constrained recovery than during the programming process. The recovery model is
based on the programming stage; the error carrying at the programming stage was a possible source
for the discrepancy between the experimental results and model. Runs were performed carrying
and not carrying the error from the programming stage, the error was not very significant to cause
the mentioned discrepancy. Furthermore, just as in the programming stage, changing the initial
value of A\g or di, from the expression A(T), was observed to approximate the predicted values to
the experimental ones. The major effect of changing Ay onto the experiments was on the maximum
value predicted of the SRF. The effect and a clear decrease in the maximum SRF with an increase
in A\g can be observed in Figure 5.18a. The observed discrepancy in magnitude is significant and

there might be a few possibilities for this discrepancy.

There are still questions for the proposed trend of the material parameters. A change of the trend of
the material parameters, p and A, to the William-Landel-Ferry (WLF) equations was also considered
as seen in Figure 5.18b. Using the WLF causes a few changes on the trend of the model. Firstly, the
change in slope for different heating rates is not properly captured, implying an immediate recovery
below the glass transition temperature. For this reason, it is suggested that the DMA fit of the

parameters fits the model better although there are still exist a discrepancy in magnitude.
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Figure 5.18: (a) Changes in the magnitude quantity by increasing the values of ¢ (c) Effect of
material parameters using WLF equations

Other posibilities for the discrepancy may include some physical aspects such as a change in the

material microstructure due to cooling, which causes the material parameters to change, A being
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the most affected. The second possibility is the relationship of the initial Ag with the applied
programming strain in the material since, during the recovery, the material begins with an applied
strain in contrast to the programming stage. Thirdly, the author is aware that the assumption
that the curvature remains constant during the recovery is a strong assumption, which could have
influenced the discrepancy between the predicted SRF values and the experimental values. The
author believes that this area could be looked at and pursued on future work and explored in detail

in a future publication.
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5.5.5 Free End Recovery

Different heating rates were tested to observe the change in the rate of recovery. The experimental
displacement from the beginning of the recovery with respect to time can be observed in Figure
5.19a. Notice that this is the displacement tracked by a single speckle at the midspan of the beam. In
the experimental data it can be seen that the displacement is much higher for 0.2,0.3 and 0.4°C/s
than for 0.8°C/s, this could be due to the fast relaxation that the sample undergoes since high
temperature is reached in a small period. With respect to the heating rate, there is a big dif-
ference in activation time between 0.2°C'/s and 0.3°C'/s whereas there is little difference between
0.3 and 0.4°C/s. Notice that the slope at which the displacement increases is also very similar
between 0.3 and 0.4°C'/s, but much more different between 0.2 and 0.4°C/s. To obtain a better
visualization, the experimental data from 0.2 and 0.4°C/s was selected to compare to the mod-
elling results. Deflection at the midspan with respect to time from the modelling perspective and
with the obtained model parameters can be observed in Figure 5.19b. The difference with heating
rate follows the same trend as those observed in the experiments, showing a greater recovery time
difference between 0.2°C/s and 0.4°C/s to 0.6°C/s.

12 T 2:0 T 85
—0.2°C/s —Q=02°C/s
—0.3°C'/s e - Q=04°C/s[ |

Y —oaeoys 5 e Q=0.6°C/s| (80
E —USDC/ S ‘."I‘l fj{ i
A0.8 / / 2 & C
“ / & s
206 D — E 02
2 / | 5 g
= 4 / / b )
-~ Q e
? 0. f’f /’/ § 65 #
A /’ / =
0.2 f /./ A 1 60
/ / P
A ;
il ; L ! ; 55
0 100 200 300 0 100 200 300
Time (s) Time(s)
(a) (b)

Figure 5.19: (a)Recovery of the deflection with different heating rates (b) Model recovery with
different heating rates

The initial state of the sample must be considered and to be able to normalize the data, which is
usually done by using the recovery ratio. The recovery ratio is defined in this case as R, and the

expression for it can be observed in equation 5.38, where .S; is the initial deflection at the midspan
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at the beginning of the recovery, Sy is the initial position at the midspan before the programming
stage, and S,,(t) is the deflection at the midspan with respect to time. Hence, when S, = S; at
the beginning of the process, the recovery is 0 and towards the end, assuming complete recovery,
S, = Sp. Using this definition, the experimental results can be observed in Figure 5.20a for all the
heating rates. The author noticed a high deviation between samples, but the recovery rate followed
the same trend. Furthermore, irrecoverability was difficult to predict due to the sample deviation.
In general terms, the maximum recovery was more consistent and higher when the sample is heated
at a rate of 0.2°C/s ( 77% =+ 35) and decreased as the heating rate increased for 0.3,0.4,0.8°C/s,
showing average values of 72 & 34%, 66 4+ 32%, and 65 4 30%, respectively. A general decrease in

recovery with increased heating rate could be due to a faster relaxation of the sample.

_ Si—5Sn

R, =2>—2"
S; — So

x 100 (5.38)
By using the material parameters extracted from the DMA, the recovery is much faster than the one
predicted. The difference can be observed in Figure 5.20b. Notice that the model approximates the
irrecovery ratio and it is directly dependent on the material property €, however the irrecovery ratio
changes significatly with heating rate. This relationship between the irrecovery ratio and the heating
rate is an area still to look at in further detail. An improvement of the expression for the evolution
of the irrecoverable strain is required to capture this trait. Just as with the constrained recovery,
the authors have noticed that by solely changing the material parameter \g, the approximation of
the recovery could be drastically adjusted. The effect of Ay on the recovery rate can be observed
in Figure 5.21a, where )y has been varied from 1 to 35(s). To validate the material properties, a
comparisson of the recovery with WLF material properties has also been proposed and shown in
Figure 5.21b. The difference between WLF and the DMA extracted parameters on the recovery do
not vary significantly. However, just as with the SRF, the material with WLF properties showed

to to be activated right away before the material reached the activation temperature.
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5.6 Discussion and Recommendations

The present model seeks to capture the transient recovery behaviour of SMPs under flexural loading
applications. This model is based on Tobushi et al.’s model and has been modified to account
for the change in strain along the y-axis for a thin beam under small deformations. A linear
relationship between strain and curvature was considered for this model. Furthermore, the model
was formulated by calculating the bending moment at each cross section of the beam from the stress
distribution. The solution can be obtained by discretizing in x, y ,and time, ¢ and by changing the
loading conditions at each time step. By applying a temperature function with respect to time,
the material properties will change, therefore changing the behaviour of the material in a transient
manner. With this methodology the deflection and movement of the material with respect to time
can be identified.

A DMA procedure has been proposed to facilitate the extraction of the material parameters, which
is tedious and commonly done through a series of time-consuming creep or stress relaxation tests.
By using a model from Bhattacharya et al. The material properties were extracted. Results for
the programming stage and recovery have been shown with the extracted parameters. A trait
was observed that by solely changing the initial value of A\(T") but keeping the evolution of A with
respect to time, the results could be further approximated to the results. Simulations with the DMA
parameters and WLF functions have been presented, however the DMA extracted properties capture

the behaviour of the recovery closer to the solution than by just using a WLF function.

The proposed model although simple in formulation captures the overall behaviour of the program-
ming, shape recovery force and shape recovery ratio. There still exist a few questions left for future
improvement of the model and a few causes to investigate on the magnitude discrepancy between
model and experimental results. During the programming stage the model assumes the material
to be more viscous and overstimates the programmed deflection. On the other hand, during the
recovery, the model estimates the material to be much more elastic than the real behaviour shown

in the experimental data, hence the recovery force is overestimated.

Although a discrepancy between predicted and experimental values is shown, the model can capture
an overall trend of the shape recovery force and shape recovery ratio. Furthermore, a detailed
explanation of every step has been provided. In contrast, many other models do not show how
the material parameters were extracted nor obtained, and many assumptions about the shape and
change of the material properties are made. For the present model, besides the material parameter
£r,, we have not assumed the function or form of any material parameters. Fits were used to capture

the change in material properties with respect to temperature from the DMA data.

A few of the points that need to be further investigated and causes for model and experimental
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discepancy need to be addressed. The first possible cause of the divergence could be caused by
the assumption made during the recovery procedure that the curvature is constant throughout the
constrained recovery. This assumption is strong and could produce a discrepancy in the model’s
values. The second possible cause for divergence is the energy loss due to friction between the
specimen and supports, which could delay recovery. This friction was observed as a little bump
at the beginning of the recovery ratio curves. This possible loss in energy has not been accounted
for in the model during the recovery process. Thirdly, there is a possibility that Ag could be the
most affected parameter by the applied deformation, and hence A(t) could potentially be a function
of strain. This is indicated by the shifting of Ay from Figure 5.11c with an increase of applied
amplitude. This hypothesis has not been proven and further investigation is required to test this

theory.

Another consideration to take is the cooling process of the material. Microstructural changes may
occur during the cooling process, which can produce the material parameters to have changed
during this step. A transformation of the material to a more viscous one could have occurred and
caused a drastic increase in retardation time A(T). A modelling of the cooling process might be

required to fully account for discrepancies in the model.

Furthermore, the material parameters on this model are crucial to obtain a good approximation. We
have proposed an extraction of the parameter with DMA but a thorough validation of the DMA
extraction will be investigated for an upcoming publication. Lastly, there exists a discrepancy
between the Aoy and peyy proposed. The expression for these parameters could be improved to
capture the behaviour more accurately. There is the central assumption that pery > p, which is
accurate for temperatures below T, and not correct for temperatures above T,. Further investigation

and capture of the material properties are required after a cooling process has occurred.

Future recommendations include testing the model at different applied strains. An in-depth look
at the microstructure of the SMPs before and after cooling should be considered to understand if
the material parameters have changed. Better expressions to estimate pir¢ and Acy¢ are necessary
to obtain a better model approximation. Testing DMA at higher amplitudes to be performed
as well as more recovery tests with different strain levels can improve the material parameter

estimation.

A correction for material heating and delay of activation is a possible next step to take. The addition
of material swelling due to thermal expansion’s coefficient is to be considered in future investigations
as well. Furthermore, this model can be used with technologies that include Joule heating or resistive

heating since only a few modifications are needed to account for this technology.
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5.7 Future Case Study

In recent studies, the authors have focused on the possibility of activating, and controlling 3D
printed self-sensing and self-activated SMP structures [6, 5]. The potential for this technology is
exciting, which may offer possible 3D printed actuators and sensors. Figure 5.22 shows a potential
application for a robotic self-sensing leg for a crawling robot, where its legs are bended to store a
temporary bent up shape. GPLA in the figure denotes a heating element that is embedded inside
a surrounding SMP matrix. This may offer the possibility to change the dynamics and motion of
the robot, while activating the permanent shape during field applications. The authors wanted to
provide as first steps a general model without the heating element embedded so that engineers may
start exploring design with SMPs. A more specific model to the technology can be developed in
the future.

Embedded

Original/Permanent Temporary Shape
Shape

Figure 5.22: Render image of a robotic spider with reconfigurable SMPC legs
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5.8 Conclusions

A transient model for flexural loadings of thin SMP beams is proposed in this work. Although sim-
ple in formulation, the model captures the transient behaviour of SMPs at different heating rates.
A logic behind the model has been proposed which is easily adaptable to any coding language. A
procedure for acquiring the DMA parameters has been proposed in order to decrease experimenta-
tion time. A thorough experimental procedure was carried out to validate and compare the model
to experimental results. experimentation of the programming, constrained recovery and free end
recovery was done at different heating rates to validate the model predictions. Further investigation
is necesary on this model to capture in a more prescise manner the relaxation procedure and mag-
nitudes. However, this model provides with a stepping stone for models to be given to engineers

for first stage design of devices with shape memory polymers.
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Chapter 6

A view into additive manufactured
thermally actived-reinforced smart
composite structures: Manufacturing

viability

Abstract
Shape Memory Polymers (SMPs) and their composites (SMPCs) offer great properties, such as
low cost and tailorability. Heat-activated SMPs and SMPCs are widely studied under controlled
laboratory conditions, but their field applications did not receive thorough attention because
manufacturing them with integrated heating elements for this use is very challenging. This
work proposes and demonstrates an alternative novel solution to manufacture and activate a
SMPC through resistive heating by using extrusion based additive manufacturing. Successful
manufacturing of these materials can lead to broader use in strategically critical applications
(biomedical stents, sports equipment, and unmanned air vehicles (UAVs)). This chapter focuses
on the manufacturing viability and activation of a SMPC via additive manufacturing, while

focusing solely on the activation and potential uses of this technology.
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6.1 Introduction

Shape Memory Materials (SMMs) have been proposed as prime candidates to substitute com-
mon mechanical actuators in many engineering applications. In contrast to mechanical actuators,
these materials have the potential to reduce weight, cost and energy losses due to friction. SMMs
have the ability to store a temporary shape and recover their original permanent shape upon the
application of a stimulus such as temperature, uv-light exposure, pH and moisture content [12].
The phenomenon of storing a temporary shape is often referred to as the Shape Memory Effect
(SME).

A temperature activated SME can be achieved in two major steps: i) Setting of the temporary shape
and ii) activation of the SME. The temporary shape is set by increasing the temperature of the
material above its transition temperature, sequentially applying and holding a mechanical strain and
decreasing the temperature below the transition temperature. Increasing the temperature above
the transition temperature can later activate the SME, i.e. the temporary shape of the material

can be recalled.

Some of the most commonly used SMMs are Shape Memory Ceramics (SMCs), Alloys (SMAs) and
Polymers (SMPs). Among these, SMPs often have more desirable features such as biocompatibil-
ity, recyclability, ease of manufacturing for thermoplastic SMPs, and tailorability in comparison to
metallic or ceramic SMMs. Applications of SMPs have focused on strategically important applica-
tions such as morphing origami-like structures [5], self-deployable antennae for space applications
[17], crawling robots [5], self-actuated hinges [19], wings for gliders and micro aerial vehicles [8, 1, 15]
and medical devices such as stents, surgical sutures, among others [16, 13]. Other applications in

the fashion industry include jewelry and textiles [9, 21].

