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Shape memory polymers (SMPs) are some of the most important and valuable 
engineering materials developed in the last 25 years. These fascinating 
materials demonstrate remarkably versatile properties—including capacity 
for actuation and stimulus responsiveness—that are enabling technologists 
to develop applications to be used in the exploration of everything from the 
outer reaches of space to the inside of the human body. 

Polyurethane Shape Memory Polymers details the fundamentals of SMP 
makeup, as well as their shape-recovery features and their seemingly endless 
potential for use in applications ranging from macro- to submicron scales. 
With an abundance of illustrations and vivid pictures to explain how SMPs 
and composites work and how they can be used, this book covers:

• SMP history and most recent developments
• Thermomechanical properties and behavior of the polymers and  
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• Modification of SMPs and novel actuation mechanisms
• Large-scale surface pattern generation
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A must-have reference for anyone working in the materials science and 
engineering fields, this book outlines the properties—such as light weight, 
low cost, and ability to handle high strain—that make the easily processed 
SMPs so useful in fields including aerospace, biomedicine, and textiles. It is 
intended to help readers understand and apply the knowledge and techniques 
presented to develop new innovations that will further benefit society.
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Forewords
This.book,.Polyurethane Shape Memory Polymers,.authored.by.Dr..Wei.Min.Huang,.
Dr..Bin.Yang,.and.Dr..Yong.Qing.Fu,. is. the first book dedicated. to.polyurethane.
shape.memory.polymers—some.of.the.most.important.types.of.shape.memory.poly-
mers.in.existence..As.a.senior.researcher.with.more.than.two.decades.of.experience.
in.this.field,.I.am.very.happy.to.see.the.publication.of.this.book.by.CRC.Press/Taylor.
&.Francis.Group.

This.book.is.suitable.not.only.for.macromolecule.engineers.and.researchers.work-
ing.on.developing.new.shape.memory.polymers.and.improving.the.performances.of.
existing.ones,.but.also.for.students.studying.polymer.chemistry.to.acquire.a.good.
understanding.of.the.fundamentals.of.shape.memory.polymers..On.one.hand,.this.
book.is.a.useful.reference.for.research.and.development;.on.the.other,.it.serves.as.a.
perfect.introduction.for.anyone.who.is.interested.in.learning.more.about.this.fantas-
tic.material.

The.content.of.this.book.is.carefully.structured.with.plenty.of.application.exam-
ples..I.am.sure.that.readers.will.be.fascinated.by.the.wonderful.world.of.shape.mem-
ory.polymers.

Dr. Shunichi Hayashi
SMP Technologies, Inc.

Japan

In. recent. years,. intelligent. or. smart.materials. have. attracted.worldwide. attention..
One.of.the.main.types.that.stimulated.research.into.intelligent.materials.is.the.shape.
memory.alloy..The.polyurethane.shape.memory.polymer,.in.particular,.also.has.been.
applied.practically.in.a.wide.variety.of.fields..Dependence.of.the.elastic.modulus.and.
yield.stress.on.temperature.in.a.shape.memory.polymer.is.quite.the.opposite.of.the.
principle.of.a.shape.memory.alloy..The.very.large.volume.change.of.a.shape.memory.
polymer.foam.makes.this.material.valuable.for.inflatable.structures.in.the.aerospace.
field..The.gas.permeability.of. the. shape.memory.polymer. thin.film.varies. signif-
icantly. above. and. below. the. glass. transition. temperature—a. property. with. many.
applications.in.the.medical.and.textile.fields..If.both.of.these.outstanding.qualities.of.
the.shape.memory.alloy.and.the.shape.memory.polymer.are.combined,.it.becomes.
possible.to.develop.a.shape.memory.composite.that.exhibits.completely.new.high-
performance.functions.

In.order.to.develop.shape.memory.polymer.elements,.it.is.also.important.to.under-
stand.the.thermomechanical.properties.of.these.materials..The.thermomechanics.of.
shape.memory.polymers.are.very.complex.because.they.depend.on.hysteresis..The.
most.basic.and.important.properties.of.the.polyurethane.shape.memory.polymer.are.
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introduced.in.this.fine.book.that.is.certain.to.be.of.interest.for.researchers,.students,.
and.engineers.in.numerous.fields.of.materials.science.and.engineering.

Professor Hisaaki Tobushi
Aichi Institute of Technology

Toyota-city, Japan

Shape.memory.polymers. (SMPs).are. some.of. the.most. important. and.valuable.
new.materials.developed.in.the.last.25.years..The.ability.to.respond.and.recover.
a. large.deformation.with. the.application.of. a.particular. external. stimulus. such.
as. heat,. light,. or. moisture. is. of. great. scientific. and. technological. significance..
Furthermore,. these. materials. exhibit. enormous. innovation. potential.. Because.
of. their.novel.properties.and.behavior,. they.can.be.utilized.in.a.broad.range.of.
applications.and.address.challenges.in.advanced.aerospace,.commercial,.and.bio-
medical.technologies..In.addition,.SMPs.have.advantages.over.their.older.shape.
memory.alloy.cousins—their.light.weight,.high.strain.and.shape.recovery.ability,.
ease.of.processing,.low.cost,.and.other.properties.may.be.tailored.for.a.variety.
of.applications.

Although.the.focus.of.this.book.is.on.one.commercially.available.thermoplastic.
polyurethane.SMP,.the.main.features,.mechanisms,.and.applications.discussed.here.
are.largely.applicable.to.other.SMPs..Based.on.the.remarkable.properties.of.SMPs.
and. their.great.potential,. technologists.have.developed.many.applications. ranging.
from.outer.space.exploration.to.the.interior.of.the.human.body..As.a.result.of.their.
considerable.shape.memory.effects.(SMEs),.SMPs.are.in.the.process.of.reshaping.
our.thinking,.approaches,.and.design.methods.in.many.ways.that.conventional.mate-
rials.and.traditional.approaches.do.not.allow.

In.the.aerospace.arena,.SMPs.formed.as.foams,.composites,.and.hybrid.structures.
used.with.cold.hibernated.elastic.memory.(CHEM).technology.have.the.potential.to.
provide.innovative.self-deployable.space.structures.with.significantly.better.reliabil-
ity,.lower.cost,.and.simplicity.than.other.expandable.and.deployable.structures..Some.
advanced.SMP.space.concepts.represent.a.new.generation.of.deployable.structures..
If.developed,.these.innovative.technologies.will.introduce.a.new.paradigm.for.defin-
ing.configurations.for.space-based.structures.and.future.mission.architectures.

The. unique. attributes,. biocompatibility,. and. other. properties. make. polyure-
thane.SMP.technology.viable.for.self-deployable.stents.and.other.medical.products..
Recently. developed. SMP. foams. combined. with. CHEM. processing. expand. their.
potential. medical. applications. even. further.. SMP. materials. will. significantly. and.
positively.impact.the.medical.device.industry..They.have.unique.characteristics.that.
will.revolutionize.the.manufacture.of.medical.devices.and.usher.in.an.era.of.simple,.
low-cost,.self-deployable.medical.devices.

This.book.provides.a.comprehensive.discussion.of.SMPs.from.a.brief.introduc-
tion. to. SMPs. and. their. position. in. the. world. of. materials,. through. the. details. of.
shape. memory. behavior,. fabrication,. and. characterization. of. composites,. fabrica-
tion.of.porous.materials.and.their.applications,.investigation.of.SMEs.at.micro.and.
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nano.scales,.biomedical.applications,.fundamentals.of.multi-SMEs,.and.the.future.
of.polyurethane.SMPs.

Dr. Witold M. Sokolowski
California Institute of Technology

Pasadena, California

Shape. memory. polymers. (SMPs). belong. to. a. novel. class. of. intelligent. (“smart”).
polymers.introduced.in.the.mid-1980s.in.Japan.that.have.gained.much.attention.in.
Japan. and. in. the.United.States..SMPs. are. stimuli-responsive.polymers. that. func-
tion.by.changing.their.moduli.and.shapes.on.exposure.to.external.stimuli.such.as.
heat,.light,.and.chemicals..This.class.of.polymers.developed.rapidly.in.the.past.two.
decades,.and.many.articles.about.various.aspects.of.SMPs.have.been.published.in.
recent.years.including.review.articles.focusing.on.material.systems..Since.then,.con-
tinuous. development. efforts. by. various. organizations. and. university. groups. have.
expanded. the. applications. of. SMPs. into. diverse. fields. such. as. morphing. aircraft.
structures,.textiles,.and.biomedical.devices.

Among.various.classes.of.SMPs.reported.to.date,.polyurethane-based.SMPs.are.
the.most.extensively.investigated;.they.were.also.the.first.SMPs.to.be.commercial-
ized..The.scientific.knowledge. revealed.by. investigation.of. their.molecular.archi-
tectures.and.structure–property. relationships.provided.a. sound. foundation. for. the.
understanding. of. the. unique. functionalities. of. these. materials.. The. translation. of.
such.knowledge. into. the.development.of.new.capabilities.will. lead. to. innovations.
that.will.benefit.society.

This.book.provides.a.foundation.for.better.understanding.of.various.aspects.of.
SMPs,.including.shape.memory.mechanisms.and.mechanics..In.addition,.various.
application.concepts.are.introduced.to.establish.a.good.framework.for.assessing.
the.potential.utility.of.this.class.of.materials.in.modern.society..The.authors.pro-
vide. numerous. examples. to. illustrate. the. unique. functionalities. that. SMPs. can.
bring.about.in.engineering.designs.for.future.applications,.such.as.the.discussions.
on.fabrication.of.micro-.and.nano-sized.elements.in.Chapter.9,.large-scale.surface.
pattern.generation.in.Chapter.10,.and.multi-shape.memory.effect.in.Chapter.12.

The.material.in.this.book.is.valuable.for.university.students,.research.scientists,.
and.engineers..As.an.active.participant.in.the.SMP.technology.field.in.the.past.decade,.
I.am.convinced.that.this.book.will.play.a.valuable.role.in.generating.a.greater.aware-
ness.of.the.numerous.possibilities.presented.by.this.class.of.unique.materials..SMPs.
are.organic.polymeric.materials. that.offer.actuation,.shape.memory,.and.stimulus.
responsiveness.enabling.new.capabilities.for.engineering.design..The.“smart”.nature.
of.these.materials.represents.a.new.design.paradigm.and.invites.us.to.consider.them.
for.use.in.applications.that.are.not.feasible.with.conventional.polymers.

