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Life is “trying things to see if they work”

Ray Bradbury

Page i



Self-healing cementitious materials B. Isaacs

Acknowledgements

The list of people | would like to thank, who have helped, influenced, taught and

laughed with me during the completion of this PhD thesis is a long one.

| would like to thank my family for which this thesis is dedicated to. This would not

have been made possible without your constant love and support.

I would like to acknowledge Tony Jefferson and Bob Lark for believing in my abilities
and providing the opportunity for me to undertake this study. In addition, | would like
to sincerely thank Chris Joseph for his guidance in the field of research. | am indebted

to all three for their active encouragement and supervision.

I would like to acknowledge the facilities provided by the Civil Engineering Department
at the Cardiff School of Engineering. In particular, | would like to thank the laboratory

technical staff, Carl, Harry, Len, Des, Mark, lan, Paul, Alan and Brian.

I would like to thank my research group and office friends for their enthusiasm and
support, Simon C, lulia, Andrea, Diane and Barry. In particular | would like to thank

Simon Dunn with whom it has been a pleasure to work alongside.

Finally, | would like to thank all my friends. | feel very fortunate to have such a great

group and your support has helped immensely.

Pageii



Self-healing cementitious materials B. Isaacs

Declaration

This work has not previously been accepted in substance for any degree and is not

concurrently submitted in candidature for any degree.

Signed: Ben Isaacs (candidate) Date: 9" March 2011

O%L%p

STATEMENT 1
This thesis is being submitted in partial fulfilment of the requirements for the degree

of PhD.

signed: Ben Isaacs (candidate) Date: 9" March 2011

e

—

STATEMENT 2
This thesis is the result of my own independent work/investigation, except where

otherwise stated. Other sources are acknowledged by explicit references.

Signed: Ben Isaacs (candidate) Date: 9™ March 2011

STATEMENT 3

| hereby give consent for my thesis, if accepted, to be available for photocopying and
for inter-library loan, and for the title and summary to be made available to outside

organisations.

Signed: Ben Isaacs (candidate) Date: 9" March 2011

Page iii



Self-healing cementitious materials B. Isaacs

Summary

The thesis presents a study of autonomic and autogenous self-healing mechanisms in

cementitious materials.

Two distinct self-healing systems are investigated. The first of these is a system to
investigate the autonomic healing of small scale reinforced mortar beams with
embedded glass capillary tubes filled with a low viscosity cyanoacrylate adhesive.
These tubes break and release glue into a crack when it crosses a tube, thereby healing
the crack. The study investigated the effects of loading rate, level of reinforcement and
specimen age on the autonomic healing ability of the specimens. The study showed
that the specimens exhibit a primary and secondary healing response during the first
and second loading stages respectively, with the latter response providing an increase

in peak load and a full recovery of stiffness.

The second system employs embedded shrinkable PET tendons as a crack closure
system for small scale mortar beams. The tendons are activated by the application of
heat, once cracking has occurred, and apply a prestress to the cementitious matrix. A
parametric study showed that autogenous healing can be greatly enhanced by the
correct choice of Activation-Healing (AH) regime. In addition, a numerical procedure
was developed in order to predict the capacity and response of these beams. Non-
linear damage mechanics and a beam idealisation were used in the development of a
numerical tool for simulating the material system. The results obtained from the

numerical model showed good consistency with the experimental data.

A general conclusion from the work is that both systems require considerable
development before being ready for industrial application. However, of the two
systems investigated, it is the latter which shows the greatest potential to not only
greatly enhance the durability of cementitious composites, but also to improve their

strength and ductility.
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Chapter 1

Introduction

1.1 Inspiration from nature

The ability of natural materials to continuously adapt and evolve to environmental
changes has been recognised by material scientists and engineers in attempts to
emulate these processes. This transfer of technology from nature into man-made

materials is termed biomimetics, coined by Otto Schmitt in 1957 (Vincent et al., 2006).

This inspiration from nature is shown in various aspects of daily life. Examples include
the design of aircraft and the development of wing technology influenced by birds, the
replication of shark skin to reduce drag in bodies and the development of functional
materials such as Velcro. The latter was invented by George de Mastral who was
inspired by the hooked seeds of the Burdock plant that became caught in the fur coat

of his dog (Bhushan, 2009).

An area that has attracted particular interest in recent times is that of natural
materials that have the ability to self-heal. The self-healing properties of lime cement
used by the Romans and the oxide layers that prevent corrosion in certain metals have
encouraged self-healing studies (van der Zwaag, 2007). As discussed by van der Zwaag
(2007), the strategies to improve the strength and reliability of man-made materials
have been largely based on the concept of “damage prevention”. In this case,
materials are designed with the function of delaying damage. More recently, material
scientists and engineers have addressed the strategy of “damage management”. In this
case, materials are developed to be more efficient and have built in functions such as

the ability to self-repair and are often termed smart materials.

Li et al. (1998a) suggested several factors that smart materials require in order to be

practical in civil engineering. These include low cost, a smartness that has a passive
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capability requiring no external monitoring and which is distributed throughout the
material. The development of smart materials is becoming a much more attractive
option as highlighted in dedicated conferences of self-healing materials (Delft 2007,
Chicago 2009, and Bath 2011). The motivation is therefore to provide more durable
materials that will enhance the service life and provide efficient, functioning and

sustainable solutions.

1.2 Cementitious materials

Providing more sustainable solutions for cementitious materials is necessary because
concrete is the most used man-made building material on the planet (van Oss, 2005).
Since the development of hydraulic cements and the patent of Portland cement (PC) in
1824, the use of concrete structures has been considerable (Neville, 1999). The
reaction of PC in the presence of water forms hydration products that result in a
bonding agent. In time, this forms a hardened cement paste. The combination of PC,
water and sand results in the material called mortar and the addition of aggregate to

the mix results in the material called concrete.

The compressive strength of concrete is typically between 20 and 60 MPa and can be
deemed its most valued asset. Concrete strength is governed by the mix proportions
and to an extent the degree of its compaction. Although strong in compression,
concrete is weak in tension and in general the tensile strength of concrete is
approximately one tenth of the compressive strength. The production of high strength
concrete can provide compressive strengths between 150 and 200 MPa that are

obtained by a low water/cement ratio and often the addition of superplasticiser.