Majority of these materials are currently being used in applications that are demonstrated in well-
controlled laboratory conditions, e.g. temperature chambers. However, many of the aforementioned
SMP applications require activation of the SME in the field, i.e. field activation. Activation of the
SME has been attempted by inductive heating [12, 3, 10, 4], embedding microvascular tubes [14, 2]
and resistive heating [5, 16, 22, 7, 11, 20]. Inductive heating and the use of microvascular tubes
defeat the lightweight advantage of SMPs since additional mechanisms (coils and pumping system
respectively) are required to activate the SME. Changing the conductivity of the material and ap-
plying a voltage across the material to provoke an increase in temperature can implement resistive
heating within the SMP (a.k.a Joule heating). Conductivity of the material can be changed by the
addition of conductive filler material such carbon particles and or addition of a metallic conduc-
tor to the surface of the SMP. However, the design of these Shape Memory Polymer Composites
(SMPCs) requires tedious and impractical manufacturing techniques such as proper particle dis-

persion in solvents and additional manufacturing steps. Insertion of heating elements within the
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material is beneficial for field application and in addition can provide a homogenous heating of the

structure.

The present work proposes an alternate manufacturing method of a SMPC that can be activated
by means of resistive heating. A desktop Extrusion Based Additive Manufacturing (EBAM), com-
monly referred to as FDM printers, can be used to manufacture these SMPCs that can be tailored
to electrically activate and increase their load bearing capabilities. A thermoplastic SMP and a
conductive filler embedded polymer, e.g. a polymer matrix such as Poly-Lactic Acid (PLA) with
Graphene Nano-platelet particles, can be fed into a EBAM machine to produce SMPC with sim-
ple or complex shapes. This manufacturing concept will significantly broaden the future use of
SMPCs and multifunctional composites, and allow this technology to be used in many new appli-

cations.

6.2 Experimental Methods

A SMPC was manufactured with a SMP matrix and a conductive filler material embedded in a
Polylactic Acid (PLA) polymer. Lines of the conductive material, that serve as heating elements,
were placed close together within the SMP matrix by using a desktop-type EBAM 3D printer. The
printer was equipped with a dual-extruder system (Ultimaker 3 ™). The two filaments were a

SMP and a conductive-particle polymer (Graphene-PLA) filament with 3 mm diameters.

The SMP filaments were produced in house using polyurethane based SMP pellets with a glass
transition temperature (7,) prescribed as 75°C' (MM7520, SMP Technologies (Japan) [6, 18].
Graphene-PLA was chosen as the conductive-particle polymer because of its lower T, compared
to the surrounding matrix T, at 65°C'). The conductive filament was purchased form Black Magic
3D, Calverton, NY. Although PLA shows a SME in its own, filler loading impedes a complete
recovery of its shape, reason why it is only used as an activation mechanism for a known high

recovery percent polymer such as SMP-Polyurethane based.

Figure 6.1 shows a representative Geode implemented to print the SMPC lamina (with dimensions
of 15mm x 50mm x 1.5mm). In the figure, the conductive material (heating elements) that is
deposited in the longitudinal direction of the specimen, the adjacent SMP matrix regions, and the
connecting ends are indicated. A voltage can be applied at the connecting ends to produce a change
in temperature. Using the Gcode files, different types of actual samples were printed. Some of
these contained a complete layer of Graphene-PLA (Figure.2.a) and some contained lines (Figure
6.2.b and 6.2.c) to reduce the conductive area and increase the contact area between materials.
The sample in Figure 6.2.a, with a complete layer of graphene-PLA, was approximately 0.5mm in

thickness representing 33.3 w.t% of the entire composite. The sample in Figure 6.2.b shows the
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upper surface of the deposited Graphene-PLA printed lines (printed half way) and Figure 6.2.c
represents 20 w.t% of embedded graphene lines in a SMP matrix (SMP on top and between of
Graphene-PLA lines).

‘ Connecting ends

<

SMP

Conductive
Material

Figure 6.1: Representation of Gecode manufacturing of samples.
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(b)

Figure 6.2: a) Sample with an entire layer in between representing 30 w.t% content of Graphene/-
PLA b) Sample showing the surface of printed Graphene/PLA layer with 20 wt.% embedded
Graphene/PLA and c¢) Sample showing the embedded printed Graphene/PLA layer of 20 wt.%
inside the SMP.

6.3 Results and Discussion

3D printed SMPC lamina, with a straight original /permanent shape, was deformed at 80°C' (using
an Electroforce TA Instruments thermal conditioned tensile tester) to have a bent shape (temporary
shape). A total deflection of 5mm was applied at the middle of a 10 mm span of the beam. Later,
the SME was activated (recovery of the original shape) by applying a voltage across the sample.
Figure 6.3. shows a series of photographs of the activation of the SMPC lamina at different stages
in time after applying a voltage of ~ 28V (14 V in series). The resistance obtained by the sample
was ~ 40010 after manufactured. After the application of the voltage, the resulting current was
0.11A. The provided voltage provoked the temperature to reach to ~ 100°C' at steady state at the
bottom surface of the sample. The figure also shows the activation steps of the sample. The sample

took approximately 30mins to completely recover its shape.

The results demonstrate that a thermally active SMPC lamina can be produced in a one-step
manufacturing process using EBAM. Possible improvements in resistive heating may be done by
changing the percent loading of conductive material within the SMPC, that is by changing the ratio
of SMP to conductive polymer. Alternatively, the conductivity of the conductive-filler material can

be increased by addition of silver spheres or other nano-particles.

The tailorability and design of the multifunctional materials can dramatically change using this

novel technique. For example, the presented manufacturing mechanism can be used to create
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5 min 10 min 15 min 30 min

Figure 6.3: Recovering sequence of 3D printed SMPC laminate of size 15x50 mm.

multifunctional SMPCs by using filler material that, in addition to providing electrical activation,
reinforces the matrix material. Two tailoring mechanisms may be done to find an optimal SMPC
structure. The first method is by changing volume fraction of the constituents. The ratio between
filler material and the surrounding matrix portrayed by the dimensions (a) and (b) in Figure 6.4a
can be changed to alter the volume fraction content in each lamina. The second method to tailor
mechanical properties can be done by stacking laminae together at different angles (i.e. printing
different laminae on top of each other to form a laminate) to further change and control the
mechanical properties. Figure 6.4b shows a representation of a laminate compounded of stacked
laminae at different angles. These angles can be changed to improve the material’s load bearing

capabilities or tailor the properties of the laminate from anisotropic to orthotropic or quasi isotropic.

The presented technology can be scaled up in size, from desktop printers to large-scale printers and
larger production quantities. An example of the potentially novel applications is the production of
a SMPC Kayak using SMP matrix and conductive and reinforcing fillers in a large scale EBAM
machine, as illustrated in Figure 6.5b. As proof of concept a prototype of a 3D printed kayak of
SMP has been manufactured and is portrayed in Figure 6.5a.The 3D printed Kayak can be folded
and stored away using the SME of the SMPC by connecting it to a power source in site, such as a
vehicle’s power outlet. There are high end Kayak’s available in the market manufactured of military
grade polyurethane that can be assembled and disassembled using many parts and fasteners and are
currently quite costly. The proposed idea can change the way such sports equipment is designed,

manufactured, and utilized.
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Figure 6.4: a) Lamina showing a detail of the embedded Graphene-PLA lines showing an alteration
of volume fraction by changing ratio between distances a and b. b) Laminate showing exploded
delaminated view compounded of different angle oriented laminae.
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Figure 6.5: a) Printed prototype of a kayak made of SMP deploying, b) concept of a 3D printed
Kayak with graphene embedded polymer on a SMP matrix. CAD adapted from [6].
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6.4 Conclusions and Recommendations

The present study proposes an innovative, low cost methodology of manufacturing SMPCs by using
Extrusion Based Additive Manufacturing. Resistive heating can be used to electrically activate
SMPCs. A SMPC can be manufactured to improve the mechanical properties of raw SMPs. The
proposed manufacturing mechanism obtains a SMPC that can be activated in the field and have

high load bearing capabilities.
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In this work a SMP-Polyurethane based was the base material used for this study. Additionally,
Graphene-PLA polymer was investigated as possible conductive filler material. Both materials were
3D printed next to each other to form a lamina like structure. The mechanical properties of SMPC
can be tailored by changing the volume fraction percent content of conductive/reinforce material
and by printing laminae stacked together at different angles to form a laminate like structure, much
like what is seen in the aviation industry with the use of fiber reinforced composites. The present
work will propel SMPs and SMPCs into the consumer industry by contributing with an alternate,
low cost manufacturing technique. The method includes an activation procedure of the SME and
a reinforcing mechanism of the raw SMP material. The present technology may redefine the way
sports equipment like a kayak is transported and utilized. This work is part of a much bigger
investigation related to SMPCs and the manufacturing of a conductive shape memory polymer

composite smart laminated structures.

This chapter focuses solely on the manufacturing of a thermally active SMPC activated via joule
heating, while looking at the activation viability. The following chapter will focus on the sensing

and activation capabilities of SMPCs with the manufacturing technique proposed.
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Chapter 7

Active control of 4D prints: Towards
4D Printed reliable actuators and

SCEINISOI'S

Abstract
The viability of using Shape Memory Polymers (SMP), and their composites, as sensors and
actuators has tremendously increased over the years as a result of the new emerging knowledge
and techniques related to multifunctional composite materials science and additive manufactur-
ing. The present study proposes the use of Extrusion Based Additive Manufacturing (EBAM,
a.k.a. Fused Filament Fabrication (FFF)) to create a Shape Memory Polymer Composites
(SMPC) that is electrically activated. The presented work investigates SMPC’s motion trigger
by a voltage application via studying a unit cell. This unit cell can be printed consecutively
in the thickness or width direction to produce a large repetitive structure and satisfy dimen-
sional requirements. A control unit was designed and manufactured specifically for this SMPC.
The developed controller regulates power input to the composite in order to characterize the
material’s heating behaviour despite variations in resistance caused by changes in strain or
temperature during the activation and use of the 4D printed SMPC. Different geometries of
unit cells were analyzed to describe heat dissipation within the SMPC. The proposed technol-
ogy enables exciting possibilities for 4D printed materials. As an example, the aforementioned
resistance measurements of the proposed system can be used to correlate change in strain that
has occurred in the SMPC during the recovery process, like a structural health monitoring
system. The proposed technology has the potential to manufacture any intricate geometry of

an actuator or sensor, such as the leg of a crawling robot; in which different leg designs may be

178



programmed to change the dynamics of the robot. This is just one of the many applications
that this material could have, other uses include the development of sports equipment such as

a deployable kayak, use on wings for glider micro aerial vehicles, among others.

7.1 Introduction

Shape memory materials have the ability to store a temporary shape and recovery their original,
i.e. permanent, shape with the application of an external stimulus i.e. heat, UV light, pH change,
among others [18]. Their ability to recover the permanent shape is usually referred to as a Shape
Memory Effect (SME) and it requires a two step process: a programming step and a recovery
step [17, 15, 21]. Among this class of smart materials, some of the most commonly utilized ones
are Shape Memory Alloys, Ceramics and Polymers. Shape Memory Polymers (SMP), specifically
thermally activated SMP have been one of the main subjects of research in the past decade due
to their lightweight, ease of forming and manufacturing, low costs associated with manufacturing,
high deformations and high shape recovery ratios [13, 34|. Following this, these materials could be
applied in various engineering applications, such as deployable structures, morphing aircrafts [22],
casts, sutures [34], catheters and other medical devices [2] as well as actuators such as grippers [33],

and origami robotics [14].

Thermo-responsive SMP have been extensively studied in recent years [13, 28, 25, 12|, but most
of the research is conducted in well controlled laboratory conditions, where activation has been
done using ovens or controlled heat sources. Consequently, SMP’s technological potential has still
not been fully exploited due to the difficulty in supplying heat to activate the SME for out-of-
laboratory conditions. As such, different heating methods have been proposed, such as joule and
induction heating [22, 1]. The latter technique, generally requires surrounding coils to produce
heat, whereas joule heating components can be embedded within the material. Therefore resistive
heating activation of SMP has been the primary choice due to their potentia for a controlled heat

during activation.

SMPCs that can be activated via resiste heating can be produced via addition of conductive fillers to
an SMP matrix such as carbon black, graphene, carbon nanotubes, conductive fibers, ferromagnetic
particles, among others [19]. Commonly achieved conductivity values vary in range, some of the
reported values have been ~ 2.5 x 1073 — 1071Sem ™1 [19]. Although successful, filler addition can
be expensive and time consuming to manufacture for big quantities, this restricts the amount of
material that can be obtained by this technique. Other attempts to manufacture conductive Shape
Memory Polymer Composites (SMPC) have been done by embedding conductive materials, among

the most successful attempts include activation with carbon fibers [16, 9], and shape memory alloys
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[26, 23]. These techniques usually face the difficulty of (i) achieving a good interphase, reason
why most of these studies focused on using SMP thermosets, which can wet the interface between
materials, and (ii) interruptioins in manufacturing processes to include these elements manually

during production.

Extrusion Based Additive Manufacturing (EBAM; or a.k.a. fused deposition modeling (FDM)
or Fused Filament Fabrication (FFF)) has become increasingly reliable and accessible in recent
years due to the vast demand of the market and the corresponding research efforts on the pro-
cess. As a consequence, thermoplastic filaments and filaments with functional filler materials, such
as reinforced and conductive filaments, have become more readily available. Joule-heating these
conductive thermoplastic materials is possible as long as the required temperatures do not reach
polymer degradation temperatures [31, 3, 11].Co-printing a conductive thermoplastic with SMP
can enable heating which will trigger the SME while producing a sensing material with minimum

manufacturing requirements.