Dr. Tat Hung Tong
Cornerstone Research Group, Inc.

Dayton, Ohio
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Preface
The. discovery. of. materials. exhibiting. shape. memory. effects. (SMEs)—so-called.
shape.memory.materials.(SMMs)—opened.an.exciting.field.and.made.a.significant.
breakthrough.in.the.development.of.materials.that.complement.or.supplant.the.tra-
ditional.materials.and.approaches.for.a.variety.of.engineering.applications.and.also.
influenced.the.way.many.products.are.designed.

At.present,.shape.memory.polymers.(SMPs).are.undergoing.rapid.growth.and.becom-
ing.the.leading.members.of.the.fantastic.world.of.SMMs..Based.on.their.advantages.
over.other.SMMs,.in.particular.low.cost.and.high.versatility,.SMPs.are.more.acces-
sible.and.more.flexible,.thus.showing.greater.potential.for.numerous.applications,.from.
deployable.structures.in.outer.space.to.medical.devices.such.as.stents.and.sutures.

Although.a. few. types.of.SMPs,.e.g.,. the.polystyrene.SMP. invented.by.Dr..Tat.
Hung.Tong.and.now.marketed.by.Cornerstone.Research.Group,.are.gaining.in.popu-
larity,.polyurethane.SMPs.are.to.date.the.most.extensively.studied..The.polyurethane.
SMP.invented.by.Dr..Shunichi.Hayashi,.and.subsequently.developed.into.a.range.of.
products.by.him.and.his.co-workers,.is.seemingly.the.most.successful.SMP.in.the.
market.at.present.

This.book,.although.focused.on.polyurethane,.reveals.the.fascinating.aspects.of.
SMPs.in.a.systematic.way,.from.fundamentals.to.applications,.from.macro.scale.to.
submicron.scale,.from.the.history.to.the.future..By.focusing.on.a.particular.SMP.that.
is.available.commercially,.we.are.able.to.reveal.its.technical.details.and.features..The.
many.illustrations.and.vivid.pictures.included.will.help.readers.to.instantly.visualize.
and.grasp.the.basic.concepts.and.mechanisms..We.hope.that,.after.reading.this.book,.
readers.will.be.ready.to.explore.their.own.designs.

Chapter.1.introduces.SMMs.and.SMPs.and.describes.their.mechanisms.and.gen-
eral.applications..Thereafter,. the. focus. is.on.polyurethane.SMPs..Chapters.2. to.5.
present.the.thermal-.and.moisture-responsive.features,.electrically.conductive.com-
posites,.and.thermomechanical.properties.of.these.remarkable.materials..Chapter 6.
elucidates.the.fabrication.and.characterization.of.magnetic.SMP.composites..A.more.
extensive. and. systematic. review. of. SMP. composites. can. be. found. in. Chapter  7..
Chapter.8.focuses.on.porous.and.foam.SMPs..Chapter.9.discusses.SMEs.at.micro.
and.nano.scales..Chapter.10.is.about.wrinkling.atop.SMPs..Novel.biomedical.appli-
cations. are. revealed. in. Chapter. 11.. Chapter. 12. explains. the. fundamentals. of. the.
multi-SMEs.and.how.these.effects.add.a.new.dimension.to.SMP.applications..The.
concluding.chapter.covers.the.future.of.polyurethane.SMPs.

We. greatly. appreciate. the. kind. help. of. Dr.. Shunichi. Hayashi,. Prof.. Hisaaki.
Tobushi,.Dr..Witold.M..Sokolowski,.and.Dr..Tat.Hung.Tong.in.providing.construc-
tive.comments.and.writing.the.Forewords..The.origin.of. this.book.may.be.traced.
back.more.than.12.years,.when.Dr..Sokolowski.passed.a.few.pieces.of.SMP.foams.to.
W.M..Huang..We.thank.him.for.introducing.us.to.this.magic.material.
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W.M..Huang.would.like.to.thank.all.current.and.previous.members.of.his.research.
group.for.their.support..The.content.of.this.book.is.largely.based.on.their.hard.work.
over.several.years..It.is.indeed.enjoyable.to.work.with.them.and.share.both.sad.and.
exciting.moments.

Last.but.not.least,.Hendra.Purnawali.helped.edit,.compile,.and.finalize.this.book..
Without.his.help.and.patience,.the.book.would.not.have.been.ready.for.publishing..
Many.big.thanks.to.him.

W.M. Huang, B. Yang, and Y.Q. Fu
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1

1 Introduction

1.1  SHAPE MEMORY MATERIALS AND SHAPE MEMORY POLYMERS

There.are.plenty.of.fascinating.materials.in.the.world,.and.we.still.see.many.new.
materials.invented.almost.every.day—largely.driven.by.the.needs.for.new.materi-
als.from.a.variety.of.engineering.applications..One.group.of.materials.can.respond.
accordingly.to.a.particular.stimulus.by.means.of.altering.certain.physical.or.chemi-
cal.properties..The.types.of.stimuli.include.heat.(thermo-responsive);.stress.and/or.
pressure.(mechano-responsive);.electrical.current.and/or.voltage.(electro-responsive);.
magnetic.field.(magneto-responsive);.change.of.pH,.solvent,.or.moisture.level.(chemo-
responsive);.light.(photo-responsive);.and.other.factors.

Technically.speaking,.members.of.this.group.are.known.as.stimulus-responsive.
materials. (SRMs;. Figure. 1.1).. SRMs,. in. particular. stimulus-responsive. polymers.
(including.polymeric.gels). and. their. composites,.have.become.very.hot. topics. in.
recent.years.due.to.a.wide.range.of.potential.applications,.from.functional.nano-
composites.to.controlled.and.targeted.drug.and.gene.delivery.therapies.(Zhao.et.al..
2009,.Kostanski.et.al..2009,.Onaca.et.al..2009,.Bajpai.et.al..2008,.Schmaljohann.
2006,.Stratakis.et.al..2010,.Kundys.et.al..2010,.Huck.2008,.Caruso.et.al..2009,.
Stuart. et. al.. 2010,. Chaterji. et. al.. 2007,. Osada. and. Gong. 1998,. Thornton. et. al..
2004).

One.group.of.SRMs.exhibits.the.ability.to.change.shape.in.the.presence.of.the.
right.stimulus.(Lendlein.2010)..If.the.shape.change.is.spontaneous.and.instant.when.
the.stimulus.is.presented,.the.result.is.a.shape.change.material.(SCM);.electro-active.
polymers.(EAPs).and.piezoelectrical.materials.(such.as.PZTs).are.two.typical.exam-
ples.of.SCMs.(Aschwanden.and.Stemmer.2006,.Haertling.1999,.Yu.et.al..2003)..A.
second.group.designated.shape.memory.materials.(SMMs).maintain.their.temporary.
shapes.virtually.forever.until.the.right.stimulus.is.applied..All.SMMs.are.character-
ized.by.the.shape.memory.effect.(SME),.defined.as.the.ability.to.recover.original.
shape.in.the.presence.of.the.right.stimulus.after.severe.and.quasi-plastic.distortion.
(Huang.et.al..2010a).

A.few.major.types.of.SMMs.have.been.developed..Probably.the.most.important.
ones.at.present.are.shape.memory.alloys.(SMAs).and.shape.memory.polymers.(SMPs;.
Wei.et.al..1998,.Feninat.et.al..2002,.Hornbogen.2006,.Gunes.and.Jana.2008)..While.
the.mechanism.behind.the.SMEs.in.SMAs.is.the.reversible.martensitic.transition,.the.
dual-segment/domain.system.is.the.mechanism.in.SMPs.(Funakubo.1987,.Sun.and.
Huang.2010a,.2010b)..Probably.the.newest.type.of.SMM,.the.shape.memory.hybrid.
(SMH). composed. of. at. least. two. components. and. lacking. SMEs. as. an. individual.
compound,.shares.the.same.mechanism.as.SMPs.(Fan.et.al..2011,.Huang.et.al..2010a)..
Shape.memory.ceramics.(SMCs).exhibit.the.same.working.principle.as.SMAs,.i.e.,.
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reversible.phase.transformation,.or.have.multi-phase.systems.and.are.thus.similar.to.
SMPs. (Wills. 1977,. Swain. 1986,. Pandit. et. al.. 2004).. Due. to. swelling. effects. and/
or.electrical.charges,.gels.are.normally.considered.typical.SCMs..Some.gels.exhibit.
SMEs.due. to,. for. instance,.a. reversible.order–disorder. transition.(Osada.and.Gong.
1998,.Mitsumata.et.al..2001,.Liu.et.al..2007a,.Gong.2010)..It.is.interesting.that.the.
swelling.effects.have.been.utilized.recently.to.actuate.SMPs.(Lv.et.al..2008)..A.shape.
memory.composite. (SMc). is.defined.as.a.composite.with.at. least.one.SMM.(most.
likely.SMA.or.SMP).as.its.component.(Liang.et.al..1997,.Wei.et.al..1998,.Tobushi.
et  al.. 2009).. From. this. view,. SMcs. do. not. constitute. an. independent. subgroup. of.
SMMs,.even.for.shape.memory.bulk.metallic.glass.composites.(Hofmann.2010).

Although.SMEs.were.found.in.a.gold.cadmium.alloy.as.early.as.1932,.the.attraction.
of.this.phenomenon.was.not.apparent.until.1971.when.significant.recoverable.strain.
was. observed. in. a. nickel. titanium. alloy. at. the. US. Naval. Ordnance. Laboratories.
(Funakubo. 1987).. At. present,. a. few. SMA. systems. have. been. developed. and. are.
commercially. available. (Huang. 2002).. Thin. film. SMAs. have. become. promising.

Shape
memory

gel (SMG)

Shape
memory
ceramic
(SMC)

Shape
memory
hybrid
(SMH)

Shape
memory
polymer
(SMP)Shape

memory
composite

(SMc)

Shape
memory

alloy
(SMA)

Composite

Alloy Polymer GelCeramicHybrid

Shape change
material (SCM)

Shape memory
material (SMM)

Physical properties

Change in?