1.3 The issues of durability

Cracking is one of the major causes of concrete degradation and is typically initiated by
thermal effects, early age shrinkage, mechanical loading or a combination of these
actions. These cracks can in turn lead to the ingress of water, acid rain and carbon
dioxide. The design of reinforced concrete (RC) structures has addressed this aspect of

durability for many years by requiring crack widths to be limited. However, significant
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proportions of RC structures still have problems with durability (Richardson, 2002). By
comparison, pre- and post-tensioned structures are generally designed to be un-
cracked and provide a more durable solution. However, the application of pre- and
post-tensioning is relatively costly and requires the use of jacking and anchorage

operations.

Several investigations have explored the use of shape memory alloys (SMAs) (Czaderski
et al., 2006; El-Tawil & Ortega-Rosales, 2004) and the use of fibre reinforced polymers
(FRP) (Lees, 2001) to replace traditional pre- and post-tensioning tendons. In both
cases the provision of pre- and post-tensioning has proven to be effective. SMAs
provide the advantages of simplifying the tendon installation with the absence of
jacking equipment as SMAs can be triggered by an external stimulus to induce post-
tensioning. As a result, relaxation and friction losses through the anchorage system can
also be minimised. FRPs provide a lightweight and non-corrosive option in comparison
to its steel counterpart. However, in both SMAs and FRPs the associated high costs of
the raw materials, new technology, individual cases and low production volume have

limited their use to generally specialised applications.

1.4 The financial and environmental impact

In the UK, the costs of repair and maintenance account for almost half of the total
spend in construction per year as highlighted in Figure 1.1. These high costs provide
the motivation to develop more sustainable solutions with the aim of minimising the

costs associated with maintenance.
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il. Develop a novel self-healing composite material system with the use of

shrinkable polymers to provide crack closure

lll. Investigate various parameters in order to provide crack closure and enhance the

self-healing capability

IV. Develop a simplified numerical model to predict the response following crack

closure

A timeline of the research is shown in Figure 1.2.
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of cementitious materials. Both autonomic and autogenous healing is described in

addition to a review of shape memory polymers.

Chapter 3 presents the experimental study of an autonomic healing system. The initial
findings, development of the experimental procedure and the specimen configuration
are given. A parametric investigation of the system using three-point bend tests is

presented and discussed.

Chapters 4 and 5 present an experimental investigation into the enhancement of
autogenous healing using a recently developed shape memory polymer cementitious
material system called LatConX. Chapter 4 focuses on the selection of a candidate
polymer and an extended test regime using the chosen polymer. This chapter also
presents a study of the proof of concept trials in which the experimental set up,

specimen configuration and results of the initial three-point bend tests are described.

A parametric investigation into the enhancement of crack closure and autogenous
healing is presented in Chapter 5. Results of three-point bend tests are presented and
discussed and the use of a digital image correlation (DIC) system to process the results

is described.

A simplified numerical model is presented in Chapter 6. In this a moment curvature
relationship to investigate the healing response in specimens is developed. Finally,

Chapter 7 presents conclusions and recommendations for further work.

A list of publications from this thesis is given on page v. These comprise five journal
papers, four of which are in print and one of which is presently under consideration, as
well as four conference publications. In addition, two further publications are to be
presented at the forthcoming International Conference on Self-Healing Materials

(ICSHM 2011).
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Chapter 2

Literature review

2.1 Introduction

This literature review investigates the current development of self-healing materials
with specific attention given to the self-healing of cementitious materials. Details of
the healing mechanisms associated with both autogenous and autonomic healing are
described. In addition, the current research into shape memory polymers is
investigated. The classification of shape memory polymer structures, activation

methods and current applications is described.

The purpose of this review is to identify the conditions that enhance both autogenous
and autonomic healing and review the application of shape memory polymers to

facilitate crack closure and hence, autogenous healing of cementitious materials.

2.2 Classification of materials and structures

Within the engineering and material science community, the development and
characterisation of new and existing materials and structures has led to some
ambiguity between terms. Within the literature, increasing attention has been made of
intelligent and smart materials; and smart and sensory structures due to their scientific
significance. Several authors have identified a classification of these terms (Joseph,

2009; RILEM, 2011; Mihashi et al., 2000; Wei et al., 1998) which will be described.

2.2.1 Intelligent materials

Intelligent materials, as described by Takagi (1996), possess sensing, processing and

actuating functions. The sensing function can detect an environmental change or inner
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anomaly; the processing function will make a decision and the actuating function then
provides the material’s response. Mihashi et al. (2000) lends a further insight, defining
intelligent materials as having a “higher level function” that incorporates the notion of
information as well as a physical index such as strength and durability. This self control
capability of intelligent materials is perhaps best observed in natural materials such as
skin, bone and tendons. Schmets (2003) attributes the mechanisms of self control in
natural materials to the result of a highly organised hierarchical structure that is

present at all levels (length scales) in the material.

The mechanisms inherent in natural materials are difficult to reproduce in man-made
materials due to the unique microstructures of the former. However, the challenge to
develop intelligent materials is being actively pursued in the fields of medicine,

bioengineering, polymers, metallurgy and aerospace.

2.2.2 Smart materials

In comparison to intelligent materials, smart materials are engineered in order to
produce a unique beneficial response to an environmental change (Sharp and
Clemena, 2004). As described by Wei et al. (1998), a smart material should be able to
respond to an environmental stimulus in a predetermined manner within an
appropriate time, and revert back to an original state when the stimulus is removed.
Examples of smart materials include shape memory materials, piezoelectric
composites, which convert electric current to mechanical forces, electro-rheological
and magneto-rheological fluids, which can change from liquid to solid (or vice versa) in
electric and magnetic fields (Chong and Garboczi, 2002). As defined by Joseph (2009),
the difference between smart and intelligent materials is the degree to which the

material can gather and process information and react in an appropriate manner.

2.2.3 Smart Structures

Smart structures are similar to smart materials in the fact that both exhibit sense,
actuation and response properties. Smart structures are engineered composite

materials with the individual component properties ultimately providing the sense,
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actuation and response functions. The classification of smart materials and smart
structures by Chong and Garboczi (2002) is defined according to the size of the
components as shown in Figure 2.1. A smart material can be designed at the
nanoscale, molecule by molecule whereas a smart structure is more likely to be
designed at a meso or macro scale that is typical of its components. Examples of smart
structures can therefore include the self-healing materials which will be discussed in

greater detail in Section 2.2.5.