Using Shape Memory Polymers (SMP) and composites (SMPC) as sensors and actuators has come
within reach thanks to recent advances in knowledge of polymeric material science and manufac-
turing techniques such as 3D printing EBAM, commonly referred to as 3D printing. 4D printing
defined as the 3D printing of smart shape changing materials [15], is a result of intense developments
in SMP and EBAM. Our group has contributed in this research over the years [7, 5, 4, 30, 20]. This
technology is expected to hit the market in approximately ~ 10 years [15]. As such, efforts to cre-
ate new and smarter materials have intensified during the past years, specifically those that can be
used in out-of-laboratory applications [15]. A 4D printed material that is able activate electrically
via Joule heating could be a potential breakthrough for the mentioned technology. Applications
of the technology could vary in range from sports equipment, clothing or in soft robotics such as

re-configurable legs on crawling robots [5, 8, 10, 27].

To this end, the present study proposes the manufacture of a thermo-responsive thermoplastic SMP,
specifically Polyurethane (PU) based SMP (SMPU), via EBAM as studied by [7, 33, 30, 20|, but
with the inclusion of thin layers of conductive material (Graphene-Polylactic Acid thermoplastic
material) to trigger the SME of the SMPU via resistive heating (Joule Heating). Previously, the

authors [5, 6] proposed this technology as a proof of concept and showed preliminary results.

In this study, the authors expand their findings on this technology. A unit cell is proposed as
the base of EBAM-SMPC. Different geometries of this unit cell were tested to describe and study
the internal heat dissipation. These unit cells may be repeated in the thickness and in the width
direction to reproduce bigger desired geometries. A control unit was designed and built to regulate
power input to the system to compensate for possible resistance changes when an increase in strain

and or temperature occurs. As such, by applying a constant power supply to the unit cell, changes in
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temperature and resistance can be characterized with respect to time and temperature. If a control
unit was not used, heating and resistance behaviour characterization during the recovery process
would not be precise and invalid; furthermore it can cause degradation of the polymer by reaching
excesive temperatures. Moreover,in the future, resistance readings can be used to determine amount
of strain that the SMPC has sustained. The mentioned ability makes this material an active self-

sensing multifunctional composite material.

7.2 Materials and Methods

7.2.1 Materials

SMP matrix, Shape Memory Polyurethane (SMPU) type MM7520, was purchased from DiAPleX,
(Tokyo-Japan from www.smptechno.com). The material has a manufacturer’s prescribed glass
transition temperature (7,) of 75°C. In house filaments were manufactured with procedure found

in [7] and dried for 24 hrs at 100°C prior to 3D printed sample manufacturing.

Conductive filaments, Graphene PLA (GPLA) purchased from Black Magic 3D (Operated by
Graphene 3D Labs, Ny-USA), were used in the printing of the heating material. The manufacturer
reported an electrical conductivity of 0.6 ohm-cm (~ 1.66 Scrn ™), which allows for resistive-heating

to occur at a relatively low power supply.

Material Characterization

e Thermogravimetric Analysis (TGA): was performed on GPLA to observe the thermal

stability of the material and obtain an estimated particle weight percent content as this
information was not provided by the supplier. The TGA tests were performed at a heating
rate of 10°C/min to 600°C. TGA of MM7520 was reported in [7].

e Modulated Differential Scanning Calorimetry (MDSC): was performed to determine

the Ty of both materials. Temperature of the tests was stabilized for 10 minutes at 105°C,
followed by lowering the temperature to 10°C and keeping it for 10 minutes. The test was then
carried at a heating rate of 2°C'/min with a modulated temperature of 1°C every 60 seconds
to 230°C. MDSC was used due to its improved sensitivity and resolution in comparisson to
a traditional DSC.
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7.2.2 Specimen Manufacturing

The proposed composite consists of a surrounding SMPU matrix with embedded GPLA cores, in
a way that layers of this composite can be placed on top of each other to obtain bigger and larger
structures as seen at the top of Figure 7.1a. The section view of Figure 7.1a shows the embedded
GPLA cores with surrounding SMPU matrix. Therefore, the GPLA is being used as a carrier of
the conductive material. Because PLA’s Tg is lower than 75 deg C (this is verified in section 3.1.2)
it will be soft when programming and activation occurs, therefore interfering little with the main
driving force of the composite which in this case is the Shape Memory Polyurethane (SMPU). The
authors are striving to use SMPU in future larger scale applications since SMPU has demonstrated

great mechanical properties and higher ductility as studied by our group [7], [30].

The specimens were designed in a way that a unit cell, that is the smallest repeating unit that is
representative of the overall structure, can be studied (modeled with red ink, Figure 7.1b). This unit
cell is primarily defined in this study to understand the heat transfer from within the structure.
The unit cell has a length of three-widths and it has four-widths at both ends to eliminate end
effects. The 3D printed specimens were manufactured as the part dotted with blue ink in Figure
7.1b.

Samples were manufactured using a dual extrusion capable EBAM desktop 3D printer (Ultimaker
TM3). Both SMPU and GPLA materials were fed to produce the thermally activated SMPC. Figure
7.1c shows a manufactured sample, where the surrounding SMPU matrix has a yellowish transparent
color and the conductive GPLA core can be seen in black. Connection tabs were manufactured at
the bottom. The software CURA (R) was used to generate the GCode to manufacture with printing
parameters set to Table 7.1. Additionally, a printing tower (seen in Figure 7.1d) was used to help

clean the nozzle after each printing pass.

Material
Printing Parameters SMPU GLPA
Nozzle diameter (mm) 0.8 0.8
Layer height (mm) 0.2 0.2
Line width (mm) 0.8 0.8
Line overlap (mm) 0.4 0.4
Speed (mm/s) 15 21
Printing temperature (°C) 223 220
Build plate temperature (°C') 75 75
Stand by temperature (°C) 175 170

Table 7.1: Used Printing Parameters

Different unit cell configurations were manufactured (Configuration 1 and 2) as seen in Figure 7.2b.
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Figure 7.1: (a) 3D ilustration of the proposed composite. The illustration shows a section view A-A
at the bottom. (b) Schematic of the proposed unit cell to print.(c) Photograph of a manufactured
sample (d) Picture of the 3D printing process of a sample|[6]

Configuration 1 (C1) samples was used throughout the manuscript to describe heating aspects and
shape recovery properties. Configuration 2 (C2) specimens were used as verification for the consis-
tency of the manufacturing procedure, specifically dealing with resistance obtained after printing
each sample. The specimens were manufactured with dimensions seen in Figure 7.2a and were set
according to Table 7.2. Values a, b, and w represent the thickness of the conductive material, the
thickness of the surrounding SMPU and the width of the conductive material, respectively. Config-
uration 1 (C1) varies the surrounding thickness of SMPU represented by values (b). Configuration
2 (C2) samples have different width lengths of conductive material but kept the total resistance val-
ues. Three types of samples of each configuration were manufactured (T1, T2 and T3). Specimens
were designed to have a resistance between the ranges of 65-250 2 which is critical for the design
of the control unit. All dimensions were determined as functions of the total conductive thickness
(a) and surrounding SMPU (b). Notice that four widths were left at the top and bottom to avoid

end effects during the thermal characterization (refer to Figure 7.2a).
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Figure 7.2: Schematics of (a) Sample design with base dimensions and (b) sample configurations

Sample Configuration and types
Dimensions (mm) | C1.T1 C1.T2 C1.T3 C2.T1 C2.T2 C(C2.T3

a 0.8 0.8 0.8 0.8 0.8 0.8
b 0.4 0.8 1.6 0.8 0.8 0.8
w 8 8 8 8 10 12

Table 7.2: Dimensions for different sample configurations. Dimensions are in mm.

7.2.3 Equipment

A control unit was designed and built to control the power input to the specimens during activation
of the SMP. This was done to characterize the heating capabilities of the specimens. The schematic
and photograph of the designed control unit is shown in Figure 7.3a. The supplied voltage is
controlled via a Pulse Width Modulated (PWM) signal, which is regulated from a teensy 3.2
microcontroller board control (PJRC, Sheerwood-USA). The signal reaches a Wheatsone Bridge
(WB) shown as point (B) in the schematic shown in Figure 7.3a. The bridge allows a high current
to flow through the sample to obtain a temperature increase. The signal is amplified at point (C).
At point (D), three thermocouples read the temperature of the samples within the unit cell. A

picture of the components can be observed in Figure 7.3b.

At all times the control unit regulates voltage to supply a constant power input defined by the
user. This power was set to 2 , 4 or 6 Watts in this study to characterize the heating distribution
and activation of the SMPC. The flow-chart of the control logic can be seen in Figure 7.3c. The
logic starts by making an initial resistance measurement read with 5% duty cycle. The supplied
power by the initial reading is calculated and the PWM is regulated to obtain the required power
input. The equipment has a resolution of ~1% of the obtained readings. A thorough calibration
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of the equipment was performed, and details can be found in ADC values that are transformed to
resistance via the calibration curve as seen in the suplementary information for this chapter found

in Appendix B.4.

7.2.4 Experimental Set-up and Methodology
Specimen Resistance

Resistance from the samples was obtained by measuring through the connectors with a high preci-
sion Ohmeter (Fluke 289 True-RMS, Washington-USA) and verified with the built DAQ system at

room temperature.

e Configuration 1: Resistance measurements were collected from five samples of each sample
types (C1.T1, C1.T2 and C1.T3).

e Configuration 2: These samples were used to check the manufacturing procedure of the con-
ductive material. A change in resistance is prone to occur with an increase in length and
thickness of the deposited conductive material. As such, different areas and lengths were
manufactured for configuration 2 samples but resistance was kept constant. This allowed to
verify the validity of the equation used for conventional conductor that is shown in equation
7.1.

R=p(4/L) (7.1)

where p, R, L and A are the resistivity, total resistance of sample, length and cross sectional
area of the conductor, respectively. Please note that configuration 2 samples were only used
for this purpose throughout the study and to verify this, one sample of each configuration

was manufactured.

Sample Heating

To lead into the description of the SME and the development of this thermally active conductive
composite, three different aspects needed to be investigated using Configuration 1 type specimens
(C1.T1, C1.T2, C1.T3). Firstly, the behaviour of the heating material with respect to different
power inputs, that is, the steady temperature it can reach at a certain power input despite changes
in resistance caused by thermal changes. Secondly, the speed at which the heat dissipates for
different types of unit cells (thicker surrounding material), which is crucial for the rate and total
shape recovery. Thirdly, the behaviour of the heating material after it is undergone several heating

cycles since the SME could be used multiple times.
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Power inputs 2 and 4 Watts were applied three consecutive times, while 6 watts was applied for 6
consecutive times to observe the state each sample reaches. The experiments were conducted on
three samples of each type C1.T1, C1.T2, and C1.T3. Samples were heated and later cooled to
room temperature in a cyclic manner for the three different power inputs. Figure 7.4 shows the top
view of the experimental set-up used to characterize the heating and temperature distribution. The
photograph shows an infrared camera (IR), a room temperature thermocouple reader and a sample
connected to the data acquisition system. All data acquisition was set to 10 Hz. Temperatures
at points, t1, t2 and t3 were collected by surface thermocouples and were placed according to
the photograph shown in Figure 7.4. Laboratory conditions were kept constant by avoiding air

disturbances.

Shape Memory Effect

Samples of configuration C1.T1 and C1.T2 were programmed in an enclosed chamber to form
a repeatable base information. An electroforce BOSE 3200-TA Instruments (New castle-USA)
system was used in bending mode to program all samples. The shape programming consists of four
different steps as seen in Figure 7.5. The procedure starts by increasing the temperature above T,
to T, +20°C =~ 95°C for 3 minutes followed by an application of the desired strain (Step 2 in Figure
7.5). In this step, samples were bent to obtain a 90 degree angle with respect to the horizontal.
The applied strain of the sample was kept and samples were cooled down to room temperature
(step 3 in Figure 7.5). Recovery of the SME occurs by later increasing the temperature above T.
Commonly two recovery processes have been used to study the SME, namely the constrained and
the free end recovery. Twelve samples in total were programmed to be tested, three of each type
C1.T1 and C1.T2 were programmed to test the constrained recovery and three of each type to test
the free end recovery.