Material
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Stimulus-responsive material (SRM)

Shape

Memory typeInstant and

spontaneous

FIGURE 1.1  Location.of.shape.memory.polymers.within.the.world.of.materials.
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actuation.materials.for.microelectromechanical.systems.(MEMS).(Miyazaki.et.al..
2009).

If.heat.shrinkable.polymers.(HSPs).are.classified.as.SMPs,.we.can.trace.the.his-
tory.of.SMPs.back.to.1906.(Gunes.and.Jana.2008).before.the.invention.of.SMAs..
Water. shrinkable. polymers. (WSPs). are. other. examples. (Willett. 2008).. However,.
both.HSPs.and.WSPs.are.limited.to.shrinkage.only;.all.current.SMPs.can.recover.
from.any.type.of.quasi-plastic.distortion..According.to.Liang.et.al..(1997),.we.regard.
the.polynorbornene-based.SMP.invented.in.1984.by.Nippon.Zeon.Co..in.Japan.as.
the.first.generation.of.SMPs..This.SMP.and.two.more.invented.soon.after.it.(trans-
isopolypreme.based,.developed.by.Kuraray.Company,.and.styrene–butadiene.based,.
developed.by.Asahi.Company,.both. in.Japan).all. suffer. from.the.same.problem.
of. limited. processability.. The. thermoplastic. polyurethane. SMP. invented. by.
Dr..S..Hayashi.does.not.have.this.problem.(Hayashi.1990).and.has.been.developed.
into.a.full.range.of.products.that.are.now.commercially.available..Another.relatively.
recent.and.successfully.marketed.SMP.from.Cornerstone.Research.Group.in.the.US.
is.thermoset.polystyrene.based.(Dietsch.and.Tong.2007).

Note.that.despite.possible.differences.in.origins,.after.proper.programming.and.train-
ing.processes,.most.polymers.exhibit.certain.levels.of.SMEs..For.example,.the.SME.
in.polytetrafluoroethylene.(PTFE),.although.limited,.has.been.reported.in.Hornbogen.
(1978);.poly(methylmethacrylate).(PMMA).shows.much.better.performance..Figure 1.2.
reveals.SMEs.in.acrylonitrile.butadiene.styrene.(ABS).and.ethylene-vinyl.acetate.(EVA).
materials,.which.in.terms.of.the.shape.recovery.ability.is.not.ideal.when.compared.with.
that.ability.in.traditional.SMPs..Conventionally,.only.those.with.substantial.recoverable.
strain.and.shape.recovery.ability.are.of.interest.and.considered.SMPs.

A.number.of.SMP.systems.have.been.developed.and.we. still. see. considerable.
effort.aimed.at.discovering.new.SMPs.(Liu.et.al..2006,.2007a,.Mather.et.al..2009,.
Behl.et.al..2010,.Lendlein.2010,.Meng.and.Hu.2010)..As.compared.with.their.alloy.
counterparts,.the.major.advantages.of.SMPs.are

. 1..Low.density. (e.g.,. the. typical.bulk.density.of. a.polyurethane.SMP. is.1.25.
g/cm3;.that.of.a.NiTi.SMA.is.6.4.g/cm3).and.low.cost.(for.raw.material.and.
also.for.fabrication.and.processing;.Hayashi.1990,.Yang.2007,.Huang.2002).

. 2..Ease. in.producing.high.quality.and. specifically. shaped.materials. includ-
ing.thin.and.ultrathin.films.and.wires,.foams.with.different.porosities,.and.
others.at.different.scales.using.various. traditional.and.advanced.polymer.
processing. technologies. (injection. molding,. extrusion,. dip. coating,. spin.
coating,.water.float.casting;.Hayashi.1990,.Gunes.and.Jana.2008,.Sun.and.
Huang.2010b,.Huang.et.al..2010b).

. 3..Extremely.high.recoverable.strain.(on.the.order.of.100%.in.tension.for.sol-
ids.(Figure 1.3).and.over.95%.in.compression.for.foams.(Tey.et.al..2001,.
Huang.et.al..2006),.as.compared.with.a.maximum.recoverable.strain.below.
10%.for.conventional.SMAs.

. 4..Ease. in. tailoring.of. thermomechanical. properties. (e.g.,. by.blending.with.
different. types. of. fillers. or. varying. their. compositions;. Gall. et. al.. 2002,.
Liu.and.Mather.2002,.Yang.et.al..2005b,.Cao.and.Jana.2007,.Yang.2007,.
Rezanejad.and.Kokabi.2007,.Meng.and.Hu.2008,.Ratna.and.Karger-Kocsis.
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2008,.Pan.et.al..2008,.Gunes.and.Jana.2008,.Yakacki.et.al..2008,.Xie.and.
Rousseau.2009,.Meng.and.Hu.2009,.Xu.et.al..2010).

. 5..The. abilities. to. be. always. transparent. (Yakacki. et. al.. 2008,. Jung. et. al..
2010b),.electrically.conductive.(Leng.et.al..2008a,.2008b,.Lu.et.al..2010),.
magnetic.(Mohr.et.al..2006),.and.even.contain.threshold.temperature.sen-
sors.(Kunzelman.et.al..2008).

. 6..Wide.shape.recovery.temperature.range.(from.–20°C.to.+150°C).

. 7..Convenient.gradient.function.(Huang.et.al..2005,.DiOrio.et.al..2010).

. 8..High.damping.ratio.within.transition.range.(Yang.2007).

. 9..High.potential.for.recycle.and.reuse.at.low.cost.(Inoue.et.al..2009).

. 10..Excellent.chemical.stability,.biocompatibility.and.even.biodegradability.(Han.
et.al..2007,.Choi.and.Lendlein.2007,.Yakacki.et.al..2008,.Lendlein.and.Langer.
2002,.Nardo.et.al..2009,.Luo.et.al..2008,.Zhang.et.al..2010)..The.degradation.
rate.can.be.adjusted.if.required.(Kelch.et.al..2007,.Knight.et.al..2009).

. 11..A. variety. of. different. stimulating. methods,. including. heat. (direct,. Joule,.
induction,.infrared.and.radiation,.laser,.and.other.methods),.moisture,.sol-
vent.addition,.change.in.pH.value,.and.light,.are.applicable.to.SMPs.(Jung.
et.al..2006,.Lendlein.et.al..2005,.Havens.et.al..2005,.Razzaq.et.al..2007,.Liu.

Original shape

Deformed shape

Recovered shape

(a)

FIGURE 1.2  Shape.memory.effects.in.EVA.(a).and.ABS.(b).
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et.al..2007a,.Du.and.Zhang.2010)..Stimuli.for.SMAs.are.limited.to.heat.and.
magnetic.fields.

. 12..Great. convenience. for. truly. wireless. and/or. contactless. operation. inside.
a.human.body. (Mohr.et. al..2006,.Buckley.et. al..2006).based.on. remote.
contactless. actuation,. for. example,. by. applying. an. alternating. magnetic.
field.for.induction.heating.

. 13..Response.to.multiple.stimuli.(Huang.et.al..2005,.Yang.et.al..2005b,.Du.and.
Zhang. 2010),. even. with. temperature. sensing. function. by. means. of. color.
change.(Kunzelman.et.al..2008).

Original shape

Deformed shape

Recovered shape

(b)

FIGURE 1.2  (Continued)
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. 14..Multiple-shape. recovery. ability. (the. multi-SME. allows. recovery. from. the.
temporary.to.the.original.shape.through.one.or.more.intermediate.shapes.even.
within.a.single. transition. in.a.polymer.or.polymer.composite.(Bellin.et.al..
2006,.2007,.Liu.et.al..2005,.Xie.2010,.Sun.and.Huang.2010a,.Luo.and.Mather.
2010,.Pretsch.2010a)..Thus.the.recovery.sequence.is.programmable.(Huang.
et.al..2005)..Multi-stimuli.or.functionally.gradient.SMPs.have.more.advan-
tages.and.flexibility.for.multi-SMEs.following.a.required.recovery.sequence.

1.2   MECHANISMS OF SHAPE MEMORY EFFECTS 
IN SHAPE MEMORY POLYMERS

Despite.possible.differences.in.synthesis.and.the.resulting.differences.in.morpholo-
gies.(Gunes.and.Jana.2008).and.the.required.stimuli,.the.fundamental.mechanism.
of.SMEs.in.SMPs.is.the.dual-segment.(or.domain).system.in.which.one.segment.or.
domain.is.always.elastic.within.the.whole.application.range.of.concern.and.the.other.
is.transitionable.in.the.presence.of.the.right.stimulus.(Huang.et.al..2010a).

Figure.1.4.illustrates.the.mechanisms.of.thermo-responsive.SMPs..At.low.tem-
peratures. (Figure. 1.4a),. both. the. elastic. and. transition. segments. are. hard.. Upon.
heating.above. the. transition. temperature. (phase–glass. transition.or.melting.of. the.
segment),.the.transition.segment.becomes.soft.and.can.be.easily.deformed.(Figure.
1.4b)..Accordingly,. the. elastic. segment. is.deformed.and.elastic. energy. is.built. up.
and.stored.in.it..Cooling.below.the.transition.temperature.triggers.the.hardening.of.
the.transition.segment..If.the.deformed.(temporary).shape.is.held.(Figure.1.4c).dur-
ing.cooling,. it.will.be. largely.maintained.even.after. the.removal.of. the.constraint.
(Figure 1.4d)..This. is. because. the. transition. segment. is. hard.below. the. transition.
temperature.and. thus.prevents. the.elastic. recovery.of. the.elastic. segment..This. is.