I Materials Structures Infrastructure |
Nano/micro Meso Macro Svstems integration
Molecular Micrometres Metres Up to kilometres
*micro-mechanics 'mf_s(t-nr}ecl_lalnics *beams *bridge systems
enanotechnology l[?rgpea:il:s scolumns slifelines, machines
ISmart materials Smart structures Smart systems

Figure 2.1 Scales in materials and structures (Chong and Garboczi, 2002)

2.2.4 Sensory structures

Sensory structures have the ability to sense an environmental change but do not
possess the properties to trigger a response. Examples of sensory structures include:
smart fibres that incorporate tiny strain sensors in which real-time strains can be
monitored to act as a structural health check for detection of damage; smart paints
that contain silicon microspheres that act as a coating degradation sensor; and smart
bricks which are able to monitor movement, vibration and temperature (Sharp and

Clemena, 2004).

2.2.5 Self- healing materials

Within the context of the classifications described, many self-healing materials fall into

the category of smart structures (Joseph, 2009) as highlighted in Figure 2.2.
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New Composite Materials

1
I | | |
Intelligent Materials Smart Materials Smart Structures Sensory Structures
|
Self-Healing Materials
]

¥ ]
Autonomic Healing  Autogenous Healing
] ] 1 !

Passive Active Passive Active

Figure 2.2 Material classification

Self-healing materials can be classed as smart structures because they are often
composite structures that exhibit sensing, actuation and response characteristics. The
healing response is a product of the materials ability to sense an environmental
change, process this information and act upon it. van der Zwaag (2007) presented
research in the self-healing fields of polymers, composites, ceramics, metals, coatings
and adhesives. Within the field of new composite materials, the self-healing of
cementitious materials can be classed as smart structures (Kuosa, 2000). These smart,
self-healing structures rely on the previous knowledge of failure/damage mechanisms
to which they are at risk and are consequently classed as smart rather than intelligent

(Joseph, 2009).

The self-healing capability of cementitious materials can be classed as either
autogenous or autonomic. Autogenous healing is where the healing properties of the
material are generic to that material; and autonomic healing is where the self-healing
capabilities are due to the release of encapsulated healing agents. Autogenous and
autonomic healing methods will be discussed in greater detail in Sections 2.3 and 2.4

respectively.

2.2.6 Active and Passive self-healing

Active and passive are the terms given to the actuation mode of smart self-healing

materials and structures. Materials that require activation by intervention are known
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Science in 1836 (Hearn, 1998). This natural phenomenon to heal cracks in fractured
cementitious material has been observed in old structures that come into contact with
water. Studies have since investigated the self-healing of cracks that are exposed to
moisture. Clear (1985) investigated the effects of autogenous healing upon the leakage
of water through various crack widths in concrete and observed a self-sealing effect
that was faster in smaller crack widths. Jacobsen et al. (1996) have considered the
effect of cracking and healing on chloride transport in OPC concrete. Jacobsen and
Sellevold (1996) examined the strength recovery due to autogenous healing of
concrete beams exposed to freeze/thaw cycles and concluded that a 4-5% recovery of

compressive strength by autogenous healing was possible.

2.3.1 Mechanisms of autogenous healing

Self-healing in concrete was studied by Edvardsen (1999) who conducted both
experimental and theoretical research into the effects of crack healing. Water
permeability tests on small scale concrete specimens with varying crack widths and
crack lengths were conducted in order to determine the autogenous healing response.
The results confirmed that cracked specimens subjected to water pressure were able
to heal themselves and the greatest autogenous healing effect was shown to be in
early age specimens exposed to water between 3 and 5 days. The precipitation of
calcium carbonate (CaCO;) was reported as the sole cause of autogenous healing
within the cracks. Furthermore, it was shown that CaCO; precipitation was improved
with a rising water temperature; rising pH value of the water; and a falling CO, partial

pressure in water.

However, in addition to the formation of CaC0O; described by Edvardsen (1999) as the
sole cause of autogenous healing, further mechanisms of autogenous healing, also
referred to as self-closing mechanisms have been reported (RILEM, 2011; Schlangen
and Joseph, 2009; ter Heide et al., 2005). The primary causes of autogenous healing
can be summarised by (i) swelling and hydration of cement pastes, (ii) precipitation of
calcium carbonate crystals, and (iii) blockage of flow paths due to deposition

(Schlangen and Joseph, 2009). Consequently, for autogenous healing to occur in
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cementitious materials, the presence of water and cement is needed in order to
promote the chemical reactions at the crack surfaces. As a result of the reaction
between water, unhydrated cement and CO,, the crystallisation product (CaCOs3) can
be deposited on opposite faces of a crack that can eventually re-establish the
continuity of the material. At present, very little information is presented with regard

to the tensile capacity of these self-healing mechanisms.

The blockage of flow paths by a build up of CaCO; is not necessarily the only healing
process that reduces the permeability through a crack. The blockage can also be
attributed to water impurities and concrete particles broken from the crack surfaces
due to cracking. ter Heide et al. (2005) classified this blockage of a crack by small
particles as “self-tightening”. However, these effects are believed to be of minor

importance when compared to the mechanisms of self-closing.

Reinhardt and Jooss (2003) investigated the self-healing of cracked concrete as a
function of crack width and temperature. Permeability tests were conducted on small
scale high-performance concrete specimens. The specimens were tested at crack
widths of 0.05, 0.10 and 0.15 mm and subject to temperatures of 20, 50 and 80 °C.
Figure 2.5(a) shows the normalised flow rates through specimens with varying crack
widths subject to the same healing temperature. Figure 2.5(b) does likewise for

specimens with the same crack width but subject to varying healing temperatures.
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—&— Crack calegory 0.05mm | —0-— Temperature 20 °C
------ —e— Crackcategory 0.10mm |-~ 807& - - - - -~ -1 o Tempersiure 50°C
..... —&— Crack category 0.15mm |- - 4

Normalised flow rate (%)
0533885883888

Time (h) Time (h)
(a) (b)

Note: the curves are derived from the mean values of tested specimens and the flow rate is

normalised with respect to the flow rate at the beginning of the tests.

Figure 2.5 (a) Normalised flow rate for specimens with various crack widths at a constant
temperature (b) Normalised flow rate for specimens with a constant crack width (w = 0.05mm)

at various temperatures (Reinhardt and Jooss, 2003)

The results concluded that a decrease in flow rate was dependant on crack width and
temperature. Self-healing was found to be quicker in smaller cracks and a higher
temperature favoured a faster self-healing process. However, what is unclear from the
author’s findings is the mechanism of self-healing. Permeability tests that measure the
flow rate through cracks do not identify the properties of the crack surfaces and
therefore in this case, it is not clear whether autogenous healing and/or self-tightening

was the mechanism by which the flow rates were controlled.