For all recovery processes, 4 watts was applied to each sample to activate the SME. The constrained
recovery is defined as the method of activating the SME and record the recovery force by an
instrumented actuator that constrains the recovery process. Figure 7.6a shows a sample being
tested as its change in resistance and exerted force is being recorded. The free-end recovery is
commonly used to determine the amount of strain that the sample has recovered and track the
recovery process, specifically the recovery ratio, rate and time. Figure 7.6b shows a 3D printed
sample programmed in the temporary shape at 90 degrees. Blue circles were placed in the middle
of the sample to track the movement as it recovers. In house software was developed to detect the
points of reference and the angle between the blue and orange lines shown in figure 7.6b. All data

collection occurred at 30 fps.
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signal amplifier, and D are the thermocouples. (b) Is the picture of the built control unit and (C)

is the schematic of the control algorithm
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(b)

Figure 7.6: (a) 3D printed SMPC sample programmed in the temporary shape and being activated
to record its recovery force (b)3D printed SMPC sample programmed in the temporary shape
and being activated, the software recognition of reference points to measure recovery angle and
percentage its shown below
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7.3 Results and Discussion

7.3.1 Material Characterization
TGA

Figure 7.7 shows the TGA result performed on the Graphene PLA material (GPLA). The figure
shows an initial drop in weight due to moisture at ~ 100°C, followed by a possible decomposition
of carboxylic groups and release of COsat ~ 200°C' that leads to a second drop of 7.3% [24]. The
matrix material PLA degrades at ~ 348°C' [32, 29]. However graphene is stable until ~ 700°C' [24],
for which we can infer that the material had a particle weight percent content of about ~ 15%.
Because the thermal stability of GPLA drops at ~ 200°C, it leaves a range between ~ 75 — 180°C
for the material to heat up. This shows that the proposed material is thermally stable within the

necessary range of operation.
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Figure 7.7: TGA of GPLA showing weight percentage drops

MDSC

The results of the MDSC are shown in Figure 7.8. SMP MMT7520 showed a T, of ~ 73.3°C and
GPLA a T, of ~ 53.7°C. This indicates that the GPLA will not hold back the motion of the SMPU
when the SME has taken place. Melting point for GPLA is also shown to be much higher than
the required temperature range, to keep the integrity of the sample, temperature must be kept
below 120°C. GPLA did show crystallinity changes after ~ 140°C' which is much higher than the

activation range and operating ranges of the material.
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Figure 7.8: MDSC curves of SMP and GPLA for T, characterization

Sample Resistance

Samples’ volumetric resistance was calculated and are presented in Figure 7.9. Volumetric resistance
was obtained by measuring the total resistance across a thin surface of a material and multiplying
it by the thickness of the 3D printed material.

e Configuration 1: A box plot of the samples’ measurements are portrayed in Figure 7.9. The
top and bottom of the blue boxes indicate the 25th and 75th percentile of the data. The
mean values of each distribution is plotted with red crosses. There is no significant difference
between measurements of samples type 1, 2 or 3. This finding suggests that printing more

surrounding material does not affect the total volumetric resistance of the conductive material.

e Configuration 2: Sample resistances are plotted in Figure 7.9 with circles. All samples had
similar values as expected, although they had different length and cross sectional areas. This
proves that the manufacturing procedure is consistent and is not affected by changes in area

or length.

The manufacturer’s reference (0.6Q2—cm), and the batch filament measurement (0.37(2—cm) are also
shown on Figure 7.9. The discrepancy between sample measurements (averages of 0.29, 0.28 and
0.29 Q—cm for type T1, T2 and T3 respectively) and batch and manufacturer’s reported volumetric
rersistance could possible be attributed to voids in the 3D printed structure. Nevertheless, the
initial measurements were all within the same range, this shows that the process is repeatable and

consistent.
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Sample Heating

Following from section 7.2.4, here we focus the discussion on the three main points: 1) the steady
state temperature that samples reach with respect to different power inputs. 2) The speed at which
temperature dissipates and 3) the cyclic heating behaviour. The legend on each of the following
graphs shows the power input followed by the cycle number (¢). For instance, 2W ¢3 denominates

a heating curve obtained by applying 2 Watts after the third heating cycle.

The first row of Figure 7.10a shows the temperature readings with respect to time in the left axis and
resistance readings with respect to time in the right axis. Heating of samples followed a first order
system when heating. After the application of 2 Watts, the samples reached a steady temperatures
of 55,55 and 50°C for samples C1.T1, C1.T2 and C1.T3, respectively after three cycles. The steady
state temperature decrease from C1.T1 to C1.T3 is attributed to the sample dimensions since there
is more surrounding SMPU (or insulating material). When applying 4 Watts to the three types of
samples C1.T1 reached =~ 95°C' at the 10 minute mark, while sample C1.T2 reached ~ 85°C' and
C1.T3 = 75°C'. In the same manner when applying 6 Watts, samples C1.T1 reached approximately
110°C. When applying a higher power much care needs to be taken since the temperature reading
at the top of the sample (surrounding SMP) does not reflect the temperature reading of the inside
GPLA core, which is expected to be much higher . This was the case when applying 6 Watts to the
thicker samples (C1.T2 and C1.T3). Experiments were stopped after heating the 7 minute mark
due to potential damage of the equipment by high currents due to the material reaching degradation

temperatures.
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Figure 7.10: Data representation is shown for samples (a) C1.T1-S1, (b) C1.T2-S2 and (c) C1.T3-
S1. On the first row, representation curves of sample transient heating with respect to power input
are shown. At the bottom row, curves of resistance changes with respect to temperature readings
can be seen.

The right hand axis of Figure 7.10a shows the total resistance readings, they also followed a first
order curve with respect to time. Resistance readings are shown in the graph for the heating cycles
3 and 5. Initial resistance readings dropped with increase in power supply wattage (i.e 2, 4 and 6
Watts), this could be attributed to possible melting and cooling done previously which may have

eliminated initial voids in the conductive 3D printed structure.

On the bottom of Figure 7.10a, 7.10b and 7.10c, the relationships of resistance with respect to
temperature can be observed. Notice that resistance measurements become nonlinear starting at
40°C. This could be due to the beginning of the glass transition temperature, T, range where
the layers of the 3D printed GPLA start to fuse. After the second cycle, the non-linearity was
not observed. Furthermore, resistance readings are shown to be linear for 2 Watt cycles and
the beginning of the 4 Watts cycles, suggesting that as long as the GPLA keeps its structural

integrity the sample will display linear resistance readings until it hits T,. Nevertheless, for the
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proposed application, higher temperatures can be achieved and a nonlinear resistance would not be
of disadvantage to the proposed system since it can be compensated with a robust control system.
From the obtained temperature with respect to power input, it is evident that a more efficient

temperature control could be conducted.

The temperature distribution was also investigated for all samples. Figure 7.11a shows infrared
pictures at different points in time after the application of 2,4 and 6 watts to samples C1.T1,
C1.T2, and C1.T3, respectively. The images presented are the temperature distribution when the
sample has hit the activation temperature or very close to (75°C'). Heating homogeneity decreases
with sample thickness, this is obvious when a comparison between the application of 6 Watts to
C1.T1 and C1.T3 is done. Sample C1.T3 shows distinct separate conducting lines, while it is
unnoticeable for C1.T1. Notice that a heating point at the change in direction of the heating
element can be seen. Although this was encountered, future change in geometry at the ends could

prevent thermal concentrations. Nevertheless for this study, the heating characterization is taken

from the middle section.
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Figure 7.11: (a) Heat distribution presented by samples C1.T1,C1.T2,C1.T3 when they reach the
activation temperature T, (75°C) and (b) bar graph showing time to reach activation for all collected
samples

A collection of all times to reach activation times was collected and can be seen in Figure 7.11b.

Notice that the standard deviation of the application of 2 Watts is quite high, this could possibly
be due to the fact that there are still voids in the system and the material has not fused completely
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yet. Furthermore it could be mostly due to a low power supply which is more affected by room
conditions. A general increase in activation time was observed with increase of surrounding SMPU
thickness, which is to be expected due to heat dissipation within the material. However, a clear
decrease in activation time with higher power input is observed. Hence, an important way to
effectively improve activation time is to decrease the SMPU layer height and activate right away
with a high power input and later control the required power to achieve an outside temperature
of Ty. For C1.T3, application of 2W and 4W heating times were similar, although the tests were
repeated a number of times, as indicated with the standard deviation bars in the figure,is clear this
breaks the trend seen in the other specimen types and we acknowledge that this may require some

further investigation in the future.

7.3.2 Shape Memory Effect

All the presented data has been shown with the purpose of characterizing and for future design of
the optimal 3D printed SMPC that can be activated in out-of-laboratory conditions. Since the main
objective of the present study is to activate the SME, two tests were conducted: the constrained
and free end recovery. For both tests, samples C1.T1 and C1.T2 were tested. Samples C1.T3 were
tested but no meaningful data was extracted since the thickness of these samples do not allow for

a homogeneous heating and constrain the bending capability of the composites.

A sample of the programming cycle can be observed in Figure 7.12a; the graph shows the program-
ming of sample C1.T1. It can be seen that the temperature increases for programming (application
of strain) and cooling after for shape setting. Once the samples have been programmed, a con-
strained activation via resistive heating was carried out for both sample types. It is to be noted
that the more SMPU the sample contains, the greater the recovery force will be as observed by
Figure 7.12b. Figure 7.12b is a two axis graph, the recovery force is shown at the left and the
changes in resistance at the right. The Figure shows approximately twice the recovery force for
sample C1.T2 in contrast to sample C1.T1. In the figure, the resistance per sample is similar for
both samples and the change in resistance is consistent with respect to the proportional expected
recovery. Notice that the resistance converges to a value, this is due to the change in temperature
occurred, since no changes due to strain happened due to the nature of the test. For the proposed
sample sizes, the maximum recovery force observed for samples C1.T1 and C1.T2 were 0.95+0.18 N
and 1.83 + 0.73 NV, respectively. The time to reach peak force for samples C1.T1 and C1.T2 were
43 +25.6 s and 75 £ 41 s. Consistently Type 1 samples (C1.T1) showed recovery force peak faster
than Type 2 samples.

Some of the observed problems during the recovery process were spikes in resistance when sam-

ples were not heated properly, this phenomena was mostly observed for samples that were thicker
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(C1.T2), therefore suggesting that this is possibly due to a GPLA breakage during programming
and eventual connection when actuation occurs. To avoid mentioned problems, small layers of
graphene can be kept inserted inside a small SMPU unit cell (similar to C1.T1), this will allow for
homogeneous heating. Spikes produced in resistance are a problem that occurs when programming
by the conventional method but programming from inside out (Joule heating) would immediately

repair this problem.
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Figure 7.12: (a) Shape memory programming cycle by increased ambient temperature (b) Sample
activation C1.T1 and C1.T2 via resistive heating with 4 Watts

Perhaps the most interesting part of this paper and what brings everything that has been developed
together are the results of the free recovery tests, which are a primary indicator of the performance
of the proposed smart composite. An SMPC (C1.T1) being activated in a free end recovery mode
and can be observed in Figure 7.13a. In the figure, hotter spots can be observed, specifically at
the bent parts of the sample. This is expected since the conductive material is stretched at this
point and therefore resistance at the bent angle increases. Figure 7.13b is graph with two axis.
It shows the recovery angle at the left axis and the recorded resistance changes at the right axis.
Resistance measurements were collected in real time as the sample recovered. Sample curves of
the recovery process are shown in Figure 7.13b. A general sharp steady increase in recovery angle
was observed for type 1 samples, while type 2 samples showed a slow recovery with pauses which
is attributed to the slow heat dissipation from within the sample.The total maximum recovery
percentage obtained for the three samples was in average 95.95 4+ 3.40 for type 1 samples and
62.74 4+ 24.02 for samples type 2. Generally it was observed that type 1 samples had a higher
recovery rate of 1.84 + 0.31%/s for type 1 samples and 0.73 & 0.54%/s for samples type 2. The
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data agrees with the expected heat dissipation logic, since it takes longer times for thicker samples

to reach activation temperatures.

Sample resistance curves with respect to time can be observed in Figure 7.13b at the right axis.
The trends in the data initially suggest that an increase in resistance is mainly produced by the
temperature increase until it peaks and then strain recovery happens at its maximum rate, causing
resistance to sharply drop. This was a trend constantly observed in all tested samples. A higher
drop in resistance occurs for C1.T2 than C1.T1, due to its greater thickness which produces higher
deformations. Note that the developed control unit always supplied 4 Watts, therefore it regulates
the applied voltage to the system by PWM. For C1.T1 a later significant increase in resistance
suggests a recovery of the composite to its original position, while a permanent deformation is
observed from C1.T2 and is reflected in the resistance readings. Furthermore the decrease in
resistance appears in time when the recovery angle has over-passed half of the recovery angle
percentage. With these results, resistance changes of the proposed smart self-sensing SMPC can
be used to predict changes in strain and temperature. The proposed technology could be used as a

sensor or actuator.
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Figure 7.13: (a) Picture of sample C1.T1 recovering while 4 Watts are applied to the sample. (b)
Graph of recovery angle percentage and resistance readings after the application of 4 Watts

The development of this material is part of an ongoing work, in which a future description of

resistance with respect to strain will be characterized to form self-sensing SMPC materials.
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7.4 Conclusions and Recommendations

The present work proposes an SMPC which is made of two different materials, a resistive ther-
moplastic material (GPLA) and a themoplastic SMP. Both materials were 3D printed using an
EBAM type desktop printer to design a composite for future applications as sensors or actuators.
With a power input, the composite can be activated (SME) and give feedback information based
on the resistance measurements. These resistance measurements can be correlated to strain and
temperature changes experienced by the structure. The mentioned abilities makes the composite a
self-sensing material. The proposed composite material can revolutionize the way we see actuators
because they can be potentially prototyped in any intricate desired shape.

With the design and manufacture of a control unit to supply a constant power regardless of pos-
sible changes in resistance due to temperature or strain. The design of the control unit may be
used with different conuctive materials with few minor changes such as the resistances on the WB.
Attempts in the literature to describe conductive materials have omitted this valuable step when
characterizing a new proposed smart shape changing material.

To determine the required input power to reach steady state temperatures and provoke activation
three different power inputs were proven i.e. 2, 4, 6 Watts. A transient description of temperature
and resistance was obtained for different unit cell configurations. As expected, the unit cell with the
thinner amount of surrounding SMPC heated up faster. This has a direct correlation in the activa-
tion of the shape memory effect, particularly in the free end recovery tests. A thicker surrounding
matrix impedes a fast recovery due to the slowness of the heat dissipation. This constrains the total
amount of recovery that the material can undergo. However, it is necessary to use the most SMP
surrounding matrix to achieve high recovery forces. As such, the authors recommend that layers of
thin unit cells may be stacked together in the thickness direction to produce any desired shape and
achieve high recovery forces.