(a)

(c)

(e)

(b)

(d)

(f)

FIGURE 1.3  Shape.recovery.in.severely.pre-distorted.polyurethane.SMP.plates.upon.heat-
ing..(From.Huang.WM,.in.Shape Memory Polymers and Multifunctional Composites,.Taylor.
&.Francis,.2010..With.permission.)
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the.standard.procedure. to.set. temporary.shapes.of.SMPs. in. the. training.and.pro-
gramming.processes..After.reheating.above.the.transition.temperature,.the.transition.
segment.softens.and.thus.loses.its.ability.to.hold.the.elastic.segment.in.place..The.
freestanding.piece.of.SMP.returns.back.to.the.original.shape.due.to.the.release.of.
elastic.energy.in.the.elastic.segment.(Figure.1.4e)..This.discussion.is.applicable.to.the.
dual-domain.system.if.domain replaces.segment..Additional.segments.or.domains.
may.be. added. to. enhance.performance. (strength,. electrical. conductivity,.multiple.
transitions,.etc.)..The.SMEs.for.other.types.of.SMPs.basically.follow.similar.mecha-
nisms..The.driving.force.behind.the.SMEs.in.SMPs.is.the.elastic.energy.stored.in.
the.elastic.segment,.whereas.for.SMAs,.the.force.is.the.reversible.martensitic.trans-
formation.(Huang.et.al..2010a).

Thermomechanical.characterizations.of.various.SMPs.are.well.documented.(Liu.
and.Mather.2002,.Liu.et.al..2003,.Prima.et.al..2010a,.Prima.et.al..2010c)..For.a.list.of.
standard.experiments.and.their.technical.details,.see.Hu.(2007).and.Lendlein.(2010)..
In.recent.years,.unconventional.techniques.including.nanoindentation,.bulging.and.
point.membrane.deflection.tests,.and.other.methods.have.been.applied.to.small.SMP.
samples.(Poilane.et.al..2000,.Fulcher.et.al..2010,.Huang.et.al..2010a).

As.with.polymers,.SMPs.are.of.two.types:.thermoset.and.thermoplastic..While.
a.thermoset.requires.proper.molds.to.fix.the.original.shape.and.the.original.shape.
after.fixing.should.be.permanent.(although.that.is.not.always.true,.depending.on.the.
polymer.and.synthesis.procedure),.a.thermoplastic.has.the.flexibility.to.easily.alter.
its.original.shape.(upon.heating.above.its.melting.temperature).and.is.thus.more.con-
venient.for.shape.setting.in.some.engineering.applications.(Huang.2010).

Another.important.issue.relates.to.the.training.and.programming.processes.for.
setting. temporary. shapes.. As. noted. previously,. all. thermo-responsive. SMPs. are.
deformed.easily.above.their.transition.temperatures.(Figure.1.4)..However,.certain.
SMPs.that.are.not.so.brittle.may.be.deformed.at.low.temperatures.to.set.their.tempo-
rary.shapes.(e.g.,.the.polyurethane.SMP.from.SMP.Technologies,.Japan)..Technically.
speaking,.for.both.types.of.materials,.the.need.is.to.ensure.that.microfractures.that.
deteriorate.the.SMEs,.in.particular.during.cyclic.actuation,.are.prevented.or.at.least.
minimized.during.training.and.programming.

(e)(d)(c)(b)(a)

Transition
segment

Elastic
segment

FIGURE  1.4  Mechanisms. of. shape. memory. effects. in. SMPs.. (From. Huang. WM. et. al.,.
Materials Today,.13:.54–61,.2010..With.permission.)
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Figure.1.5.reveals.many.micro-sized.butterfly-like.features.on.the.surface.of.a.piece.
of. pre-polished. polystyrene. SMP. (from. Cornerstone. Research. Group). after. it. was.
stretched.50%.above.its.Tg..After.polishing.followed.by.heating,.the.butterfly-like.fea-
tures.appeared.again.but.all.switched.direction.by.90.degrees.(Figure.1.6)..A.careful.
investigation. revealed. that. the.butterfly-like. features. formed.when. the.hard.polymer.
network.broke.under. stretching..The.practical.way. to.avoid.such.micro-fractures,. in.
particular.for.brittle.SMPs,.is.to.ensure.that.the.SMP.is.deformed.above.its.transition.
temperature.range.(the.polymer.is.fully.softened).and.within.its.deformation.limit.

A.few.constitutive.models.have.been.proposed.to.simulate.the.thermomechanical.
behavior.of.SMPs,.from.early.work.by.Tobushi.et.al..(1997;.mainly.phenomenologi-
cal.in.nature).to.recent.works.focusing.on.the.underlying.mechanisms,.for.instance,.
Srivastava.et.al..(2010).and.Qi.et.al..(2008).for.SMP.solids,.and.Prima.et.al..(2010a,.
2010b).and.Xu.and.Li.(2010).for.SMP.foams..From.an.engineering.application.view,.
we.need.to.know.the.long-term.stability.of.SMPs.in.terms.of.shape.recovery.ratio.and.
shape.recovery.stress.following.a.particular.training,.programming,.and.actuation.
procedure..Preliminary.investigations.and.numerical.modeling.were.conducted.on.
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butterfly-like.micro.feature.
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some.SMPs.(Tey.et.al..2001,.Tobushi.et.al..2004,.Pretsch.et.al..2009,.Pretsch.2010b,.
Pretsch.and.Muller.2010,.Muller.and.Pretsch.2010).

1.3  TYPICAL APPLICATIONS OF SHAPE MEMORY POLYMERS

We.have.seen.a.wide.range.of.applications.of.various.types.of.SMPs.and.their.com-
posites,.from.smart.cloth.and.reusable.mandrels.to.sensors.for.tracking.cumulative.
environmental. exposures. (Everhart. and.Stahl.2005,.Everhart. et. al.. 2006,.Dietsch.
and.Tong.2007,.Snyder.et.al..2010,.Hu.2007,.Leng.and.Du.2010)..We.now.present.
some. novel. examples. of. thermo-responsive. SMPs. as. showcases. for. revealing. the.
great.potential.of.SMPs.

As.we.know,.Braille. is.a. form.of.printing. that.enables.blind.or.partially. sighted.
people.to.read.and.write.by.means.of.touching..Braille.writing.consists.of.patterns.of.
raised.dots.in.a.configuration.of.a.3.×.2.matrix..The.dots.are.made.manually.by.a.stylus.
and.slate.(Figure.1.7a).or.automatically.by.a.thermoset.typing.machine.to.the.surface.of.
a.conventional.paper.or.plastic.sheet.(called.Braille.paper.or.braillon).and.are.difficult.
to.remove..A.need.existed.to.develop.a.new.type.of.Braille.paper.that.would.allow easy.
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FIGURE 1.6  Switching.directions.of.butterflies..(a).Two-dimensional.view.of.two.butter-
fly-like.micro.features..(b).Three-dimensional.view.of.one.of.the.butterfly-like.micro.fea-
tures..(c).and.(d).Profiles.along.X.and.Y.directions.as.marked.in.(a).of.typical.butterfly-like.
micro.feature.
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removal.of. typographical.errors.and. retyping. just. like.normal.writing.with.a.pencil.
and.eraser..Thin.paper.made.of.polyurethane.SMP.(SMP.Technologies,. Japan).was.
developed.for.such.a.purpose.to.help.the.blind..Any.errors.(small.protrusive.dots).may.
be.removed.precisely.by.a.point.heater.as.demonstrated.in.Figure.1.7..Subsequent.cor-
rections.may.be.made.at.the.same.location..In.addition,.heating.the.entire.sheet.allows.
recycling.again.and.again..The.low.cost.of.SMPs.makes.this.innovation.a.very.cost-
effective.and.convenient.approach.for.the.blind..Additionally,.refreshable SMP.paper.
can.be.integrated.into.a.machine.for.automatic.and.continuous.display.

Screws.are.normally.required.for.the.assembly.of.electrical.devices.and.also.for.
implants.in.medical.applications.to.firmly.hold.components.together..Conventionally,.
different.sized.screws.are.required.for.different.sized.holes..However,.SMP.screws.
can.serve.as.one-for-all.solutions.for.a.range.of.different.sized.holes,.with.or.without.
thread,.and.no.screwdriver.is.needed.for.tightening..This.concept,.known.as.active.
assembly,. is.demonstrated. in.Figure.1.8..For.an.SMP.screw.fitted. into.a. threaded.
hole,.a.screwdriver.can.be.used.to.loosen.the.screw.for.disassembly.

We.have.seen.many.electrical.devices.such.as.hand-held.phones,.video.and.audio.
players,.and.personal.computers.used.in.our.daily.lives.become.obsolete.and.they.now.
constitute.a.serious.environmental.threat..We.must.use.fewer.materials.and.recycle.and.

(a) (b) (c)

(d) (e) (f)

FIGURE 1.7  SMP.Braille.paper..(a).Writing..(b).through.(f).Removing.dots.using.a point.
heater. in. a. one-by-one. manner.. (From. Huang. WM,. in. Shape-Memory Polymers and 
Multifunctional Composites,.Taylor.&.Francis,.2010..With.permission.)

(a) (b) (c)

FIGURE 1.8  SMP.screw.for.active.assembly..(a).Sliding.nuts.onto.a.pre-stretched.SMP.rod..(b).
Heating.the.SMP.rod.for.shape.recovery;.nuts.are.firmly.fitted..(c).Loosening.nuts.manually.
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reuse.them.to.minimize.the.threat..From.a.practical.view,.we.need.to.develop.a.cost-
effective.approach.to.massively.disassemble.such.obsolete.devices..Manual.disassembly.
and.sorting. in.many.developed.countries.have.become. impossible.due. to.high. labor.
costs,.although.those.countries.make.the.most.significant.contributions.to. the.global.
proliferation.of. obsolete. electrical. devices..Active.disassembly.using. shape.memory.
materials.(both.SMAs.and.SMPs).has.been.proposed.in.the.UK.(Chiodo.et.al..2001,.
2002,.Chiodo.and.Boks.2002)..This.concept.is.illustrated.in.Figure.1.9..An.SMP.rod.
can.be.easily. transformed.into.a.screw.at.a.high. temperature.(Figure.1.9a).and.may.