The influence of the degree of damage on the self-healing of small scale normal and
high strength concrete specimens at different ages has been reported by Zhong and
Yao (2008). In an alternative to permeability testing, ultrasonic pulse velocity (UPV)
levels were measured in order to quantify the degree of self-healing. In this method,
concrete cubes (100 x 100 x 100 mm) were damaged by compression testing and the
effects of specimen age were studied. Normal strength cubes damaged on days 7, 14
and 28 were subsequently cured at 20 °C for 30 days. High strength cubes damaged on
days 3, 14, 28 and 60 were subsequently cured at 20 °C for 60 days.
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The results concluded that there exists a damage threshold for both normal and high
strength concrete. When the damage degree is lower than the threshold, there is an
increase in self-healing ratio with increasing degree of damage, whilst if the damage
degree is higher than the threshold, the self-healing ratio decreases with increasing
degree of damage. The results also found that the strength recovery was greatest in
early age specimens. The authors claim that this was the result of less unhydrated
cement grains in older specimens. As with the observations made by Reinhardt and
Jooss (2003), the results only serve to measure the durability as a result of autogenous

healing and do not provide quantitative answers with respect to mechanical recovery.

2.3.2 Mechanical response of autogenous healing

As previously reported, Edvardsen (1999) observed that autogenous healing had the
greatest effect in early age specimens. In more recent work by ter Heide et al. (2005),
crack healing was investigated by measuring both the mechanical strength and
permeability of early age concrete specimens. Although permeability tests provide
evidence of self-healing the use of mechanical testing is required to measure its

effectiveness in terms of the recovery of the materials strength.

In order to measure the recovery of the mechanical properties of concrete, ter Heide
et al. (2005) set up a three-point bend test using 40 x 40 x 160 mm prismatic
specimens as shown in Figure 2.6(a). The specimens were initially loaded to a
predetermined crack width and then unloaded. They were then stored in water for 2
weeks while subject to a compressive force (Figure 2.6(b)) in order to create contact
points between the crack surfaces. After a 2 week healing period, the specimens were
tested to failure. The variables included: the amount of compressive force applied
during healing, which ranged between 0.0 and 2.0 N/mm?; the specimen age at initial
cracking, which ranged between 20 and 72 hours; and the crack mouth opening of the

initial crack, which ranged between 0.02 and 0.15 mm.
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centre point in order to localise cracking during the tests. The specimens were initially
cracked to a predetermined crack mouth opening of 0.01mm. They were then cured at
20 °C in either water or air (with 50 % relative humidity) for a period of 1, 3, 6, 10 or 20
weeks. After each curing regime the specimens were reloaded under three-point

bending in order to measure the strength recovery due to autogenous healing.

The test results concluded that the specimens cured in water recovered their initial
stiffness and there was a slow increase in flexural strength with curing age. Unlike the
studies by ter Heide et al. (2005) and ter Heide and Schlangen (2007), the specimens
were not subject to compressive force in order to provide crack closure. In this
instance, Granger et al. (2007) report that a build up of crystallised material between

the crack surfaces generated the self-healing effect.

A comprehensive study of autogenous healing has been made on the engineered
cementitious composites material known as ECC, developed at the University of
Michigan (Yang et al., 2009). The composite material is often referred to as “bendable
concrete” due to its highly ductile characteristics as a result of incorporating high-
modulus polyethylene fibres into the cementitious matrix. Consequently, ECC has a
tensile strain capacity that generally exceeds 1 % but has been known to measure up
to 8 %. In Fibre Reinforced Concrete (FRC), after first cracking a typical post-peak
tension softening curve is exhibited, but in ECC, first cracking is followed by a rising
stress and increasing strain as shown in Figure 2.8. It is only after several percent of
straining that the strain-hardening effect in ECC gives way to the common FRC

response (Li and Kanda, 1998).
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Figure 2.8 Tensile strain-hardening behaviour of ECC in comparison with FRC (Li et al., 1998a)

The autogenous healing of ECC has been examined by several methods: resonant
frequency tests that analyse material degradation; tensile tests that measure the
mechanical response; and permeability tests. Small scale specimens were prepared
and left to air cure under laboratory conditions for 6 months, after which time they
were subjected to predetermined uniaxial tensile strain levels of between 0.3 % and 3
%. After unloading, the specimens underwent one of two wetting and drying regimes,
which consisted of either: submersion in water at 20 °C for 24 hours and drying in the
laboratory at 21 + 1 °C for 24 hours (no temperature effects were considered); or
submersion in water at 20 °C for 24 hours, oven drying at 55 °C for 22 hours, and
cooling in the laboratory at 21 + 1 °C for 2 hours. Specimens that were subject to the
tensile loading tests were notched to ensure that they exhibited a strain-softening
response typical to FRC. Specimens were then loaded to predetermined crack widths

of between 0 and 0.3 mm in order to measure the autogenous healing effect.

The results concluded that autogenous healing was observed in all the methods
examined. In Figure 2.9, the autogenous healing of cracks (a) and the subsequent
formation of new cracks (b) is shown. The authors attribute the mechanism of
autogenous healing to the growth of calcites inside the tight cracks and noted that the
majority of the self-healing products consisted of calcium carbonate crystals. In
specimens subject to tensile straining, the extent of autogenous healing was greater in

specimens subject to a lower strain. The authors concluded that for noticeable
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results confirmed that a self-healing capability was present in all the FRCC specimens
tested. The self-healing product was confirmed as calcium carbonate crystals, which

reduced water permeability and increased recovery of tensile strength in specimens.

Other notable studies have investigated the autogenous healing of expansive agents in
cementitious materials. Ahn and Kishi (2009) identified from microscopy observations
that the incorporation of geo-materials and expansive agents in cementitious materials
self-healed a 0.15 mm crack after 3 days. Kishi et al. (2007) also concluded that by
using appropriate dosages of expansive agents and carbonates, the self-healing ability

of cracks is increased.