An optimization of the surrounding matrix with respect to heating material is part of an ongoing
investigation. The authors are focusing on characterizing the behaviour of GPLA polymer with re-
spect to strain in a future publication. The authors have also considered possible improvements on
the composite by addition of particles to improve the material recovery rate and force. This can be
achieved by modifying the SMPU matrix with particles such as cellulose nanocrystals. Better bond
between the conductive material and the SMPU could be achieved by in house manufacturing a
Graphene-SMPU composite and replacing the GPLA material used in this study while 3D printing
the surrounding material of pure SMPU matrix. The great versatility of this technology can allow

for different material alterations which can be used in a variety of potential applications.
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Chapter 8

Conclusions

Shape Memory Polymers are smart materials that are able to store a temporary shape and recover
their original shape upon the application of a stimulus. Particularly thermal-sensitive shape memory
polymers are the most commonly studied materials since an increase in temperature can easily
activate their shape memory effect. These materials offer advantages over traditional actuators as
they are lightweight and do not require a need for fasteners or mechanical components to achieve
movement. Furthermore, a wide range of complex mobility can be achieved. In order to have a
better fundamental understanding of SMPs and accomplish engineering applications, the following
is required: 1) a study on the effect of ambient conditions and processability of shape memory
polymers, 2) a transient model for bending, 3) a flexible production technique for producing parts
with these materials, and 4) a controlled field activation. These will form pioneering stepping stones

in the broader use of SMPs for engineering applications.

As such, this thesis contributes to the field on these four objectives. A thorough material char-
acterization and selection of a material that can withstand ambient conditions to ensure material
performance and processability for extrusion-based additive manufacturing of complex shapes was
done. Later, a transient model for bending, which has an easy to understand formulation and ease
of application, was developed and verified. A hybrid material based on an additive manufacturing
technique is demonstrated for manufacturing SMPs and SMPC materials using a one-step process
with embedded activation elements that can also be used as sensors. Finally, a thorough study
on controlled field activation of these SMPC materials was conducted. The proposed composite is
made of a conductive thermoplastic embedded in the SMP. Hence, the composite can be activated
via resistive heating. Since a controlled activation is required for many engineering applications, a

circuit and a closed-loop temperature control were designed. Furthermore, this composite showed
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sensing capabilities in strain and temperature, which were studied in this thesis. This work proposes
studying the material, modelling, activation, control and sensing of smart multifunctional shape-
memory materials to link scientific knowledge to real-life engineering applications. More specific

details of the thesis and related conclusions are as follows:

e A modelling review has ben presented in this work, a general explanation of the most common
modelling techniques were discussed and put forward. From this exhaustive review, a need
for simple models for first stage design are acknowledged to be required to start a broader
use of SMPs in engineering applications. As a result, this study focused on the formulation,
application and validation of a model for bending applications. The model captures the overall
transient behaviour of the polymer during recovery, and provides with valuable predictions
for design. A method to obtain material parameters from Dynamic Mechanical Analysis data
was also proposed to obtain the material parameter behaviour with respect to temperature
and by using this technique, reduce usual experimentation time. This model is simple in
formulation and application, and although much of the behaviour is captured, there are still
improvements to be made to better predict the results of the experimental data. This model
is easily adaptable to implement embedded heating elements. Hence, this model is a stepping
stone towards the development and further capturing of the behaviour of shape memory

polymers under bending for first stage design.

e The study on the moisture effects on two types of shape memory polymers was done. The
results showed that the TP shape memory polymer with higher hard to soft segment ratio
produces higher moisture trapping which causes a difficulty to 3D print the material via
extrusion based additive manufacturing. On the other hand, the material with lower high to
soft segment ratio is highly affected by bonded water which causes the material to plasticize
and lose stiffness. A material with higher high to soft segment ratio and therefore higher
Tg was chosen for this thesis due to its ability to resist hydrogen bonding and therefore

plasticization. This material is therefore more resilient to ambient conditions.

e Following the exhaustive literature review of the techniques and advances of additive manu-
facturing of shape memory polymer composites, the area of additive manufacturing of self-
actuated and self-sensing SMPCs was identified. The review also highlights research possibil-
ities in the 3D of SMPs and 4D printing to obtain shape change. Hence, an investigation of
the activation of 3D printing conductive shape memory polymer composites via joule heating
was done. The exploration of the printing feasibility and activation showed promising results.
The proposed composites showed potential to be used in many applications such as sports’

equipment, self-deployable and self-folding structures, among others.

e A work on the exploration of the multifunctionality of a 3D printed conductive composite was
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proposed. An apparatus to activate and measure resistance was developed. The equipment
can regulate power input regardless of the changes within the material due to strain or temper-
ature. This work provides the first control approach to shape memory polymers. The sensing
capability of temperature and changes in strain was studied by measuring resistance. The

technology showed great potential to be used in many applications such self-sensing actuators.

8.1 Recommendations for Future Work

Further work is needed to overcome the limitations identified in this thesis.

e The study of the moisture effect on shape memory polymers was comprehensive; and, it
highlighted potential need for further improvement. The printability of the materials affected
by moisture was only qualitatively described. Quantitative description with respect to time
is required to ensure optimal printing conditions. Another area that was observed but was
not addressed is the moisture swelling caused on the material. Such a study could potentially

be crucial to keep the dimensional integrity of the material after printing.

e The modelling review work on this thesis is based on SMPs. However, a section on SMPCs will
be included for publication since many more functionalities of the material can be obtained
when using SMPCs.

e Although the proposed model in this thesis is demonstrated to have many advantages, there is
still room for improvement, and further studies need to be made. Firstly, the model’s cooling
procedure must be further studied and described to identify if there is a change in material
properties between the pre-programming stage and the end of the cooling process. For this,
a microstructural study needs to be conducted since the crystallinity of the material may

change the initial viscoelastic properties.

Additionally, in this work, the heat transfer within the material is not considered due to the
thin specimen assumption. A correction of for activation time could be implemented by a
study of heat transfer. This would allow a better prediction of when the SMP’s mobility

begins.

This model was designed and thought to capture the general behaviour trend of the mate-
rial. The present conditions and assumptions are made for the increase in temperature by
convection. However, a feature like the implementation of joule heating to the shape memory
polymer on the model could be easily achievable by considering the heat transfer in the y
direction of the beam. Hence, a temperature with respect to y and time can be obtained and

implemented on the model. Specifically, a model for the technology proposed in this thesis
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is still necessary, that is one that accounts for multimaterial printing and heat transfer for

embedded heating material.

A use of a phase change model to convert the present model to a hybrid model could potentially
bring better approximations, although a tradeoff should be made between complexity and

applicability for engineering design.

Further work needs to be performed in the area of activation and sensing properties of the
conductive shape memory polymer composite proposed. A complete characterization of the
sensing element with respect to the temperature needs to be completed. A detailed correlation
between stress and strain has been preliminarily studied and presented in conference proceed-
ings, but a thorough description is still to be performed. Characterization of the printing
parameters and their effect on the temperature profile and the effect on the strain need to be

developed, since anisotropicity may occur due to the intrinsic manufacturing properties.

Classical laminate plate theory could be potentially used to design laminate like structures
of a shape memory polymer matrix and use conductive reinforcing printed lines. This could

improve the stiffness and overall strength of the composites.

Furthermore, by utilizing two different materials, one conductive PLA based, and a polyurethane
shape memory polymer as a matrix, induced stress could be implemented during the 3D print-
ing process to produce "direct 4D printing" and hence, eliminate the programming method

of the composite.

The proposed technology is a stepping stone to many long-term new and exciting projects.
Some of the proposed projects include the fabrication and development of a 3D printed kayak,
which could be programmed into a compressed shape for ease of transportation. This tech-
nology could also induce the development of moisture sensors by taking advantage of the
material swelling and or the shape memory effect activated by a decrease of the glass transi-
tion temperature due to moisture. Small robotic actuators like the legs of a crawling robot
could potentially be the next step in the proposed technology. This application is particularly

interesting, since the robot dynamics may be changed by merely changing the leg’s geometry.
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B.3 Supplemetary Information Related to Chapter 4

DSC and FTIR

Sample measurements of DSC are reported on Figure 2 for MM4520 and MM7520. Samples were

also verified via Modulated DSC, samples are similar to those found by the manufacturer.

—MM7520
--MM4520

Heat Flow (a.w)

Exotherm

1 1 1 1 1

-40 10 60 110 160 210
Temperature (°C)

Figure 2: Examples of DSC measurement for MM4520 and MM7520

In Figure 3.a and b, hydrogen bonded groups appear as strong peaks while free groups appear as
slight shoulders. Free groups for MM4520 and MM7520 appear in a wavenumber of 3400 cm-1 and
3383 cm-1 for N-H, respectively; and for free C=0 appear approximately about 1724 cm-1 and
1730 cm-1 respectively. Similar studies have been performed on SMP MM3520 by Yang et al.!, and
values found are in agreement to those discussed by the authors and other studies performed on

thermoplastic polyurethanes 2:3:4:5,

Yang, B., Huang, W., Li, C., Lee, C., & Li, L. (2004). On the effects of moisture in a polyurethane shape memory
polymerSmart Materials and Structures, 13(1), 191-195.

2Wen, T.C., Wu, M.S., & Yang, C.H. (1999). Spectroscopic Investigations of Poly(oxypropylene)glycol-Based
Waterborne Polyurethane Doped with Lithium PerchlorateMacromolecules, 32(8), 2712-2720.

3Zhang, C. (2014). Computational study of hydrogen-bonding interactions in shape memory polymers. Hong
Kong Polythecnic University.

4Brunette, C., Hsu, S., & MackKnight, W. (1982). Hydrogen-Bonding Properties of Hard-Segment Model Com-
pounds in Polyurethane Block CopolymersMacromolecules, 15(1), 71-77.

5Yilgor, E., Yilgor, 1., & Yurtsever, E. (2002). Hydrogen bonding and polyurethane morphology. I. Quantum
mechanical calculations of hydrogen bond energies and vibrational spectroscopy of model compoundsAdditive Man-
ufacturing, 43(24), 6551-6559.
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Figure 3: FTIR spectrums for (a) MM4520 and (b) MM7520 with zoomed in at different bonds
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B.4 Supplementary Information Related to Chapter 7

The equipment was calibrated by measuring several known resistances with the setup as seen in
Figure 4a. The formula for a Wheatstone bridge is expressed according to equation 1, where
Vg, G, Vs, Rg, R, R3, Ry are the obtained voltage difference, the gain of the system, the supplied
voltage, the sample resistance, and the three resistances of the bridge were set as 1 2, 5700 €2, 100 €2,
respectively. Equation 2 can be reorganized to the form expressed in equation 2. Where ¢, e and
d are the parameters estimated via a nonlinear least squares method. The values of the estimated
parameters are presented in table 1. Curve fit and residuals is presented in figure 4b. The figure
shows a maximum error in readings of ~ 1{2 when readings surpass ~ 150€). With this methodology,

equation 2 was used to determine resistance values from voltage measurements.

250 + Resistance vs. Voltage
—— Calibration Fit

04 06 08 1 1.2 1.4 1.6 1.8
Volts

Residual Resistance from fit (Ohms)

= Calibration Fit - residuals

(a) (b)

Figure 4: (a) In-house built control unit with resistances for calibration and (b) Calibration fit to
resistance measurements with graph of residuals at the bottom

R, Ry
Ve VX(R3+R2 R3+R4) (1)
cVy+e
s = 2
Be= 90 @)
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Parameter | Calculated Reference value Estimated

C Ry =-190Q -0.4966 €
R4Vs \ _

e ng(VRgim) =-14200Q -V -144Q-V

d Gt — Vi) = —249V —2.481V

Table 1: Estimated Parameters
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C.5 MATLAB CODE Related to Chapter 5
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u:
_inf
_0 =

0.3361;
1; %cannot be less than 1
1076;%1076

%%sconstants for gaussian distribution on mu

aul
bul
cul

ac
bc

ap =

P
o
o
o
o
P

o
c
=}

’

NN A+

’

=

o350
£ O
n o

bm(1)
hm(1)

bm(2)
hm(2)

bm(3)
hm(3)

bm(4)
hm(4)

bm(5)
hm(5)

bm(6)
hm(6)

bm(7)
hm(7)

bm(8)
hm(8)

bm(9)
hm(9)

bm(10)
hm(10)

0
epsilonl_0
epsilonl_in

104.9;
66.04;
8.635;

66.79;
-0.07758;

4;
= 0.0001; %
f = 0.002; %

imension of the beam
*12%3 mm
40;% distance between two supports

12.695; % width of the beam Sample 1
2.883; % height of the beam (all measured dimensions)
12.636; % width of the beam Sample 2
2.827; % height of the beam (all measured dimensions)
12.563; % width of the beam Sample 3
2.843; % height of the beam (all measured dimensions)
12.642; % width of the beam Sample 4
2.7576; % height of the beam (all measured dimensions)
12.556; % width of the beam Sample 5
2.9082; % height of the beam (all measured dimensions)
12.611; % HR 0.4 Sample 1 width of the beam
2.886; % HR 0.4 height of the beam (all measured dimensions)
12.584; % HR 0.4 Sample 2 width of the beam
2.756; % HR 0.4 height of the beam (all measured dimensions)
12.638; % HR 0.4 Sample 3 width of the beam
2.853; % HR 0.4 height of the beam (all measured dimensions)
12.652; % HR 0.4 Sample 4 width of the beam
2.719; % HR 0.4 height of the beam (all measured dimensions)
12.602; % HR 0.4 Sample 5 width of the beam

2.801; % HR 0.4 height of the beam (all measured dimensions)

b=bm(count);
h=hm(count);
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the original point of x is in the left end of the beam and only left
%shalf of the beam is considered

dx = L/2/10; % X step

x = 0:dx:(L/2); % discrete x along beam span direction

x = x'; % for the multiply of load history that will be used to moment
num_x = length(x);

dt = 0.003; % time step

t = 0:dt:7; % discrete time

num_t = length(t);

dy = (h/2)/1000; %y step

y = 0:dy:(h/2); % discrete y along the height of the beam

num_y = length(y);