(a)

(b)

FIGURE 1.9  SMP.for.active.disassembly..(a).Left.to.right:.initial.shape,.deformed.shape.(screw),.
and.recovered.shape.of.SMP.rod..(b).SMP.screw.in.use..(From.Huang.WM,.in.Shape-Memory 
Polymers and Multifunctional Composites,.Taylor.&.Francis,.2010..With.permission.)
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be used.as.an.ordinary.plastic.screw.in.an.electrical.device.as.shown.in.Figure.1.9b..
Upon.heating,.the.threads.of.the.SMP.screw.disappear.and.it.recovers.its.original.rod.
shape..Consequently,.active.disassembly.can.then.be.achieved.by.means.of.slight.shak-
ing.without.additional.physical.touch..This.is.a.convenient.and.cost-effective.approach.
for.massive.disassembly.of.electrical.devices.

In.addition,.an.SMP.plate.(for.instance,.as.a.part.of.a.cover.case).can.be.used.to.
open.a.hole.automatically.as.shown.in.Figure.1.10..By.utilizing.multi-SMEs,.differ-
ent.SMP.pieces.may.be.removed.following.a.predetermined.sequence.upon.heating.
to.different.temperatures..The.increase.in.temperature.allows.different.parts.to.be.
actively.separated.from.the.device,.so.that.they.can.be.automatically.sorted.and.col-
lected.for.reuse.or.recycling.

SMPs,. their. foams,. and. composites. have. been. proposed. for. aerospace. appli-
cations. in. deployable. structures. (Sokolowski. and. Tan. 2007;. Figure. 1.11). and. for.

FIGURE 1.10  SMP.for.automatic.hole.opening.upon.heating.

(a)

(b)

(c)

(d)
SMP

(e)

(f)

FIGURE 1.11  Deployment.sequence.of.piece.of.folded.sponge.when.SMP.wrapper.is.heated.
for.shape.recovery.
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actuation, e.g.,.a.thin-film.SMP.actuated.hinge.for.morphing.wings.as.demonstrated.
in. Figure. 1.12.. Deployable. structures. including. wheels,. masts,. solar. sails,. solar.
arrays,. and. antennas. must. be. compact. because. of. limited. space. inside. launching.
rockets,.then.must.take.on.expanded.configurations.when.deployed..Also,.modern.
unmanned.aviation.vehicles.(UAVs).have.different.configurations.for.achieving.high.
performance.for.different.missions..The.ability.to.reconfigure.during.flight.is.called.
morphing..Morphing.wings.are.required.because.changing.the.shapes.and/or.sizes.
of.wings.based.on.flight.speed.can.reduce.drag.remarkably.

SMP.is.an.ideal.material.for.surface.patterning.to.achieve.different.surface.mor-
phologies.for.micro.scale.applications.(Liu.et.al..2007b,.Sun.et.al..2009,.Huang.et.al..
2010a)..As.evidenced.by.many.natural.products.such.as.lotus.leaves.and.shark.skins,.
well-patterned.surfaces.can.significantly.enhance.many.surface-related.properties..
Applying.a.laser.through.a.micro-lens.array.for.local.heating.at.required.points.pro-
duces.required.protrusions.over.a.large.area.instantly.(Figure.1.13).

Probably.the.hottest.application.for.SMPs.at.present.is.in.biomedical.engineering..
SMPs.have.been.considered.promising.as.materials.for.degradable.and.functional.car-
diovascular.implants.and.other.therapeutic.applications.(Jung.et.al..2010a,.Karp.and.
Langer.2007)..A.stent.(Figure.1.14.shows.its.working.principle).is.one.of.the.most.attrac-
tive.micro.devices.subjected.to.intensive.research.in.recent.years.(Yakacki.et.al..2007)..
The.advantage.of.degradable.SMP.stents.is.that.no.follow-up.operation.is.required.for.
removal.(Chen.et.al..2007a)..Sutures.made.of.such.SMPs.do.not.have.to.be.removed.
(Lendlein.and.Langer.2002)..Both.biodegradable.and.nondegradable.SMPs.have.been.
used.for.controlled.drug.release.(Wache.et.al..2003,.Chen.et.al..2009b,.Wischke.et.al..
2009,.Zhang.et.al..2010)..SMPs.are.now.used.in.endovascular.thrombectomy.devices.
(Wilson.et.al..2007a),.active.microfluidic.reservoirs.(Gall.et.al..2004),.ocular.implants.
(Song.et.al..2010),.and.self-deploying.neuronal.electrodes.(Sharp.et.al..2006).

1.4  POLYURETHANE SHAPE MEMORY POLYMERS

It. is. well. known. that. polyurethanes. are. made. of. tangled. long. linear. chains. con-
sisting. of. two. types. of. alternatively. connected. segments.. Flexible,. soft. segments.
(typically.diisocyanate-coupled.low-melting.polyester.or.polyether.chains).alternate.
with. elastic. and. relatively. hard. segments. (typically. diurethane. bridges. resulting.
from. the. reaction.of.a.diisocyanate.with.a. small-molecule.glycol.chain.extender)..
By. selecting. a. proper. diisocyanate. and. polyol. combination. and/or. soft. segment-
to-hard. segment. ratio,. one. can. easily. tailor. required.properties. such. as. elasticity,.

(a) (b) (c)

FIGURE 1.12  Thin-film.SMP.actuated.hinge..Upon.heating,.the.hinge.straightens.due.to.
contraction.(shape.recovery).of.the.prestretched.film.
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crystallization temperature.range,.and.melting.point..Refer.to.the.SME.mechanism.
for.SMPs.discussed.in.Section.1.2..It.is.obvious.that.we.can.utilize.the.soft.segments.
of.polyurethanes.as.transition.segments.for.SMEs.

A.number.of.polyurethane.SMPs.have.been.developed.to.date.(Lee.et.al..2001,.
Ping.et.al..2005,.Xu.et.al..2006,.Buckley.et.al..2007,.Chen.et.al..2007b,.Chen.et.al..

(a) Original shape (b) Star shape (c) After recovery

FIGURE 1.14  SMP.stent..The.original.circular-shaped.stent.(a).is.deformed.into.a.star-like.
shape.(b),.then.compacted.(by.means.of.folding).into.a.catheter..After.release.at.the.required.
location,.the.stent.recovers.its.original.circular.shape.upon.heating.(c).

DSI SE LM LEI 10.0 kV X650 WD 8.0 mm 10 µm

FIGURE 1.13  Micro.scaled.protrusion.array.atop.a.piece.of.pre-compressed.polystyrene.SMP.
produced.by.laser.heating.through.a.micro.lens.array..(From.Huang.WM,.in.Shape-Memory 
Polymers and Multifunctional Composites,.Taylor.&.Francis.2010..With.permission.)
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2010)..To.further.reduce.densities.and.enhance.compression.ratios.(and.consequently.
abilities. to. recover. from.compression),.polyurethane.SMP.foams.have.been.fabri-
cated.using.different.techniques.and.characteristics.(Lee.et.al..2007,.Chung.and.Park.
2010)..Physical.aging.is.an.important.issue,.particularly.in.medical.applications,.and.
has.been.studied.preliminarily.by.Lorenzo.et.al..(2009)..Thermo-responsive.braided.
stents.have.been.investigated.numerically.(Kim.et.al..2010).

Electrically.conductive.polyurethane.SMPs.for.Joule.heating.have.been.achieved.
by.blending.with.various.types.of.conductive.fillers.(Li.et.al..2000,.Sahoo.et.al..2007,.
Gunes.et.al..2009,.Cho.et.al..2005,.Jung.et.al..2010c)..After.mixing.with.magnetite.
particles,.induction.heating.by.means.of.applying.a.magnetizing.field.of.4.4.kA/m.at.
a.frequency.of.50.Hz.has.been.demonstrated.to.successfully.trigger.shape.recovery.in.
a.polyurethane.SMP–magnetite.composite.(Razzaq.et.al..2007)..Furthermore,.electri-
cally.conductive,.optically. transparent,.and.mechanically.strong.polyurethane.SMP.
films.have.been.developed.by.incorporating.photochemically.surface-modified.multi-
walled.carbon.nanotubes.for.optically.actuated.actuation.(Jung.et.al..2010b).

Different.types.of.fillers.such.as.silica,.carbon.nano.fiber,.silicon.carbide,.carbon.
black,.clay,.and.others.have.been.added.to.polyurethane.SMP.composites.for.rein-
forcement.(Gunes.et.al..2008,.Cao.and.Jana.2007,.Jang.et.al..2009,.Kuriyagawa.et.al..
2010)..According.to.Deka.et.al..(2010),.hyperbranched.polyurethane–multi-walled.
carbon.nanotube.composites.exhibit.enhanced.biodegradability.as.compared.to.the.
pristine.polymer..Cytocompatibility. testing.based.on.hemolysis.of. red.blood.cells.
revealed.a.lack.of.cytotoxicity.

Although.most.of.these.polyurethane.SMPs.are.thermo-responsive,.water-responsive.
materials.have.been.achieved.by.means.of.modification.using.polyhedral.oligomeric.
silsesquioxane.or.pyridine.moieties.(Jung.et.al..2006,.Chen.et.al..2009a).

While.we.have.seen.a.few.types.of.polyurethane.SMPs.documented. in. the. lit-
erature,.an.extensive. review.and.market.search. reveal. that. the.polyurethane.SMP.
invented.by.Dr..S..Hayashi.(Hayashi.1990,.Hayashi.et.al..1995).using.the.basic.syn-
thesis.process.as.follows:

diisocyanate
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Dr..Hayashi’s.polyurethane.SMP.is.currently. the.most.popular;. successfully.mar-
keted.and.thoroughly.investigated.

The.excellent.SME.of.this.SMP.is.demonstrated.in.Figure.1.3..Two.pieces.of.SMP.
plates.are.partially.cut.and.bent.180.degrees.in.the.in-plane.direction.at.room.tem-
perature.(about.23°C)..Subsequently,.they.are.placed.atop.a.hot.plate.for.thermally.
induced.shape.recovery..At.the.end.of.the.heating.process,.as.we.can.see.clearly,.both.
plates.almost.fully.recover.their.original.straight.shapes..At.present,.a.full.range.of.
products.(mainly.thermoplastics).including.pellet.(MM),.resin.and.hardener.(MP),.
solution.(MS),.and.foam.(MF).forms.have.been.developed.and.are.available.through.
SMP.Technologies,. Japan.. Interested. readers. and.potential. users.may. refer. to. the.
website.(http://www.smptechno.com/index_en.html).for.technical.details.