2.3.3 Enhancement of autogenous healing

To date, the studies undertaken in the field of autogenous healing in cementitious
materials have served to optimise the degree of self-healing. Various testing
procedures have been observed that measure the effects of autogenous healing. These
are: permeability tests that provide an indication of the durability of cementitious
materials by measuring water flow through specimens; mechanical tests that provide
an indication of the strength recovery in specimens due to autogenous healing;
resonant frequency and UPV tests which can measure the degree of damage and the
subsequent autogenous healing; and ESEM, that is utilised to assess the healing

products that are deposited in the cracks.

These studies have shown that the self-healing effect that is exclusive to cementitious
materials can be the result of autogenous healing and/or self-tightening. Further to
this, a comprehensive set of parameters can be established that aims to enhance the

autogenous healing effect. These include:

e Water - in order for autogenous healing to occur in cementitious materials the

presence of water is required.

e Age —the degree of autogenous healing is greater in specimens at an early age.
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e Crack width — the degree of autogenous healing is greater in specimens with
smaller crack widths. Specimens with varying CMOD values have been reported
in the literature that range between 0.01 mm to 0.30 mm (Granger et al., 2007;
Reinhardt and Jooss, 2003; ter Heide et al., 2005; and Yang et al., 2009). Yang
et al. (2009) report that for noticeable autogenous healing to occur, the crack
width of specimens should be controlled to below 0.15 mm. However, at

present a maximum allowable crack width is unknown.

e Temperature — an increase in water curing temperature provides an increase in
the degree of autogenous healing. Furthermore, Yang et al. (2009) observed
that high temperature curing in a dry environment served to decrease the
degree of autogenous healing and stated that more research in this area was

required.

e Compression — the degree of autogenous healing can be improved by crack

closure due to a compressive force.

Studies have shown that specimens which exhibit autogenous healing have the ability
to recover their initial strength. In studies by ter Heide et al. (2005), autogenously
healed specimens exhibited a peak load recovery when compared to the peak loads of
pre-damaged specimens. However, at present there is no published experimental data
reporting either a significant increase or repeatability in strength recovery.
Furthermore, ter Heide et al. (2005) describe that the strength of the healed crack as a
result of autogenous healing is greater than the equivalent natural strength gain of the
bulk material. ter Heide et al. (2005) attribute these findings to the access of water,
whereby full hydration is possible around the crack region in comparison to limited

water access in the bulk material.

2.4 Autonomic Healing

The field of autonomic healing in cementitious materials is still very much in a

conceptual design phase and in comparison to autogenous healing, has received far
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2.4.2 Autonomic healing in cementitious materials

The first study of autonomic healing in cementitious materials by Dry (1994) adopted
the same concept developed in polymers by White et al. (2001), as illustrated in Figure
2.10. The study by Dry (1994) investigated the internal release of chemicals from

hollow fibres in both active and passive modes as previously discussed in Section 2.2.6.

The active mode investigated the release of methylmethacrylate from inside hollow
wax coated polypropylene fibres into the cementitious matrix. Low heat was applied to
the fibres in order to melt the wax coating and release the methylmethacrylate. The
passive mode investigated the use of brittle hollow glass tubes, which when subject to
a flexural stress, crack and release adhesive into the cementitious matrix. The release
of the adhesive into the damaged zone was shown develop a strength recovery of the
specimens. The results from both methods were largely qualitative but the concept of
delivering a chemical from an internal release system into the outside matrix was
proven. Further studies (Dry, 1996; Dry and Unzicker, 1998; Dry, 2000; Dry and Corsaw,
2003) have been undertaken in this area, but there is still a lack of quantitative

measures of their success.

2.4.3 Mechanical response of autonomic healing

One of the pioneering studies into autonomic healing of cementitious materials was
carried out by Mihashi et al. (2000). In this study, several healing agents were
investigated to measure their effectiveness as well as different encapsulation
techniques. Initial tests analysed the encapsulation methods of embedded
microcapsules and hollow glass tubes, with advantages and disadvantages recognised
in both methods as discussed further, in Section 2.4.5. The use of glass tubes was
selected for further study and the healing properties of both alkali-silica solutions and
epoxy resins were investigated. Specimens with the two part epoxy resin had two glass
tubes embedded into the cementitious matrix and specimens with alkali-silica

solutions only used one glass tube, as illustrated in Figure 2.12.
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Figure 2.12 Specimen configuration and test set up {Mihashi et al., 2000)

Small scale (40 x 40 x 130 mm) specimens with a central notched region were subject
to three-point bend tests. As illustrated in Figure 2.13, specimens were loaded beyond
their peak flexural load and unloaded at a value P1. After a curing period (healing time)
the specimens were reloaded to measure the self-healing effect and the peak load, Pr,

was used to measure the strength recovery ratio, Pr/P1.

? Unloading

CMOD

Figure 2.13 Load vs. CMOD for specimens (Mihashi et al., 2000)

A comparison was made between specimens containing both healing agents, control
specimens containing no healing agent and specimens with manually injected healing
agent. Figure 2.14 shows the results of all self-healing experiments carried out. The
results showed that the specimens with alkali-silica solutions developed an increase in
strength recovery ratio, with the diluted alkali-silica solution showing higher recovery
due to its lower viscosity. The specimens containing epoxy resin showed no significant

increase in strength recovery ratio when using glass tubes to supply the adhesive due
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to insufficient mixing of the two part epoxy resin. However, by manual injection the
strength recovery ratio showed a significant increase. Further to this, the results
showed that the strength recovery was greater for specimens with a crack mouth

opening displacement (CMOD) of less than 0.50 mm, as illustrated in Figure 2.14(d).
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NOTE: P = control specimens (no healing agent); B = alkali-silica solution (27 % dilution); B’ = alkali-silica
solution; C = two part epoxy resin (low viscosity type); 1 = 7 days second curing duration; 4 = 28 days
second curing duration.

Figure 2.14 (a) Alkali-silica repairing agent B (b) Alkali-silica repairing agent B’ (c) epoxy resin

repairing agent C, and (d) CMOD vs. self recovery ratio (Mihashi et al., 2000)

However, several issues relating to the validity of these results should be noted. As
shown in Figure 2.14(d), although the strength recovery was shown to be greatest at a
CMOD value of approximately 0.50 mm, at values below this the strength recovery is
much lower. It is also noticeable in Figure 2.14, that a large range of values for specific
parameters is shown, for example, in Figure 2.14(c), specimen C1, has a strength-

recovery ratio of between approximately 1 and 5 %.
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provide a pressurised environment and upon cracking the release of superglue was
exhibited. For specimens that did not exhibit a regain in stiffness, post-mortem
investigations indicated hardened sealing agent within the hollow glass fibres as a
result of poor sealing. The study also investigated the location and the number of
hollow glass fibres as illustrated in Figure 2.16. The results confirmed that a significant
change in stiffness was found in specimens with a larger number of hollow glass fibres

as a result of a larger quantity of superglue.