P_rate = 1; % load_rate(N/second)

P = P_ratext; % applied load

M = x*P/2; % moment (Nxmm) (xxt dimension)

3596656676567 765666566566 65665666 6 656 6666 6 656 65666 6 656 6566 656 656 666 65665666 6 6566566656 6566566656656 6%

urvature,initial condition assume to be zero
tress,initial condition assume to be zero

kappa = zeros(num_x,num_t);

sigma = zeros(num_x,num_t,num_y);
cl = zeros(1,num_t);

w = zeros(num_x,num_t);

delta = zeros(1,num_t);
epsilon_c_dot = zeros(num_x,num_t,num_y);
epsilon = zeros(num_x,num_t,num_y);
epsilon_e = zeros(num_x,num_t,num_y);
epsilon_c = zeros(num_x,num_t,num_y);

Adm = zeros(num_x,num_t,num_y) ;

Bdm = zeros(num_x,num_t,num_y);

Cdm = zeros(num_x, num_t,num_y);

o° of

epsilon_c_tau= zeros(num_x,1,num_y);
mu_EFF = zeros(num_x, num_t,num_y);
lambda_EFF = zeros(num_x,num_t,num_y);
epsilons_EFF = zeros(num_x,num_t,num_y);
flagl = zeros(num_x,num_t,num_y);

flag2 = zeros(num_x,num_t,num_y);

flag3= zeros(num_x,num_t,num_y);

E = zeros(1,num_t);

lambda = zeros(1,num_t);

mu = zeros(1,num_t);

epsilonl = zeros(num_t,1);

C = zeros(1,num_t);

mu_eff = zeros(1,num_t);
lambda_eff = zeros(1,num_t);
epsilons_eff = zeros(1,num_t);
A_integral = zeros(num_x,num_t
B_integral = zeros(num_x,num_t
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%PROGRAMING:
Tl = 75;
Q =0;

for g = l:inum_x

for n = 1:(num_t-1)

(MPaxs)

E(n) = E_g;
lambda(n) = lambda_g;
mu(n) = mu_g;

epsilonl(n) = epsilonl_g;

C(n) = C_g;

mu_eff(n) = mu(n)/(1-((mu(n)*(C(n)))/(lambda(n)*E(n)))); % effective viscosityv

lambda_eff(n) = lambda(n)/(1-C(n)); % effective retardation time(s)
epsilons_eff(n) = -1x(C(n)*xepsilonl(n))/(1-C(n)); % effective epsilons
for m = 1l:num_y

epsilon(q,n,m) = kappa(q,n)*((m-1)xdy); %get strain along y directionw

at one time point

if n>1
sigma(q,n,m) = E(n-1)*epsilon(q,n,m)+sigma(q,n-1,m)*(1-E(n-1) ¢

*dt/mu_EFF(q,n-1,m))+epsilon(q,n-1,m)*(E(n-1)*dt/lambda_EFF(q,n-1,m)-E(n-1))...

-epsilons_EFF(q,n-1,m)*dt*E(n-1)/lambda_EFF(q,n-1,m);
else

sigma(q,n,m) = 0;

end

epsilon_e(q,n,m) sigma(q,n,m)/E(n);

epsilon_c(q,n,m) = epsilon(qg,n,m)-epsilon_e(q,n,m); % one dimension¥

along y direction, this is creep strain

*0.95;

if n>2

epsilon_c_dot(qg,n,m)
epsilon_c_dot(q,n,m)

(epsilon_c(qg,n,m)—epsilon_c(q,n-2,m))/(2xdt);
epsilon_c_dot(g,n,m)*0.05+epsilon_c_dot(qg,n-1,m)«

else
epsilon_c_dot(qg,n,m) = 0;

end

if epsilon_c_dot(q,n,m) > @
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if epsilon_c(q,n,m) < epsilonl(n)
mu_EFF(q,n,m) = mu(n)
lambda_EFF(q,n,m) = lambda(n);
epsilons_EFF(q,n,m) = 0;
flagl(qg,n,m)=1;

else
mu_EFF(q,n,m) = mu_eff(n);
lambda_EFF(q,n,m) = lambda_eff(n);
epsilons_EFF(q,n,m) = epsilons_eff(n);
flag2(q,n,m)=1;
end
else

mu_EFF(qg,n,m) = mu(n);
lambda_EFF(q,n,m) = lambda(n);

if epsilon_c_tau(q,1,m) == 0
epsilons_EFF(q,n,m) = 0;
else
epsilons_EFF(q,n,m) = C(n)*(epsilon_c_tau(q,1,m)-epsilonl(n)); %¥
epsilons_EFFatTau(q,1,m);%C(n)*(epsilon_cr(m)—epsilonl(n));
end
flag3(q,n,m)=1;

end

%Calculating dM % this assumes constrained recovery

Adm(qg,n,m) = (1/mu_EFF(q,n,m))*(sigma(q,n,m)xy(m));
Bdm(qg,n,m) = (1/lambda_EFF(q,n,m))xkappa(q,n)*y(m)~2;
Cdm(qg,n,m) = (1/lambda_EFF(q,n,m))*epsilons_EFF(q,n,m)x*xy(m);
end

A_integral(q,n) = trapz(y,Adm(q,n,:));
B_integral(q,n) = trapz(y,Bdm(q,n,:));
C_integral(q,n) = trapz(y,Cdm(qg,n,:));

kappa(q,n+1l) = kappa(qg,n)+(1/(E(n)*I))*(M(q,n+1)-M(q,n))+(2xbxdt/I)*v¢
(A_integral(q,n)-B_integral(q,n)+C_integral(q,n));

end
end
for u = 1l:num_t
cl(u) = x\kappa(:,u);

end

%get deflection w along x and deflection at mid-span delta
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for v = 1l:inum_t
w(:,v) = (c1(v)*x."3)/6-L"2xc1(v)*x/8;
delta(1,v) = cl(v)*L"3/24;

end

figure(1);

hold on

plot(t,delta)

hold on

yyaxis right

hold on

plot(t, T1+Qxt*dt)

ylabel('Temperature ($~{\circ}C$)', 'Interpreter’','latex"');

yyaxis left

ylim([@ 31])

xlabel('Time(s)")

ylabel('deflection at midspan (mm)')

hold on

drawbrace([0, 2.4]1, [5.7, 2.4], 10, 'Color', 'k')
hold on

drawbrace([5.7, 2.41, [7, 2.4], 10, 'Color', 'k')
hold on

text(2.7,2.6,sprintf('R 1", 'FontSize',40))
text(6.2,2.6,sprintf('R 2', 'FontSize',40))

Maxdelta = max(delta);

figure(1)

filename = sprintf('/Users/Irina/Dropbox/Paper for model/DATA/SRF_DATA/With data¥

selection/dpn_SRF_0.%d/SRF_0.%d_%d.csv',r,r,s);

data = csvread(filename);
t_exp=data(:,2);
disp=data(:,4);
Load=data(:,5);
Tcham=data(:,7);
Tcmd=data(:,9);

findval(1l) = 267.2;%0.2 Sample 1
findval(2) = 266.9;%0.2 Sample 2
findval(3) = 265.6;%0.2 Sample 3
findval(4) = 268.6;%0.2 Sample 4
findval(5) = 266.3;%0.2 Sample 5
findval(6) = 265.2; %0.4 Sample 1
findval(7) = 267.1; %0.4 Sample 2
findval(8) = 265.1; %0.4 Sample 3
findval(9) = 256.9; %0.4 Sample 4
findval(10) = 271.5;%0.4 Sample 5

[val,idx]=min(abs(t_exp-findval(count)));
ini_t=t_exp(idx);
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range = 160;

hold on
yyaxis left

delta_exp =-disp(idx:idx+range);

Maxdelta_exp = max(delta_exp)
plot(t_exp(idx:idx+range)-findval(count), (-disp(idx:idx+range)))
% experimental = resample((-disp(idx:idx+range)),141,161);

% R_s(count) = rsquare(experimental',delta);

xlim([@ 71)
% text(1.5,1,sprintf('$R*2=%.5f$',R_s(count)), 'FontSize',20)

ylabel('Displacement (mm)")

xlabel('Time (s)"')

yyaxis right
%splot(t_exp(idx:idx+range)-findval,Tcham(idx:idx+range))
legend( 'Model Programming', 'Experimental Programming',v¢
'Interpreter', 'latex', 'location', 'northwest');

scatter(t,flagl(end,:,end))

hold on

scatter(t,flag2(end,:,end))

hold on

scatter(t,flag3(end,:,end))

hold on

legend('Regl', 'Reg2','Reg3"', 'Interpreter’, 'Latex');

figure(3)

yyaxis left

plot(t,epsilon (end,:,end))

hold on

plot(t,epsilon_e(end,:,end))

hold on

plot(t,epsilon_c (end,:,end))

hold on

plot(t,epsilonl)

hold on
plot(t,ones(size(t))*epsilon_c_tau(end,1,end), k")
hold on

plot(t,epsilons_EFF(end,:,end), 'g")
ylabel('$\epsilon$', 'Interpreter','latex');

yyaxis right
plot(t,smooth(epsilon_c_dot(end,:,end)))

hold on

xlabel('Time (s)','Interpreter','latex');
ylabel('$\dot{\varepsilon}$"', 'Interpreter','latex');
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legend('$\epsilon(L/2,t,h/2)$", '$\epsilon_e(L/2,t,h/2)$", "$\epsilon_c(L/2,t, ¥
h/2)$', '$\epsilon_L(t)$"', '$\epsilon_c(L/2,\tau,h/2)s$", '$\epsilon_{s_v
{EFF}}$', 'Interpreter’', 'Latex');

figure(4)
plot(t, kappa(end,:))

figure(5)
plot(t,epsilon(end,:,end))

figure(6)
plot(A_integral(end,:))
hold on
plot(B_integral(end,:))
hold on
plot(C_integral(end,:))
hold on

o
“©

figure(7)

plot(t,mu_EFF(end,:,end))
hold on
plot(t,mu_EFF(end,:,500))
hold on
plot(t,mu_EFF(end,:,1))

figure(8)

plot(y, squeeze(mu_EFF(end,end-1,:)))
hold on
plot(y,squeeze(mu_EFF(end,50,:)))
hold on
plot(y,squeeze(mu_EFF(end,10,:)))
hold on

figure(9)
plot(t,sigma(end,:,end))

figure(10)

stress=squeeze(sigma(end,end-1,:));

plot(stress, (1:num_y)x*dy)

hold on

plot(t,3*%P(end, :)*40/ (2xbxh"2))

ylabel('Stress (MPa)"')

xlabel('Time (s)"')

legend('Viscoelastic Model','Linear Beam Model', v
'Interpreter', 'latex', 'location', 'northwest');

RECOVERY RATIO

o° o° o° o°

Initial conditions:

epsilon_c_tau = epsilon_c(:,end-1,:);
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Tl = 55;

clear C_integral B_integral A_integral mu lambda C E epsilonl mu_EFF lambda_EFFv¢
epsilons_EFF

dtr = dt; % time step
tr = 0:dtr:150;

%WLF Material variables

mu_inf = (4.292e-09);
mu_o = 112.6;

au = 0.3315;

1o = 0.01492 ;
_inf = 0.3406;

al = 0.248;

for 0=0.6:0.6:0.6
% discrete time

num_tr = length(tr);

kappa_r = kappa(:,end);

epsilon_r = zeros(num_x,num_tr-1,num_y);
epsilon_r(:,1,:) = epsilon(:,end-1,:);

sigma_r = zeros(num_x,num_tr,num_y); % stress,initial condition assume to be zero
M_r = zeros(num_x,num_tr);

E = zeros(num_tr,1);

epsilonl = zeros(num_tr,1);

lambda = zeros(num_tr,1);

mu_eff_fit = zeros(num_tr-1,1);

mu = zeros(num_tr,1);

C = zeros(num_tr,1);

mu_eff_r = zeros(num_tr,1);

lambda_eff_r = zeros(num_tr,1);
epsilons_eff_r = zeros(num_tr,1);
epsilon_cr_dot = zeros(num_x,num_tr,num_y);

flagl = zeros(num_x,num_tr,num_y);
flag2 = zeros(num_x,num_tr,num_y);
flag3 = zeros(num_x,num_tr,num_y);

flag4 = zeros(num_x,num_tr,num_y);
epsilon_cr_plot = zeros(num_x,num_tr,num_y);
epsilon_e = zeros(num_x,num_tr,num_y);
epsilon_cr = zeros(num_x,num_tr,num_y);

Adm = zeros(num_x,num_tr);

Bdm = zeros(num_x,num_tr);

Cdm = zeros(num_x,num_tr);

A_integral = zeros(num_x,num_tr);

B_integral = zeros(num_x,num_tr);

C_integral = zeros(num_x,num_tr);

mu_EFF = zeros(num_x, num_tr,num_y);
lambda_EFF = zeros(num_x,num_tr,num_y);
epsilons_EFF = zeros(num_x,num_tr,num_y);

for g = l:inum_x
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for n = 1:(num_tr-1)
T(n) = Tl+Qknxdtr;
if T(n)<=82