Very.recently,.micro.beads,.micro.springs,.thin.wires,.and.thin.and.ultrathin.films.
have.been.produced.from.this.SMP.(Huang.et.al..2010b,.2010c)..Because.they.all.
display.excellent.SMEs,.we.expect.them.to.have.great.potential.for.micro.and.nano.
devices.(Huang.et.al..2010a).

The.thermomechanical.behavior.of.this.SMP.was.systematically.investigated.by.
Tobushi.et.al..(1996,.1998,.2000,.2001b,.2001c,.2004,.2006).in.addition.to.their.great.
efforts.at.phenomenological.modeling.(Tobushi.et.al..1997,.2001a).

As.compared.with.other.SMPs,.this.polyurethane.SMP.is.generally.ductile.even.at.
low.temperatures..Therefore,.programming.can.be.done.at.low.or.high.temperatures,.
as.revealed.in.Figure.1.15a..During.stretching.at.high.temperatures.(Tg + 15°C),.the.
deformation. is.virtually.uniform.along. the.central.part.of. the.sample,.but.we.can.
clearly.see.the.necking.and.propagation.phenomena.during.stretching.at.low.(room).
temperatures,.at.which.the.deformation.is.not.uniform..This.is.a.point.that.we.should.
bear.in.mind..After.heating.to.Tg +.15°C,.both.samples.recover.their.original.dog-
bone. shapes. (Figure. 1.15b).. A. closer. look. at. the. process. of. shape. recovery. upon.
heating.reveals.that.whatever.the.deformation.is,.uniform.or.non-uniform,.the.shape.
recovery.upon.heating.is.spontaneous.and.uniform.everywhere.(Figure.1.16).

Based.on.the.characteristics.of.polyurethane.SMP.foam,.Dr..W.M..Sokolowski.pro-
posed.the.concept.of.cold.hibernated.elastic.memory.(CHEM).and.has.been.actively.
working.on.its.space.and.medical.applications.(Sokolowski.and.Chmielewski.1999,.
Sokolowski.et.al..2007,.Metcalfe.et.al..2003)..Hybrid.polyurethane.SMP.compos-
ites.have.been.investigated.by.Liang.et.al..(1997)..In.recent.years,.carbon.black.and.
nickel.powder.have.been.blended. into. this.SMP. to.achieve.Joule.heating.as.done.
with.SMAs.because.such.heating.is.more.convenient.in.engineering.practices.(Leng.
et.al..2008a,.2008c,.Huang.and.Yang.2010)..Figure.1.17.demonstrates.the.concept.of.
wing.morphing.by.passing.an.electrical.current.through.a.piece.of.conductive.SMP.
(carbon.black.is.used.as.the.conductive.filler).

To. enhance. the. strength. of. this. polyurethane. SMP. among. others,. attapulgite.
(palygorskite).clays.(heat.treated.and.untreated)—found.in.nature.in.nano.fiber.form.
and.very.poor.in.electrical.conductivity—have.been.used.as.cost-effective.alterna-
tives.(Pan.et.al..2008,.Xu.et.al..2009)..As.seen.in.Figure.1.18,.the.composite.main-
tains.excellent.shape.memory.ability.

Although.this.SMP.was.originally.designed.to.be.thermo-responsive.only,.Yang.
et.al..(2004).found.that.moisture.can.significantly.reduce.its.Tg..This.means.that.instead.
of.heating.above. the.Tg.point. to.achieve.shape.recovery,. the.Tg.of. the.SMP.can.be.
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reduced.upon.immersion.in.water.as.an.alternative.to.trigger.shape.recovery,.i.e.,.this.
polyurethane.SMP.is.actually.thermo-.and.moisture.responsive.(Yang.et.al..2006)..
This.unique.feature,.which.is.also.applicable.to.the.material’s.electrically.conductive.
and.nonconductive.composites.(Yang.et.al..2005a,.2005b,.Huang.et.al..2010b),.has.
been.used. for.water-driven.programmable. actuation. (Huang.et. al.. 2005,.Sun.and.
Huang.2010b)..Figure.1.19.shows.the.recovery.process.of.a.piece.of.polyurethane.
SMP–attapulgite.composite.upon.immersion.into.room-temperature.water.

At.macroscopic.scale,.autochokes.for.engines,.intravenous.cannulae,.spoon.and.
fork.handles.for.those.unable.to.grasp.objects,.and.sportswear.are.some.traditional.
applications.of.this.SMP.(Tobushi.et.al..1996)..At.micro.scale,.among.other.appli-
cations,.wrinkles.of.submicron.wavelength.(Sun.et.al..2009,.Zhao.et.al..2010).have.

Deformed at Tg +15°C

Deformed at room
temperature

Original shape

(a)

(a)

After heated
to Tg+15°C

Original shape

(b)

(b)

FIGURE  1.15  Stretching. at. high. and. low. temperatures. (a). and. after. heating. for. shape.
recovery.(b).
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been.produced.atop.this.SMP.by.heating.(Figure.1.20).and.by.immersion.into.room-
temperature.water.

Since.excellent.biocompatibility.was.proven,.a.range.of.medical.applications.
have.been.developed.(Sokolowski.et.al..2007,.Metcalfe.et.al..2003,.Nardo.et.al..
2009)..Some.typical.biomedical.uses.of.this.polyurethane.SMP.in.solid.or.foam.
form.are.listed.as.follows.(refer.to.the.website.of.SMP.Technologies,.Japan,.and.
the.cited.references.for.product.numbers.and.technical.details):

•. A.vascular.stent.(MM5520).fabricated.and.deployed.in vitro.by.laser.heat-
ing.(Baer.et.al..2007a).

•. A. 0.35. mm. diameter. wire. (MM5520). produced. by. extrusion. and. used. for.
thrombus.removal.activated.by.800.nm.diode.laser.light.(Metzger.et.al..2005).

(a)

(b)

FIGURE  1.16  Shape. recovery. upon. heating.. (a). Partially. pre-stretched. sample.. (From.
Huang.WM,.in.Shape-Memory Polymers and Multifunctional Composites,.Taylor.&.Francis.
2010..With.permission.).(b).Fully.pre-stretched.sample.
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•. A. dialysis. needle. adapter. (MM5520). for. reducing. hemodynamic. stress.
within.arteriovenous.grafts.(Ortega.et.al..2007).

•. Proposed.use.of.MM6520.for. infrared.diode.laser-activated.intravascular.
thrombectomy.to.remove.blood.clots.(Wilson.et.al..2005).

•. Possible.use.of.MP.3510,.MP.4510,.and.MP.5510.for.deployable.biomedical.
devices.for.minimally.invasive.surgery.(Baer.et.al..2007b).

Conductive
SMP

(a) (b)

(c) (d)

FIGURE  1.17  Electrically. conductive. SMP. for. morphing. wing.. (From. Huang. WM,. in.
Shape-Memory Polymers and Multifunctional Composites,. Taylor. &. Francis,. 2010.. With.
permission.)

(a) (b) (c)

(d) (e) (f)

FIGURE 1.18  Shape.recovery.of.SMP.and.clay.composite.upon.heating.
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•. Thermoset.MP.4510-.and.MP.5510-based.micro.actuators.for.treating.stroke.
(Metzger.et.al..2002,.Maitland.et.al..2002).

•. An.SMP.foam.(MM5520).stent.for.endovascular.embolization.of.fusifom.
aneurysms.(Buckley.et.al..2007).

•. CHEM.3520.and.CHEM.5520.foams.have.been.tested.for.cerebral.aneu-
rysm. repair,. particularly. the. effects. of. plasma. sterilization. on. physical.
properties.and.cytocompatibility.(Nardo.et.al..2009)..Results.suggest.that.
CHEM. foam. may. be. advantageous. for. manufacturing. devices. for. mini-
mally.invasive.embolizations.of.aneurysms.

•. Utilizing. the. thermo-. and. moisture-responsive. features. of. MM5520. and.
MM3520.for.retractable.stents,.self-tightening.sutures,.and.other.biomedi-
cal.devices.(Sun.and.Huang.2010b,.Huang.et.al..2010a).

1.5  OUTLINE OF BOOK

Although. this. book. is. titled. Polyurethane Shape Memory Polymers,. the. focus. is.
actually.on.the.polyurethane.SMP.invented.by.Dr..S..Hayashi..The.reason.for.this.
is.twofold..One.is.because.this.SMP.is.one.of.the.most.successfully.marketed.SMPs.

B

B B

B B

B

10 mins0 min 30 mins

120 mins60 mins 180 mins

FIGURE 1.19  Shape. recovery.of.a.piece.of.SMP–attapulgite.composite.upon. immersion.
into.room-temperature.water.
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FIGURE 1.20  Typical.wrinkles.atop.polyurethane.SMP.. (From.Huang.et. al.,.Journal of 
Materials Chemistry,.20:.3367–3381,.2010..With.permission.)
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and.may.be.the.only.commercially.available.(on.a.large.scale.and.with.a.range.of.
products).polyurethane.SMP.at.present..The.second.reason.is.that.this.SMP.is.the.
only.polyurethane.SMP. that. has.been. extensively. and. systematically. investigated.
based.on.the.range.of.reported.applications..By.focusing.on.this.particular.SMP.in.
this.book,.we.can.reveal.most.of.its.features.and.its.full.potential..Other.polyurethane.
SMPs.and.other.types.of.SMPs.will.be.discussed.briefly.as.needed..In.some.cases,.
more.details.are.presented.when.necessary.for.clarity.and.completeness.
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2 Thermomechanical	
Behavior	of	Polyurethane	
Shape	Memory	Polymer

2.1  INTRODUCTION

A.piece.of.shape.memory.polymer.(SMP).can.be.processed.into.a.pre-determined.
(original).shape.by.molding,.casting,.or.coating,.etc..The.shape.memory.effect.(SME).
of.a.thermo-responsive.SMP.is.illustrated.in.Figure 2.1.and.includes.the.following.
steps:

. 1..SMPs. are. easily. deformed. at. a. temperature. above. their. glass. transition.
temperature.Tg..Only.a.small. force. is. required. to.maintain. the.deformed.
shape.