Tl ugfr

4@6.0

le—se.1—»| le—38.1—]

Figure 2.16 Schematic illustration of the two glass fibre arrangements (Li et al., 1998a)

2.4.4 Healing agents

The studies of autonomic healing in cementitious materials have included several
healing agents as highlighted by Schlangen and Joseph (2009) and RILEM (2011). The
healing agents used have generally been readily available and relatively low cost,
which in terms of their potential in commercial use is encouraging for future

application. The healing agents used have been:

e Cyanoacrylates
e Epoxy resins
e Alkali-silica solutions

e Polyurethane

These studies have concluded that the properties of the healing agent need to adhere
to specific criteria in order to carry out the self-healing function. As discussed by

Joseph (2009), the healing effect is not only dependant on the capillary forces dictated
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by the crack width for effective uptake, but also the viscosity of the healing agent. A
lower viscosity provides a larger healing potential. Other factors include the setting
time of the healing agent, which in cyanoacrylates can be a matter of seconds, but
epoxy resins can take several hours or even days to set. The healing agent must also be
able to adapt to the surrounding environment and form a sufficiently strong bond

between the surfaces of cracks in order to carry out a self-healing function.

Cyanoacrylates, commonly known as superglues, are one part systems that have
almost instant adhesive properties in the presence of moisture. In order to lengthen
the pot life it is common for them to be stored in an air tight environment so that the
solvent will not set. Cyanoacrylates have very low viscosities, making them desirable
for seeping into micro-cracks that can be less than 100 microns wide and also provide
a bond strength that often exceeds the strength of the original material (Joseph, 2009).
This was confirmed in studies by Li et al. (1998a) that reported a stiffness recovery
using ethyl cyanoacrylate as the healing agent. Dry (1994) also reported that
specimens exhibited new crack formation as a result of initial cracks being sealed by

cyanoacrylates.

An advantage of their application in concrete is that cyanoacrylates are acidic in
solution and when in contact with an alkaline concrete environment, will provide
neutralisation of the glue. This quick setting environment provides a fast self-healing
response from the onset of damage; however, if the setting is too quick, the glue

dispersion may be limited.

The studies investigating the use of epoxy resins as a healing agent have all shown
insufficient mixing of the two part components. Mihashi et al. (2000) and van
Tittelboom and De Belie (2009b) both reported that strength recovery was limited as a
result of unequal mixing of the principal agent and the hardener and the latter
reported that this could be due to the varying viscosities of the two parts. It was also
noted that the rupturing of both encapsulation vessels would be required to release

both parts of the epoxy resin for mixing. Dry (1994) also found that in comparison with
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cyanoacrylates, the epoxy resins had a slower setting time and lower strength

recovery.

As previously mentioned, Mihashi et al. (2000) also investigated the use of alkali-silica
solutions as a healing agent. In comparison with epoxy resins, the strength recovery
was reportedly smaller, but this can be considered irrelevant so long as the bond
strength provided by the healing agent provides an increase in tensile strength to
damaged specimens. Joseph (2009) reports that the use of alkali-silica based healing
material is also likely to cause less compatibility problems in comparison to its polymer

based counterparts.

More recently, the use of polyurethane foam has been studied by van Tittelboom and
De Belie (2009b). In comparison with epoxy resins that were also used as a healing
agent in this study, polyurethane showed a much larger regain in stiffness. This

suggests potential for the future use of polyurethane as a healing agent.

2.4.5 Encapsulation techniques

As highlighted by Schlangen and Joseph (2009) various encapsulation techniques have

been reported in the literature. These have included:

e Microcapsules
e Continuous glass tube supply

e Glass capillary tubes

The use of microcapsules as studied by Mihashi et al. (2000) allow for multiple crack
locations. However, only a limited supply of healing agent can be delivered as a resulit.
Alternatively, the use of hollow glass tubes allows for a continuous supply of healing
agent by use of an external delivery system. This allows for the quantity of healing
agent to be controlled, which in larger fractures is advantageous. It also allows for the
type of healing agent to be changed if required. Dry (1994) investigated the use of a

continuous supply with an external vacuum pump acting as a delivery system. One of
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the issues with this method is however, replicating the system on a construction site

and is currently confined to testing in a laboratory environment.

As previously discussed, Li et al. (1998a) adopted the use of glass capillary tubes as a
method of encapsulation. The glass tubes were sealed at both ends and embedded
into the cementitious matrix. It was found that failure of the tubes was caused by
tensile failure or flexural failure (shattering) as the angle between the crack plane and
the longitudinal direction of the glass became more acute. Like microcapsules, the
glass capillary tubes have a limited supply, but upon rupture provide more healing
agent to a crack zone. As previously discussed in the context of polymers (Section
2.4.1), the encapsulation techniques need to account for geometry and toughness in

order to provide a successful sensing and actuation mechanism.

2.4.6 Further studies

Other notable autonomic healing studies include the use of bacteria incorporated into
a cementitious matrix that serve to increase calcium carbonate production as a result
of micro-cracking in order to enhance the self-healing effect (Jonkers et al., 2010;
Jonkers and Schlangen, 2009). These studies aim to identify bacteria that can survive
concrete incorporation and which will be required to withstand a high alkaline

environment and resist mechanical stresses due to mixing.

In these studies, the use of a two component healing agent represented by the
bacteria (related to the genus Bacillus) plus calcium lactate were able to produce
calcium carbonate based minerals upon activation by water ingress due to cracking.
The studies have shown that the bacteria production was limited to only early age
specimens. Jonkers et al. (2010) describe that the reduction of pore diameter in the
cementitious matrix with specimen age decreased the viability of bacteria as bacteria
spores became crushed. Furthermore, the mineral precipitation to provide crack-
plugging was found to only repair cracks of less than 1 mm. In the latter, the authors

attribute these findings to a maximum allowable amount of mineral precursor that
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should not exceed a level that will influence the setting time and final strength of the

cementitious material.