T(n) = Tl+Q*xnxdtr;
else

T(n)=82;
end
E(n) = (E_infxexp(-aexTg)+E_oxexp(-aexT(n)))/(exp(-aexTg)+exp(-aexT(n)));
lambda(n) = allxexp(-((T(n)-bll)/c1l).”2)+d1l; % gaussian lambda
mu(n) = aulkexp(—((T(n)-bul)/cul)~2); %from Es modulus gaussian
epsilonl(n)=(epsilonl_infxexp(-ap*Tg)+epsilonl_0*exp(—ap*xT(n)))/(exp(-apxTg)+exp(-¥
apxT(n)));
if T(n)< 55
C(n) = 0.97;
else
C(n) = ackxexp(bc.xT(n));
end
mu_eff_r(n) = (mu(n)/(1-((mu(n)*(C(n)))/(lambda(n)*E(n))))); % effectivev
viscosity (MPaxs)
lambda_eff_r(n) = lambda(n)/(1-C(n)); % effective retardation time(s)
epsilons_eff_r(n) = -1x(C(n)xepsilonl(n))/(1-C(n)); % effective epsilons

for m = linum_y

epsilon_r(q,n,m) = kappa_r(qg,n)*((m-1)x*dy); %get strain along yv
direction at one time point

if n>1
sigma_r(q,n,m) = E(n-1)*epsilon_r(q,n,m)+sigma_r(q,n-1,m)*x(1-((E(n-1)«
*xdtr)/mu_EFF(q,n-1,m)))+epsilon_r(q,n-1,m)*((E(n-1)*dtr/lambda_EFF(q,n-1,m))-E(n-1))...
—-((epsilons_EFF(q,n-1,m)*dtr«E(n-1))/lambda_EFF(q,n-1,m));
else

sigma_r(q,n,m) = 0;
end

epsilon_e(q,n,m) = sigma_r(q,n,m)/E(n);

epsilon_cr(q,n,m) = epsilon_r(q,n,m)-epsilon_e(q,n,m); % one dimension«
along y direction, this is creep strain

if n<=2

epsilon_cr_dot(q,n,m)=0;

272



17/01/21 3:50 PM  /Users/Irina/Dropbox/.../IG_SRR print.m 11 of 13

else

epsilon_cr_dot(qg,n,m)

(epsilon_cr(q,n,m)-epsilon_cr(q,n-2,m))/(2%dtr);
epsilon_cr_dot(qg,n,m)

epsilon_cr_dot(q,n,m)*@.05+epsilon_cr_dot(q,n-1,¢

m)*0.95;

end

if epsilon_cr_dot(q,n,m)>0

if epsilon_cr(qg,n,m)< epsilonl(n)
mu_EFF(q,n,m) = mu(n)
lambda_EFF(q,n,m) = lambda(n);
epsilons_EFF(q,n,m) = 0;
flagl(q,n,m)=1;

else
mu_EFF(q,n,m) = mu_eff_r(n);
lambda_EFF(q,n,m) = lambda_eff_r(n);
epsilons_EFF(q,n,m) = epsilons_eff_r(n);
flag2(q,n,m)=1;
end
else

mu_EFF(q,n,m) = mu(n);

lambda_EFF(g,n,m) = lambda(n);

epsilons_EFF(q,n,m) = C(n)x(epsilon_c_tau(q,1,m)-epsilonl(n));
1;

flag3(q,n,m)=

end

%Calculating dM % this assumes constrained recovery

Adm(qg,n,m) = (1/mu_EFF(q,n,m))*(sigma_r(qg,n,m)xy(m));
Bdm(qg,n,m) = (1/lambda_EFF(q,n,m))xkappa_r(q,n)xy(m)~2;
Cdm(qg,n,m) = (1/lambda_EFF(q,n,m))*epsilons_EFF(q,n,m)xy(m);
end

A_integral(q,n) = trapz(y,Adm(q,n,:));

B_integral(qg,n) = trapz(y,Bdm(qg,n,:));

C_integral(q,n) = trapz(y,Cdm(q,n,:));

kappa_r(q,n+l) = kappa_r(q,n)+(2%bxdt/I)*(A_integral(q,n)-B_integral(qg,n)«
+C_integral(q,n));

end

end
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for u = linum_tr
cl_r(u) = x\kappa_r(:,u);
end

%get deflection w along x and deflection at mid-span delta
for v = linum_tr

w(:,v) = cl_r(v)*x.”3/6-L"2xcl_r(v)*x/8;

delta_r(1,v) = cl_r(v)*L"3/24;
end

figure(10)

yyaxis left
plot(tr(1l:end-1),epsilon_r(end,:,end))

hold on

plot(tr,epsilon_e(end,:,end))

hold on

plot(tr,epsilon_cr (end,:,end))

hold on

plot(tr,epsilonl)

hold on
plot(tr,ones(size(tr))*epsilon_c_tau(end,1,end), k")
hold on
plot(tr,epsilons_EFF(end,:,end), 'g")
ylabel('$\epsilon$', 'Interpreter’, 'latex');

yyaxis right

plot(tr,smooth(epsilon_cr_dot(end,:,end)))
hold on

xlabel('Time (s)','Interpreter','latex');
ylabel('$\dot{\varepsilon}$', 'Interpreter', 'latex"');

legend('$\epsilon(L/2,t,h/2)$", '$\epsilon_e(L/2,t,h/2)$", '$\epsilon_c(L/2,t, ¥
h/2)$"', '$\epsilon_L(t)$"', '$\epsilon_c(L/2,\tau,h/2)$", '$\epsilon_{s_v
{EFF}}$', 'Interpreter', 'Latex');

figure(11)

plot(tr(1l:end-1),epsilon_r (end,:,end))
hold on

plot(tr(1:end-1),epsilon_r (end,:,500))
hold on

plot(tr(l:end-1),epsilon_r (end,:,1))

legend('$y=h/2%$"', '$y=h/4%",'$y=0.05 (mm)$', " 'Interpreter', 'Latex');
xlabel('Time (s)','Interpreter','latex');
ylabel('$\varepsilons$', 'Interpreter', 'latex');

figure(12)
plot(tr,epsilon_cr (end,:,end))
hold on
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plot(tr,epsilon_cr (end,:,500))
hold on

plot(tr,epsilon_cr (end,:,1))
hold on

legend('$y=h/2$"', '$y=h/4$", '$y=0.05 (mm)$', " 'Interpreter', 'Latex');

xlabel('Time (s)','Interpreter','latex');
ylabel('$\varepsilon_c$','Interpreter', 'latex');

figure(15)

scatter(tr,flagl(end,:,end))

hold on

scatter(tr,flag2(end,:,end))

hold on

scatter(tr,flag3(end,:,end))

hold on
legend('Regl’', 'Reg2', 'Reg3', 'Interpreter', 'Latex');

figure(13);

yyaxis left

plot(tr,delta_r)

hold on

ylabel('Deflection at midspan (mm)');
hold on

yyaxis right

plot(tr(l:end-1),T);

hold on

ylabel('Temperature ($~{\circ}C$)"','Interpreter','latex');
xlabel('Time(s)")

figure(14);
Rr=(delta(end)-delta_r)*100/(delta(end));
yyaxis left

hold on

plot(tr,Rr)
xlabel('Time(s)"');
ylabel('Recovery Ratio (\%)
hold on

yyaxis right

hold on

plot(tr(1:end-1),T)
ylabel('Temperature ($~{\circ}C$)"','Interpreter','latex');
hold on

, 'Interpreter', 'latex"');

end
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%%Bending +SRF
Author: Irina Garces @ University of Alberta.
Description: Numerical solution for a thin SMP beam

Input: Need to input the fits and values for the material
parameters which were obtained from DMA data.

Output: Deflection of the programming stage and recovery force

Algorithm: Follow chapter equations on thesis (Chapter 5)

clear all;
close all;
clc;
digits(10)
set(groot, 'DefaultTextInterpreter', 'LaTeX');
set(groot, 'DefaultAxesTickLabelInterpreter', 'LaTeX');
set(groot, 'DefaultAxesFontName', 'LaTeX');

set(groot, 'DefaultLegendInterpreter', 'LaTeX');
set(groot, 'DefaultAxesFontSize',24);
set(groot, 'DefaultLineLineWidth', 4);
set(groot, 'DefaultFigureColor','w")
set(groot, 'DefaultAxesLineStyleOrder','—|——|:

E_g = 920.4;%846.9;

mu_g = 39.8147;%13.98;%12.18;%65.79;

lambda_g = 0.2214;%0.2214;%0.2214;%0.0271;%0.7128;
C_g = 0.066;%1if using the fit 0.198

epsilonl_g = 0.0015;

%fitted to programming and recovery

% Latest Gaussian fit for lambda constrain starts at 1
all 0.3099;

b1l 84.24;

cll 13.81;

dil 0.01336;

au = 0.3361;
u_inf = 1; %cannot be less than 1
u_o = 1076;%1076

276



20/01/21 3:29 PM /Users/Irina/Dropbox/.../IG_SRF_print.m

2 of 11

%%constants for gaussian distribution on mu

aul = 104.9;

bul = 66.04;

cul = 8.635;

ac = 66.79;

bc = 0.07758;

ap = 0.4;

epsilonl_0 = 0.0001; %0.0001

epsilonl_inf = 0.002; %0.03;Model

count = 2;

r=2;

s = 2;

%sdimension of the beam

%40%12%3 mm

L = 40;% distance between two supports

bm(1) = 12.695; % width of the beam Sample 1

hm(1) = 2.883; % height of the beam (all measured dimensions)

bm(2) = 12.636; % width of the beam Sample 2

hm(2) = 2.827; % height of the beam (all measured dimensions)

bm(3) = 12.563; % width of the beam Sample 3

hm(3) = 2.843; % height of the beam (all measured dimensions)

bm(4) = 12.642; % width of the beam Sample 4

hm(4) = 2.7576; % height of the beam (all measured dimensions)

bm(5) = 12.556; % width of the beam Sample 5

hm(5) = 2.9082; % height of the beam (all measured dimensions)

bm(6) = 12.611; % HR 0.4 Sample 1 width of the beam

hm(6) = 2.886; % HR 0.4 height of the beam (all measured dimensions)
bm(7) = 12.584; % HR 0.4 Sample 2 width of the beam

hm(7) = 2.756; % HR 0.4 height of the beam (all measured dimensions)
bm(8) = 12.638; % HR 0.4 Sample 3 width of the beam

hm(8) = 2.853; % HR 0.4 height of the beam (all measured dimensions)
bm(9) = 12.652; % HR 0.4 Sample 4 width of the beam

hm(9) = 2.719; % HR 0.4 height of the beam (all measured dimensions)
bm(10) = 12.602; % HR 0.4 Sample 5 width of the beam

hm(10) = 2.801; % HR 0.4 height of the beam (all measured dimensions)

b=bm(count);
h=hm(count);
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the original point of x is in the left end of the beam and only left
half of the beam is considered

dx = L/2/10; % X step

X = 0:dx:(L/2); % discrete x along beam span direction

X = x"; % for the multiply of load history that will be used to moment
num_x = length(x);

dt = 0.001; % time step

t = 0:dt:7; % discrete time

num_t = length(t);

dy = (h/2)/1000; %y step
y = 0:dy:(h/2); % discrete y along the height of the beam
num_y = length(y);

-1 o
P_rate = 1; % load_rate(N/second)

P = P_ratext; % applied load

M = x*P/2; % moment (Nxmm) (xxt dimension)
e

%Variable initialization

kappa = zeros(num_x,num_t); %
sigma = zeros(num_x,num_t,num_y); %
cl = zeros(1,num_t);

w = zeros(num_x,num_t);

delta = zeros(1,num_t);

epsilon_c_dot = zeros(num_x,num_t,num_y);
epsilon = zeros(num_x,num_t,num_y);
epsilon_e = zeros(num_x,num_t,num_y);
epsilon_c = zeros(num_x,num_t,num_y);

urvature,initial condition assume to be zero
tress,initial condition assume to be zero

w0

Adm = zeros(num_x, num_t,num_y);
Bdm = zeros(num_x,num_t,num_y);
Cdm = zeros(num_x,num_t,num_y);

epsilon_c_tau= zeros(num_x,1,num_y);

%Material Parameters initialization

E = zeros(1,num_t);

lambda = zeros(1,num_t);

mu = zeros(1,num_t);

epsilonl = zeros(num_t,1);

C = zeros(1,num_t);

mu_eff = zeros(1,num_t);

lambda_eff = zeros(1,num_t);
epsilons_eff = zeros(1,num_t);

mu_EFF = zeros(num_x,num_t,num_y) ;
lambda_EFF = zeros(num_x,num_t,num_y);
epsilons_EFF = zeros(num_x,num_t,num_y);

flagl zeros (num_x,num_t,num_y) ;
flag2 zeros (num_x,num_t,num_y) ;
flag3= zeros(num_x,num_t,num_y);

zeros(num_x,num_t);
zeros(num_x,num_t);

A_integral
B_integral
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C_integral = zeros(num_x,num_t);

%PROGRAMING:

o o

TL = 75;
Q=0;

for g = l:num_x
for n = 1:(num_t-1)

E(n) = E_g;

lambda(n) = lambda_g;

mu(n) = mu_g;

epsilonl(n) = epsilonl_g;

C(n) = C_g;

mu_eff(n) = mu(n)/(1-((mu(n)*(C(n)))/(lambda(n)*E(n))));
lambda_eff(n) = lambda(n)/(1-C(n));

epsilons_eff(n) = -1x(C(n)*epsilonl(n))/(1-C(n));

for m = 1l:num_y

epsilon(q,n,m) = kappa(q,n)*((m-1)*dy); %get strain along y direction¥
at one time point

if n>1
epsilon(qg,n,m) = epsilon(qg,n,m)*0.1+epsilon(q,n-1,m)*0.9;
end

if n>1
sigma(q,n,m) = E(n)xepsilon(q,n,m)+sigma(q,n-1,m)*(1-E(n-1)*dt/mu_EFF¥
(q,n-1,m))+epsilon(q,n-1,m)*(E(n-1)*dt/lambda_EFF(q,n-1,m)-E(n-1))...
—-epsilons_EFF(q,n-1,m)*dt*E(n-1)/lambda_EFF(q,n-1,m);
else
sigma(q,n,m) = 0;
end

epsilon_e(q,n,m) = sigma(qg,n,m)/E(n);

epsilon_c(q,n,m) = epsilon(qg,n,m)-epsilon_e(q,n,m);
if n>1

epsilon_c_dot(qg,n,m)
epsilon_c_dot(qg,n,m)