. 2..The.constraint.is.removed.after.cooling.below.Tg,.resulting.in.a.very.small.
elastic.shape.recovery;.deformation.is.largely.maintained..This.is.the.tem-
porary.shape.

. 3..This. temporary. shape. holds. permanently. unless. the. material. is. heated.
above.its.Tg,.which.triggers.full.recovery.to.its.original.shape.

. 4..The.SME.cycle.may.be.repeated.again.and.again.

These.steps.constitute.a.typical.approach.for.evaluating.the.properties.of.a.thermo-
responsive.SMP..The.standard.procedure.for.the.thermomechanical.characterization.
of.the.stress–strain–temperature.(σ-δ-T).relationship.of.an.SMP.follows.the.follow-
ing.four.steps.(Tobushi.et.al..1992,.Tobushi.et.al..2001);.see.Figure 2.2.

. 1..At.a.high.temperature.Th.(>.Tg),.the.SMP.specimen.is.loaded.to.a.pre-deter-
mined.maximum.strain.(εm).at.a.constant.strain.rate.(�ε).

. 2..The.SMP.sample.is.held.at.εm.and.cooled.to.a.low.temperature.Tl.(<.Tg).

. 3..After.full.unloading,.only.a.very.small.amount.of.elastic.strain.is.recovered..
ε f .is.the.residual.strain.

. 4..The.free-standing.sample.is.heated.from.Tl.to.Th.at.a.constant.heating.rate.
( �T)..The.pre-strain.is.almost.fully.recovered.with.only.a.very.small.amount.
of.strain.εi.left.at.Th.

In.the.course.of.this.study,.an.ether-based.thermoplastic.polyurethane.SMP.invented.
by.Dr..Shunichi.Hayashi.(formerly.of.Mitsubishi.Heavy.Industries,.now.with.SMP.
Technologies,.Japan).was.used.as.a.typical.example.to.reveal.the.thermomechanical.
and.shape.memory.properties.of.polyurethane.SMPs..This.SMP.was.expected.to.be.
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thermo-responsive.because. the.stimulus.for. triggering.shape.recovery.is.heat..The.
as-received.raw.material.was.in.pellet.form..According.to.SMP.Technologies.(http://
www.smptechno.com/index_en.html),.the.Tg.of.this.SMP.can.be.tailored.to.meet.the.
requirement.of.a.particular.application..Note.that.instead.of.glass.transition.the.SME.
is.based.on.melting.in.some.SMPs.

The. specific. polyurethane. SMP. discussed. in. this. chapter. is. designated. SMP.
MM3520.. Its. nominal. Tg. according. to. SMP. Technologies. is. 35°C.. Prof.. Hisaaki.
Tobushi. and. his. collaborators. (including. Dr.. Hayashi). previously. conducted. a.
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FIGURE 2.2  Three-dimensional.stress–strain–temperature.diagram.showing.loading.path.
of.thermomechanical.test..(Reprinted.from.Tobushi.H.et.al..Mechanics of Materials,.33,.545,.
2001..With.permission.)
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FIGURE 2.1  Shape.memory.effect.(SME).
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number.of.experiments.on.various.types.of.polyurethane.SMPs.from.the.company.
(Tobushi.et.al..1992,.1996,.1997,.1998,.2001)..We.present.here.a.more.systematic.
study.of.SMP.MM3520.to.give.readers.a.full.picture.of.this.particular.material..The.
experimental.results.provide.basic.knowledge.and.necessary.references.for.the.later.
chapters.of.this.book.

After. drying. in. a. vacuum. oven. at. 80°C. for. 12. hours,. the. raw. materials. were.
molded. into. the. shape. shown. in. Figure  2.3. by. a. laboratory. injection-molding.
machine.(Manumold.77/30).following.the.processing.procedure.suggested.by.SMP.
Technologies..Each.type.of.test.was.repeated.a.few.times.on.different.samples..Only.
the.representative.results.are.presented.in.this.chapter.

2.2   GLASS TRANSITION TEMPERATURE AND THERMAL STABILITY

Tg.represents.both.the.glass.transition.temperature.and.also.the.shape.recovery.tem-
perature.at.which.the.SME.is.activated.for.this.thermo-responsive.SMP..At.a.tem-
perature.below.Tg,.this.SMP.is.in.the.glass.state.and.is.stiff.and.hard.to.deform.(with.
high.modulus)..In.this.state,.the.soft.segment.in.the.SMP.is.frozen.in.place..It.may.be.
able.to.vibrate.slightly,.but.no.significant.segmental.motion.occurs..In.this.state,.the.
bulk.material.is.relatively.difficult.to.deform.

If.the.SMP.is.heated.gradually,.it.will.enter.a.glass.transition.region..The.transi-
tion.does.not.start.or.finish.instantaneously,.but.takes.place.gradually.over.a.temper-
ature.range..Within.this.range,.soft.segments.wiggle.around.and.the.heat.capacity.
of.SMP.increases.by.an.order.of.magnitude..As.one.of.the.conventional.approaches,.
differential. scanning. calorimeter. (DSC). testing. can. be. used. to. detect. the. step.
increases.in.heat.capacity.in.order.to.determine.the.Tg,.defined.as.the.median.point.
of.the.glass.transition.range.in.the.heating.ramp..Likewise,.in.shape.memory.alloys.
(An.and.Huang.2006),.the.heating.rate.may.have.remarkable.influence.on.the.exact.
Tg.determined..A.higher.heating.speed.results.in.a.higher.Tg..A.constant.heating.and.
cooling.rate.of.20°C/min.was.applied.in.our.experiment..The.specimens.used.for.
the.DSC.test.(PerkinElmer.DSC.7).were.cut.from.the.samples.shown.in.Figure 2.3..
Each.sample.weighed.~10.mg..Each.specimen.was.subjected.to.one.test.

Figure 2.4.shows.a.plot.of.the.DSC.results.for.SMP.MM3520.over.one.heating.
and.cooling.cycle..Tg.is.determined.to.be.36.7°C—very.close.to.the.given.nominal.
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FIGURE 2.3  Dimensions.of.sample.. (From.Yang.B.et.al.,.Smart Mater. Struct.,.13:.191,.
2004..With.permission.)
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value.of.35°C..We.can.see.that.the.glass.transition.occurs.within.a.temperature.range.
of.30.to.40°C..Furthermore,.the.DSC.revealed.that.this.polyurethane.SMP.is.a.semi-
crystalline.polymer.that.experiences.both.glass.transition.and.melting.in.the.heating.
ramp..The.SMP.starts.to.melt.at.110°C..At.180°C,.the.polymer.is.almost.fully.melted.
in.the.heating.ramp;.it.crystallizes.at.about.100.2°C.in.the.cooling.ramp..The.melting.
temperature.(Tm).and.crystallization.temperature.(Tc).are.defined.as.the.peak.points.
in.the.melting.range.and.crystallization.range,.respectively.

Thermogravimetric.analysis.(TGA).was.conducted.to.investigate.the.thermal.sta-
bility. of. the. polyurethane. SMP.. TGA. was. carried. out. with. a. specimen. weighing.
around.20.mg.at.a.constant.heating.rate.of.10°C/min,.purged.with.nitrogen.gas.on.a.
PerkinElmer.TGA.7..Figure 2.5.reveals.only.a.slight.weight.loss.of.SMP.MM3520.
before.heating.to.260°C,.which.is.largely.attributed.to.the.evaporation.of.moisture.
in.the.material;.260°C.is.defined.as.the.decomposition.temperature.of.this.polyure-
thane.SMP.

2.3  DYNAMIC MECHANICAL PROPERTIES

Dynamic.mechanical.analysis.(DMA).was.used.to.investigate.the.dynamic.mechani-
cal.properties.of.SMP.MM3520..In.this.test,.a.small.load.is.applied.on.a.sample.in.
a. sinusoidal. fashion. so. that. the. sample. is. always.deformed. elastically..For. a. per-
fectly. elastic.material,. the. stress. and. strain. curves. are.perfectly. in.phase..On. the.
other.hand,.a.perfectly.viscous.material.flows.under.loading,.instead.of.deforming.
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FIGURE 2.4  DSC.result.for.polyurethane.SMP.MM3520..(From.Yang.B,.2007..Influence.
of.moisture.in.polyurethane.shape.memory.polymers.and.their.electrically.conductive.com-
posites..PhD.dissertation..Nanyang.Technological.University,.Singapore.)
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reversibly..Under.dynamic.loading,.its.stress–strain.curves.are.out.of.phase.by.90°.
since.the.strain.is.proportional.to.the.changing.rate.of.the.stress..The.polyurethane.
SMP.behaves.in.a.way.combining.both.factors,.i.e.,.it.simultaneously.reacts.elasti-
cally.and.flows.to.some.extent..Therefore,.its.stress.and.strain.curves.are.out.of.phase.
by.a.phase.angle.(δ).that.is.less.than.90°..DMA.is.used.to.measure.the.amplitudes.of.
stress.and.strain.as.well.as.δ.

The.storage.modulus,.loss.modulus,.and.tangent.delta.can.be.recorded.against.the.
temperature..The.storage.modulus.is.the.modulus.of.the.elastic.portion.of.material,.
and.the.loss.modulus.is.the.modulus.of.the.viscous.portion..Tangent.delta.is.defined.
as.the.ratio.of.the.loss.modulus.over.the.storage.modulus.that.indicates.the.damping.
capability.of.a.material.

DMA.(PerkinElmer.DMA.7).was.carried.out.in.the.three-point.bending.mode.
with.a.10.mm.span..The.specimens.were.heated. in.a.hot.chamber.at.a.constant.
rate. of. 5°C/min.. The. viscoelastic. behavior. of. a. polymer. implies. a. time. depen-
dence.of.its.properties..Thus,.the.mechanical.vibration.frequency.used.for.DMA.
tests.has.a. remarkable.effect.on. the. results. (Merzlyakov.et. al..1999,.Zheng.and.
Wong.2003,.Zhou.et.al..2005)..A.constant.frequency.of.1.Hz.recommended.in.the.
instrument.manual.was.used..The.rectangular.specimens.with.dimensions.of.15.
×.4.0.×.3.1.mm.were.cut.from.the.samples.as.shown.in.Figure 2.3..The.result.for.
SMP.MM3520.is.shown.in.Figure 2.6..It.reveals.that.the.storage.modulus.that.cor-
responds.to.the.stiffness.of.the.material.decreases.sharply.in.the.glass.transition.
region..The.ratio.of.storage.modulus.in.the.glass.state.to.that.in.the.rubber.state.
was.up.to.200.to.300..Furthermore,.tangent.delta.reached.its.maximum.of.about.
1.45.during.glass.transition;.the.tangent.delta.of.a.typical.rubber.is.0.2.to.0.4..Thus,.
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in.the.glass.transition.region,.the.polyurethane.SMP.can.be.used.as.a.good.damp-
ing.material.for.energy.dissipation.