The studies of bacteria in cementitious materials as with all the autonomic healing
studies in cementitious materials are still in their infancy. The use of bacteria is
currently limited to healing in micro-cracks and the shelf life of bacteria spores in the
matrix is restricted to only early age specimens. However, with continuing research in
this area, it is certainly feasible to develop more durable cementitious materials with

bacteria incorporation that can provide autonomic healing.

Selective heating devices as a method of self-repair have also been investigated that
aim to provide a self-healing capability at a specified crack zone (Nishiwaki et al., 2009;
and, Nishiwaki et al., 2007). The concept of a proposed selective heating system is
illustrated in Figure 2.17. The cementitious matrix is embedded with a heating device
and an organic film pipe containing a repair agent. As a crack is formed, electrical
resistance is generated by the strain responsive heating device, which in turn develops

the heat required to melt the film and enable the release of a repair agent into a crack.

The results by Nishiwaki et al. (2007) show that the developed material system is
capable of selective crack healing as a result of cracking in specimens. The advantages
of such as system include the potential to localise crack healing to a specific crack and
provide a multiple crack healing ability. However, at present the authors describe that
the concept is only aimed at repairing narrow width cracks and that its self-healing
function is intended to recover water tightness rather than material strength.
Furthermore, the material strength of specimens may be affected by the embedment

of both a heating device and a pipe containing a repair agent.
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The applications of SMAs have been extensively researched and their use has been
reported in couplings, actuators and smart materials within the medical, electronic,
consumer goods, air and space industries (van Humbeeck, 2001; Otsuka and Ren,
1999). The notable advantages of SMAs that have resulted in their application on a
commercial scale include shape memory performance, proven reliability, diverse
actuation, high recovery stress when restrained and corrosion resistant properties (Liu
et al,, 2007; Wei et al., 1998). However, within civil engineering, the use of SMAs has
been limited due to the associated high cost (Czaderski et al., 2006). In addition, SMAs
have a very low young’s modulus, a limited recoverable strain of less than 8% and a
limited transition temperature range (Liu et al., 2007). It is perhaps these limitations
that have provided the need for diversity and the motivation toward the development

of alternative shape memory materials such as shape memory polymers (SMPs).

Shape memory polymers (SMPs) can be classed as a new type of “intelligent” polymer
(Zheng et al. 2006). In comparison with SMAs, SMPs have gained great research
interest due to their high elastic deformation (strain recovery of up to 200%), low cost
and wide range of mechanical and physical properties (Liu et al 2007; Wang et al.,
2006). In addition, SMPs are low density in comparison with SMAs and have a
controllable activation temperature range (Li et al., 1999; Jeong et al., 2000; Tobushi et
al., 1996). A comparison of the properties between SMPs and SMAs is shown in Table
2.1. As stated by Behl and Lendlein (2007) the inherent attributes in SMPs have led to
their use in various areas of everyday life. Examples of applications include biomedical

devices and deployable structures in the aerospace industry.
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Table 2.1 Comparison of the typical properties of shape memory polymers and shape memory

alloys (Liu et al., 2007)

SMPs SMAs
Density/g cm™ 0.9-1.1 6-8
Extent of deformation (%) Up to 800% <8%
Young's Mod at T < Ty..s/GPA 0.01-3 83 (NiTi)
Young’'s Mod at T > Tyans/GPA (0.1-10)x 10° 28-41
Stress required for 13 50-200
deformation/MPa
Stress generated during 13 150-300
recovery/MPa
Critical temperatures/°C -10-100 -10-100
Transition breadth/°C 10-50 5-30
Recovery speeds <1 s-several min. <1s
Thermal conductivity/W m~ K~ | 0.15-0.30 18 (NiTi)
Biocompatibility and Can be biocompatible and/or Some are biocompatible (i.e.
biodegradability biodegradable Nitinol), not biodegradable
Processing conditions <200°C, low pressure High temperature (>1000°C)
and high pressure required
Corrosion performance Excellent Excellent
Cost <$10 per Ib ~£250 per |b

2.5.2 Shape memory effect in polymers

The purpose of this review is not to detail the complex chemistry of the shape memory
effect in polymers, but the fundamental science of polymers needs to be addressed.
Polymers consist of a chain of monomers. The majority of these are linear in nature
consisting of a polymer molecule whereby the atoms are arranged in a long chain
known as the backbone. Pendant chains consist of fewer atoms that are sometimes
attached to atoms in the backbone chain that have hundreds of thousands of atoms.
Sometimes the pendant chains can be as large as the backbone and these pendant
chains can attach themselves to other pendant chains which results in non-linear
polymers and larger specimens. The arrangement of chains determines the
classification of the molecular structure. As illustrated in Figure 2.18, polymer

structures can be linear, branched or cross-linked. (Rosen, 1993; van Krevelan, 1997).
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Figure 2.18 Schematic representations of polymer structures

The shape memory effect in SMPs is illustrated in Figure 2.19. The permanent shape is
initially processed by for example, casting or injection moulding (Ni et al., 2007). The
polymer then undergoes deformation and is subsequently fixed in its temporary shape
in a process known as programming. In a thermally induced programming process the
polymer will be heated above a transformation temperature (Tya.s) causing
deformation. The polymer is then cooled, becoming fixed in its temporary shape. The

permanent shape is stored and can be recovered once again by heating above the

Ttrans-

i. DEFORMING
ii. FIXING ili. RECOVERING
- —

PERMANENT PERMANENT
SHAPE SHAPE

TEMPORARY
SHAPE

Figure 2.19 Schematic representation of the shape memory effect. Transformation from
permanent shape to temporary shape and recovery (Liu et al., 2006)
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The majority of SMPs reported in the literature are taken from the polyurethane (PU)
chain. Zhang and Ni (2007) highlighted that polyurethane is one of the most studied
shape memory polymers because its Tyans Can be set up at any temperature within +
50K around room temperature. However, the shape memory effect is not exclusive to
this polymer chain and the effect can be observed in other polymers by adaption of
the polymer structure and morphology as well as the processing and programming
techniques used (Lendlein and Kelch, 2002). As SMPs are an emerging technology it is
worth noting that there are only a few data sets concerning the shape memory

properties of SMPs that are comparable with each other (Ohki et al., 2004).