(epsilon_c(q,n,m)-epsilon_c(q,n-1,m))/(dt);
epsilon_c_dot(q,n,m)*@.05+epsilon_c_dot(q,n-1, ¢

m)*0.95;
else

epsilon_c_dot(q,n,m) = 0;

end

if epsilon_c_dot(q,n,m) > @

if epsilon_c(q,n,m) < epsilonl(n)
mu_EFF(q,n,m) = mu(n)
lambda_EFF(qg,n,m) = lambda(n);
epsilons_EFF(q,n,m) = 0;
flagl(q,n,m)=1;
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else
mu_EFF(q,n,m) = mu_eff(n);
lambda_EFF(q,n,m) = lambda_eff(n);
epsilons_EFF(q,n,m) = epsilons_eff(n);
flag2(q,n,m)=1;
end
else

mu_EFF(q,n,m) = mu(n);
lambda_EFF(g,n,m) = lambda(n);

if epsilon_c_tau(q,1,m) == 0
epsilons_EFF(q,n,m) = 0;
else

epsilons_EFF(q,n,m) = C(n)x(epsilon_c_tau(q,1,m)-epsilonl(n));
end

flag3(q,n,m)=1;

end
%Calculating dM % this assumes constrained recovery
Adm(qg,n,m) = (1/mu_EFF(q,n,m))*(sigma(q,n,m)xy(m));
Bdm(qg,n,m) = (1/lambda_EFF(q,n,m))xkappa(q,n)*y(m)~2;
Cdm(qg,n,m) = (1/lambda_EFF(q,n,m))*epsilons_EFF(q,n,m)*xy(m);

end

A_integral(q,n) = trapz(y,Adm(q,n,:));
B_integral(q,n) = trapz(y,Bdm(q,n,:));
C_integral(q,n) = trapz(y,Cdm(qg,n,:));

kappa(q,n+1) = kappa(qg,n)+(1/(E(n)*I))*(M(q,n+1)-M(q,n))+(2xbxdt/I)*¥
(A_integral(q,n)-B_integral(q,n)+C_integral(q,n));

end
end
for u = 1l:num_t
cl(u) = x\kappa(:,u);
end
%Deflection w along x and deflection at mid-span delta
for v = 1l:num_t
w(:,v) = (c1(v)*x."3)/6-L"2xcl(v)*x/8;

delta(1l,v) = cl(v)*L"3/24;
end

figure(1);
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hold on
plot(t,delta)
hold on
yyaxis right
hold on
plot(t, Tl+Qxtxdt)
ylabel('Temperature ($~{\circ}C$)"', 'Interpreter’','latex');
yyaxis left
ylim([@ 31])
xlabel('Time(s)")
ylabel('deflection at midspan (mm)"')

findval(1l) = 267.2;%0.2 Sample 1
findval(2) = 266.9;%0.2 Sample 2
findval(3) = 265.6;%0.2 Sample 3
findval(4) = 268.6;%0.2 Sample 4
findval(5) = 266.3;%0.2 Sample 5
findval(6) = 265.2; %0.4 Sample 1
findval(7) = 267.1; %0.4 Sample 2
findval(8) = 265.1; %0.4 Sample 3
findval(9) = 256.9; %0.4 Sample 4
findval(10) = 271.5;%0.4 Sample 5

[val,idx]=min(abs(t_exp-findval(count)));
ini_t=t_exp(idx);
range = 160;

hold on
%syyaxis left

delta_exp =—disp(idx:idx+range);

Maxdelta_exp = max(delta_exp);
plot(t_exp(idx:idx+range)-findval(count), (-disp(idx:idx+range)))
xlim([0 71)

ylabel('Displacement (mm)"')

xlabel('Time (s)')

%syyaxis right

legend( 'Model Programming', 'Experimental Programming',v¢
'Interpreter', 'latex', 'location', 'northwest');

hold on

3

figure(2)

scatter(t,flagl(end,:,end))

hold on

scatter(t,flag2(end,:,end))

hold on

scatter(t,flag3(end,:,end))

hold on

legend('Regl’', 'Reg2', 'Regl’', 'Reg3', 'Interpreter', 'Latex');
hold on

figure(3)

yyaxis left
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plot(t,epsilon (end,:,end))

hold on

plot(t,epsilon_e(end,:,end))

hold on

plot(t,epsilon_c (end,:,end))

hold on

plot(t,epsilonl)

hold on

plot(t,epsilons_EFF(end,:,end), 'g")
ylabel('$\epsilon$', 'Interpreter’, 'latex');

yyaxis right

plot(t,smooth(epsilon_c_dot(end,:,end)))

hold on

xlabel('Time (s)','Interpreter','latex');

ylabel('$\dot{\varepsilon}$"', 'Interpreter','latex');
legend('$\epsilon(L/2,t,h/2)$", '$\epsilon_e(L/2,t,h/2)$", '$\epsilon_c(L/2,t, ¥
h/2)$"', '$\epsilon_1(t)$', '$\epsilon_{s_{EFF}}$', 'Interpreter', 'Latex');

o
6

figure(4)

plot(t,sigma(end,:,end))

% RECOVERY STRESS

o

for 0=0.2:0.2:0.4

clear T C_integral B_integral A_integral mu lambda C E epsilonl mu_EFF lambda_EFF¢
epsilons_EFF epsilon_e

dtr = 0.01; % time step could be different for programming
tr = 0:dtr:250;

num_tr = length(tr);

Tl = 55;

T = zeros(num_tr,1);
epsilon_c_tau = epsilon_c(:,end-1,:);

% Recovery initial conditions

kappa_r = ones(num_x,num_tr).xkappa(:,end-1);

epsilon_r = zeros(num_x,num_tr,num_y);

epsilon_r(:,1,:) = epsilon(:,end-1,:);

sigma_r = zeros(num_x,num_tr,num_y); % stress,initial condition assume to be zero
M_r = zeros(num_x,num_tr);

%Material paramters initialization
E = zeros(num_tr,1);

epsilonl = zeros(num_tr,1);

lambda = zeros(num_tr,1);

mu = zeros(num_tr,1);

C = zeros(num_tr,1);

mu_eff_r = zeros(num_tr,1);
lambda_eff_r = zeros(num_tr,1);
epsilons_eff_r = zeros(num_tr,1);
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mu_EFF = zeros(num_x, num_tr,num_y);
lambda_EFF = zeros(num_x,num_tr,num_y);
epsilons_EFF = zeros(num_x,num_tr,num_y);

%WLF Material variables

mu_inf = (4.292e-09);
mu_o = 112.6;

au = 0.3315;

1o = 0.01492 ;
l_inf = 0.3406;

al = 0.248;

%Variable initialization

epsilon_cr_dot = zeros(num_x,num_tr,num_y);
epsilon_e = zeros(num_x,num_tr,num_y);
epsilon_cr = zeros(num_x,num_tr,num_y);
flagl = zeros(num_x,num_tr,num_y);

flag2 = zeros(num_x,num_tr,num_y);
flag3 = zeros(num_x,num_tr,num_y);
flag4 = zeros(num_x,num_tr,num_y);

Adm = zeros(num_x,num_tr);
Bdm = zeros(num_x,num_tr);
Cdm = zeros(num_x,num_tr);
A_integral = zeros(num_x,num_tr);
B_integral = zeros(num_x,num_tr);
C_integral = zeros(num_x,num_tr);

for g = l:num_x
for n = 1:(num_tr-1)
T(n) = TL+Qkn*dtr;

if T(n)<=82

T(n) = Tl+Qxnxdtr;
else

T(n)=82;
end

E(n) = (E_infxexp(-aexTg)+E_oxexp(—aexT(n)))/(exp(—aexTg)+exp(-aexT(n)));
lambda(n) = allxexp(-((T(n)-bll)/c1l).”2)+d1l; % gaussian lambda
mu(n) = aulkexp(—((T(n)-bul)/cul)~2); %from Es modulus gaussian

epsilonl(n)=(epsilonl_infxexp(-apxTg)+epsilonl_0xexp(-ap*T(n)))/(exp(-ap*xTg)+exp¥

(-ap*T(n)));

if T(n)< 55

C(n) = 0.97;
else

C(n) = ackexp(-bc.*T(n));
end
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if n>1

C(n) = C(n)*0.1+C(n-1)%0.9;

end

mu_eff_r(n) = mu(n)/(1-((mu(n)*(C(n)))/(lambda(n)*E(n))));
lambda_eff_r(n) = lambda(n)/(1-C(n));

epsilons_eff_r(n) = -1x(C(n)*xepsilonl(n))/(1-C(n));

for m = 1l:num_y

epsilon_r(q,n,m)

if n>1

k

epsilon_r(q,n,m) = e

end

if n>1
as
bs
cs
ds

E(n)xepsilo
sigma_r(q,n
epsilon_r(q
—-epsilons_E

sigma_r(q,n,m) =

else

appa_r(qg,n)x((m-1)*dy);

psilon_r(qg,n,m)*0.1+epsilon_r(q,n-1,m)*0.9;

n_r(qg,n,m);

-1,m)*(1-E(n-1)*dtr/mu_EFF(q,n-1,m));

,n=1,m)*(E(n-1)*dtr/lambda_EFF(q,n-1,m)-E(n-1));

FF(q,n-1,m)*dtr*E(n-1)/lambda_EFF(q,n-1,m);
as+bs+cs+ds;

sigma_r(q,n,m) = 0;

end

epsilon_e(q,n,m) = sigma_r(q,n,m)/E(n);
epsilon_cr(qg,n,m) =
along y direction, this is creep strain

if n<=2

epsilon_r(qg,n,m)-epsilon_e(q,n,m); % one dimension¥

epsilon_cr_dot(q,n,m)=0;

else

epsilon_cr_dot(qg,n,m)
epsilon_cr_dot(q,n,m)

m)*0.999;

(epsilon_cr(qg,n,m)-epsilon_cr(q,n-2,m))/(2xdtr);
epsilon_cr_dot(q,n,m)*0.001+epsilon_cr_dot(qg,n-1, ¢

epsilons_EFF(q,n,m) = epsilons_EFF(q,n,m)*@.5+epsilons_EFF(q,n-1,m)*0.5;

end

if epsilon_cr_dot(qg,n,m)>0

if epsilon_cr(q,n,m)< epsilonl(n)
mu_EFF(q,n,m) = mu(n)

else

lambda_EFF(q,n,m) = lambda(n);

epsilons_EFF(q,n,m) = 0;

flagl(q,n,m)=1;

mu_EFF(q,n,m) = mu_eff_r(n);

lambda_EFF(q,n,m) = lambda_eff_r(n);
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epsilons_EFF(q,n,m) = epsilons_eff_r(n);
flag2(q,n,m)=1;

end

else
mu_EFF(qg,n,m) = mu(n);
lambda_EFF(q,n,m) = lambda(n);
epsilons_EFF(q,n,m) = C(n)x(epsilon_c_tau(q,1,m)-epsilonl(n));
flag3(q,n,m)=1;
end

%Calculating dM % this assumes constrained recovery

Adm(qg,n,m) = 2xbx(1-(E(n)*dtr/mu_EFF(q,n,m)))*sigma_r(q,n,m)xy(m);
Bdm(q,n,m) = (2xbxdtrxE(n)/lambda_EFF(q,n,m))xkappa_r(qg,n)xy(m)~2;
Cdm(q,n,m) = (2xbxE(n)*xdtr/lambda_EFF(q,n,m))*epsilons_EFF(q,n,m)xy(m);
end

A_integral_r
B_integral_r
C_integral_r

trapz(Adm(q,n,:)*dy);
trapz(Bdm(q,n,:)*dy);
trapz(Cdm(q,n,:)*dy);

M_r(qg,n+1l) = A_integral_r+B_integral_r-C_integral_r;
end
end
P_r = 4xM_r(end,:)/(L);

figure(5)

yyaxis left

plot(tr,P_r)

ylabel('$Force$ (N)','Interpreter','latex');
xlabel('Time (s)','Interpreter','latex');
hold on

yyaxis right

plot(tr,T)

hold on

ylabel('$Temperature (™\circ C)$ ','Interpreter','latex');
end

o

figure(6)

yyaxis left
plot(tr(1l:end),epsilon_r (end,:,end))

hold on
plot(tr(1l:end),epsilon_e(end,:,end))
hold on

plot(tr(1l:end),epsilon_cr (end,:,end))
hold on

plot(tr(l:end),epsilonl)
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hold on
plot(tr,ones(size(tr))*epsilon_c_tau(end,1,end), k")
hold on

plot(tr,epsilons_EFF(end,:,end), 'g")

yyaxis right

plot(tr,smooth(epsilon_cr_dot(end,:,end)))

hold on

xlabel('Time (s)','Interpreter','latex');

ylabel('$\dot{\varepsilon}$', 'Interpreter', 'latex"');
legend('$\epsilon(L/2,t,h/2)$", "$\epsilon_e(L/2,t,h/2)$", "$\epsilon_c(L/2,t, ¥
h/2)$', '$\epsilon_1(t)$"', '$\epsilon_c(L/2,\tau,h/2)s$", '$\epsilon_{s_v
{EFF}}$', 'Interpreter', 'Latex');

o

figure(7)

scatter(tr,flagl(end,:,end))

hold on

scatter(tr,flag2(end,:,end))

hold on

scatter(tr,flag3(end,:,end))

hold on
legend('Regl', 'Reg2', 'Reg3', 'Interpreter', 'Latex');
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