2.5.3 Transformation temperature

The transformation temperature, Tans, also referred to as the transition temperature
(Lendlein and Kelch, 2002) is the temperature at which the material is activated and
changes from its original permanent shape to the temporary stored shape. The
transformation temperature can be either a glass transition temperature, Tg, or a
melting temperature, T, (Zheng et al., 2006). The Tins of polymer materials generally
depends on the strength of the intermolecular force (hydrogen bond and polarization),
the stiffness and symmetry of the backbone chain and the geometry of the side chains
and function groups (Hayashi et al, 2004). These properties can be tailored by the
physical and chemical make up of the polymeric material that can subsequently
influence the Tyans. This variation in Tyans gives potential for a wide range of

applications due to the activation mode that is either above or below T,.

Figure 2.20 illustrates the elastic modulus of a typical polymer below T, and above T,.
In general, polymers can be described as viscoelastic materials because they can
behave at intermediate positions between viscous liquids and elastic solids (Ward,
1979; Ward and Sweeney, 2004). At temperatures lower than T; a polymer is in a
glassy state and behaves as an elastic solid at small strains, polystyrene is a typical
example (Liu et al., 2006). At temperatures above T; a polymer exhibits low stiffness

and is classed as rubbery as seen in materials such as elastomers which are flexible and
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soft. As shown in Figure 2.20, T; does not occur at a specific temperature but over a

range and in general, the mid-point is classed as the T,.
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Figure 2.20 Temperature dependency of elasticity modulus of SMP (Hayashi et al., 2004)

2.5.4 Thermomechanical characterisation

The shape memory effect in polymers can be characterised by thermomechanical
cycling. The cycling is performed in a thermochamber by means of a tensile tester or a
dynamic mechanical analyser (DMA). A sample undergoes deformation and fixing to a
temporary shape and recovery to a permanent shape. The cycling can be performed in
either stress or strain controlled modes and although the control method between the
two modes may generate slightly different results they will provide complimentary
information (Rousseau, 2008). A typical 3D representation of thermomechanical
cycling is shown in Figure 2.21. During a cycle a sample will exhibit deformation,
cooling, fixing and recovery (Tobushi et al., 2001). A sample is heated up to a
temperature above its transformation temperature (T > Tyans) to a predetermined
stress or strain (o, or €y). The sample is then cooled down below its Ty.ns under a

constant o, or €. The sample becomes fixed in its temporary shape and the constraint
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is released until a stress-free state is reached. The sample is then heated above its Tyrans

and the stored strain energy is used to recover the sample to its permanent shape.

Figure 2.21 Schematic representation of a 3D result for thermomechanical cycle tests. 1: At T >
Tians, Sample is stretched to €,; 2: Cooling down while g, is kept constant; 3: constraint
released to reach stress-free state; 4: Heating up to T > Ty..s; 5: Cycle repeated. (Lendlein and

Kelch, 2002).

2.5.5 SMP classification

SMPs can be classified depending on their structures and Tyans. The structure of an
SMP can be thermoset or thermoplastic with a cross-linked network that is physically
or chemically cross-linked. The SMP structure can be divided into soft and hard
segments. The soft segments control the deformation phase into a temporary shape
by crystallisation. The hard segments form physical cross-links by for instance,
hydrogen bonding, crystallisation or polar interaction, with the cross-links being able
to withstand moderately high temperatures without being destroyed. It is through
these segments that the shape memory behaviour can be tailored. The coexistence
between the physical or chemical cross-linked structure (hard segment) and the
amorphous or crystalline region (soft segment) determines the shape memory

behaviour (Rousseau 2008; Wang et al., 2006).

Several authors have identified a classification for SMPs based on shape fixing and

recovering mechanisms (Lendlein and Kelch, 2002; Liu et al., 2007; Ratna and Karger-
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Kocsis, 2008). These classifications will be described in the context of thermal

activation.

Class 1: Chemically cross-linked glassy thermoset networks

This class of polymers has excellent shape fixity and recovery due to the nature of
cross-linking and the absence of slip between chains. The shape memory effect is
initialised by deformation at a temperature above T; and then fixed by cooling below
Te. Recovery to the permanent shape is then activated by heating above T,. In general,
this class of polymers exhibit a fast and almost complete fixing and recovery between
95 — 100% (Gall et al., 2004; Liu et al., 2006; Liu et al., 2004). Typical examples include
epoxy based SMPs and thermosetting polyurethanes that exhibit a wide range of
shape recovery temperature (typically between 30-70°C), high recoverable strain and

biocompatibility (Yang et al., 2006).

Class 2: Chemically cross-linked semi-crystalline networks as SMPs

As with class 1 polymers, the permanent shape is established by chemical (covalent)
cross-linking that can not be reshaped after processing. The shape memory effect is
initiated by heating above T, and fixed by cooling below the crystallisation
temperature. Figure 2.22 shows a schematic representation of the shape memory
effect. In comparison to class 1, the shape fixity and recovery can occur over a wider
temperature range. These polymers are commonly used as heat shrink materials, such
as Polyethylene terephthalate (PET) that exhibit recovery between 95 and 100% (Li et
al.,1998b).
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distribution (Rousseau, 2008). A summary of the properties of all four classes is shown

in Table 2.2.

Table 2.2 Summary of shape memory polymer classification properties

Class 1 2 3 4

Cross-linking Chemical Chemical Physical Physical

Transformation Glassy Semi-crystalline Glassy Semi-crystalline

characteristic

Ttrans T> Tg T> Tm > Tg T> Tm

(deformation)

Tirans (recovery) T<T, T<Th T<T, T<Th

Recovery range 95 — 100 95100 75 - 100 56 - 100

(%)

Example . Heat shrinkable Glass fibre Styrene-trans-
Epoxy resin . . .

materials materials, for reinforced butadiene-
based SMPs

example PET polyurethane styrene (STBS)

2.5.6 Activation methods

The shape memory effect in SMPs is the response of the polymers structure to an
external action. This external action that causes the polymer to change from its original
permanent shape to a temporary stored shape is often termed the activation method.
Such methods can include changes in temperature, moisture, pH, light, solvent
compositions and electromagnetism. For instance, a shape change caused by a

temperature change would be classed as a thermally activated SMP.

2.5.6.1 Thermal activation: direct and indirect

The shape memory effect by thermal activation can be a direct or indirect actuation.
By increasing the environmental temperature of an SMP above its Ty.ns the activation
is classed as a direct actuation. This shape memory effect has previously been

described in Section 2.5.2 and shown in Figure 2.19.

There are many studies investigating various methods of activation, most notably
reviewed by Behl and Lendlein (2007) who highlight a diverse range of indirect thermal
actuation methods. Such methods include indirect heating through electromagnetism,

infrared light and moisture.
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