The.temperature.corresponding.to.the.peak.of.tangent.delta.is.an.alternative.defi-
nition.for.Tg..The.Tg.of.this.SMP.defined.in.this.way.is.about.35°C—slightly.lower.
than.the.result.obtained.with.DSC..The.small.difference.can.be.ascribed.to.the.higher.
heating.rate.applied.in.the.DSC.test.that.produced.a.slight.lag.in.the.transition..Note.
that.the.quantity.of.the.sample.used.for.the.DMA.was.much.larger.than.that.used.
for.the.DSC..To.achieve.reliable.test.results,.a.lower.heating.rate.was.applied.in.the.
DMA.to.ensure.that.the.heat.was.distributed.more.evenly.in.the.sample.

2.4  UNIAXIAL TENSION IN GLASS STATE

Uniaxial.tensile.tests.were.conducted.to.investigate.the.behavior.of.the.polyurethane.
SMP.under.uniaxial.tension..SMP.samples.were.stretched.uniaxially.at.a.constant.
strain.rate.at.room.temperature.(about.22°C).with.an.Instron.5569.device..Typical.
results.at.three.different.strain.rates,.namely.10–2/s,.10–3/s,.and.10–4/s,.are.shown.in.
Figure 2.7..Note.that.unless.otherwise.stated,.all.strains.and.stresses.are.engineer-
ing.types.of.strain.and.stress..According.to.the.thermal.tests.(DSC.and.DMA),.the.
polyurethane.SMP.is.in.a.glass.state.at.room.temperature.

Figure 2.7.reveals.that.after.a.small.linear.elastic.deformation,.this.SMP.expe-
riences. a. distinct. upper. yield. point,. followed. by. an. apparent. plateau,. and. then.
hardening.at.all.tested.strain.rates,.similar.to.what.occurs.in.mild.steels..The.yield-
ing–plateau.phenomenon.is.similar.to.the.well.known.Luder.band.phenomenon,.in.
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which.necking.and.propagation.may.be.observed.upon.stretching..Figure 2.8.depicts.
the.propagation..The.hardening.is.a.result.of.the.reorientation.of.polyurethane.SMP.
molecular.chains.that.induces.crystallization..The.elongation.limit.of.this.material.
is.over.300%.in.terms.of.engineering.strain.and.increases.with.the.decrease.of.the.
strain.rate..Furthermore,.the.yield.strength.increases.upon.increase.of.the.strain.rate.
while.the.ultimate.strength.follows.an.opposite.trend.
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FIGURE 2.7  Strain-versus-stress.relationships.of.polyurethane.SMP.MM3520.at.room.tem-
perature..(From Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.
and. their. electrically. conductive. composites.. PhD. dissertation.. Nanyang. Technological.
University,.Singapore.)

FIGURE 2.8  Samples.after.uniaxial.stretching.at.different.strains.(until.fracture).at.room.
temperature..(From Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.poly-
mers.and.their.electrically.conductive.composites..PhD.dissertation..Nanyang.Technological.
University,.Singapore.)
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Figure 2.9.presents.the.strain-versus-stress.relationships.of.SMP.MM3520.upon.
loading.to.different.maximum.strains,.namely,.20,.50,.and.100%,.followed.by.unload-
ing.to.zero.stress..The.applied.constant.loading/unloading.strain.rate.was.10–3/sec..
Upon.unloading,.recovery.is.largely.attributed.to.elastic.recovery,.in.particular.at.the.
early.unloading.stages.in.the.small.maximum.strain.cases.

To.check.whether.the.residual.strain.after.unloading.is.fully.recoverable,.the.SMP.
samples.were.heated.gradually.using.a.digital.hot.plate..Figure 2.10.shows. that.a.
sample.can.virtually.fully.recover.its.original.shape.upon.heating.over.its.Tg.after.
pre-stretching.to.100%.strain..It.demonstrates.the.virtual.lack.of.apparent.permanent.
deformation.in.this.polyurethane.SMP.even.after.pre-stretching.to.100%.strain.in.its.
glass.state..The.recovery.is.rather.uniform.everywhere..No.propagation.phenomena.
can.be.observed.

2.5  UNIAXIAL TENSION IN RUBBER STATE

Uniaxial. tensile. tests. were. carried. out. at. different. constant. strain. rates. and.
at.Tg +. 15°C.where. the.polyurethane.SMP. is. in. the. rubber. state..The.Tg value.
was.36.7°C.based.on. the.previous.DSC. test..The.obtained. stress-versus-strain.
responses. are. plotted. in. Figure  2.11. and. demonstrate. the. typical. viscoelastic.
properties.of.the.polyurethane.SMP.MM3520.at.this.temperature..At.all.strain.
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FIGURE 2.10  Recovery.sequence.(top.to.bottom).of.a.piece.of.polyurethane.SMP.MM3520.
after.pre-stretching.100%.at.room.temperature..The.original.shape.is.shown.for.comparison.
purposes..(From.Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.poly-
mers.and.their.electrically.conductive.composites..PhD.dissertation..Nanyang.Technological.
University,.Singapore.)
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rates,. the.elongation. limit.was.above.600%.strain,.but. the.exact. stress-versus-
strain.response.was.highly.strain.rate.dependent..At.a.high.strain.rate.of.10–1/s,.
the.curve.closely.resembles.that.in.the.glass.state..At.low.strain.rates,.the.curve.
is.dominated.by.slant;.the.extension.increases.continuously.with.very.little.varia-
tion.in.the.applied.force.

To.investigate.the.strain.recovery.of.SMP.MM3520.at.a.high.temperature,.a.series.
of.loading.and.unloading.uniaxial.tensile.tests.were.conducted.following.the.proce-
dure.described.below.(refer.to.Figure 2.12).

. 1..Stretch. the. sample. uniaxially. to. a. prescribed. maximum. strain. (εm),. e.g.,.
50%,.at.a.constant.strain.rate.(�ε).and.a.temperature.above.Tg.

. 2..Unload.to.zero.stress.at.the.same.constant.strain.rate.(�ε).and.temperature.

. 3..Hold. the.sample.at. this. temperature. for.a.given.period,.e.g.,.40.minutes,.
without.applying.external.load.

As.illustrated.in.Figure 2.12,.εe,.εt,.εh,.and. εi .denote.the.elastic.strain,.total.instant.
recovery.strain.upon.unloading,.free.recovery.strain.during.holding.(without.exter-
nal.load),.and.final.residual.strain,.respectively..In.the.deformation.of.a.viscoelastic.
polymer,.εm.is.defined.(Clegg.and.Collyer.1986).as:

.
ε ε ε εm e r i= + + . (2.1)
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FIGURE 2.12  Illustration.of. loading.and.unloading.uniaxial. tensile. test.. (From.Yang.B,.
2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.electrically.
conductive.composites..PhD.dissertation..Nanyang.Technological.University,.Singapore.)
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where.εr.is.the.rubber.elastic.strain..Practically,.the.elastic.strain.(εe).is.part.of.the.
total.instant.recovery.strain.(εt)..Hence,

.
ε ε ε εm t h i= + + . (2.2)

Results.of.loading.and.unloading.tensile.tests.carried.out.at.four.different.strain.
rates.at.Tg.+.15°C.following.the.above.procedure.are.plotted.in.Figure 2.13..In.gen-
eral,. recovery.is.almost.complete..The.residual.strain.(εi). is.a.very.small.portion.
of.εm.and.decreases.continuously.upon.further.holding..Thus,.εi.can.be.attributed.
largely.to.the.viscous.flow.and.the.contribution.of.reorientation.in.polymer.chains.
should.be.limited.

The.result.also.reveals.that.a.higher.strain.rate.results.in.more.instant.recovery.
strain..It.is.known.that,.if.t.<<.τ,.the.strain.energy.in.a.polymer.can.be.stored.by.quick.
mechanical.deformation.at.a.temperature.above.Tg.(Wineman.and.Rajagopal.2000)..
Here,.t.is.the.deformation.time.and.τ.is.a.characteristic.relaxation.time.for.a.polymer.
at.this.temperature..Recovery.happens.upon.unloading,.indicating.the.return.of.the.
stretched.polymer.chains.to.more.equilibrium.and.coiled.conformations..Thus,.quick.
deformation.is.preferred.for.more.recoverable.strain.

Figure 2.13.shows.that.a.large.portion.of.εm.(up.to.20%).is.εh,.i.e.,.the.polyure-
thane.SMP.may.only.partially.recover.upon.mechanical.unloading..A.significant.
amount.of.strain.may.be.recovered,.but.only.gradually.with. the.elapse.of. time..
The.strain.recovery,.especially.εt,.is.highly.dependent.on.the.strain.rate..With.the.
increase.of.strain.rate,.εt.becomes.smaller.while.εh.increases..Because.εi.is.mainly.
ascribed.to.the.viscous.flow.of.a.material.that.is.highly.dependent.on.the.strain.
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rate,.εi.increases.with.the.strain.rate..Therefore,.in.the.applications.of.this.poly-
urethane.SMP,.an.instant.load.is.preferred,.so.that.the.pre-strain.in.a.polyurethane.
SMP.can.be.fully.recovered.upon.heating.above.Tg.

To.investigate.the.dependence.of.strain.recovery.on.temperature.and.deformation,.
the.SMP.samples.were.loaded.to.a.maximum.strain.of.50%.and.then.unloaded.to.
zero.stress.at.a.constant.strain.rate.of.10–2/s.at.four.different.temperatures.above.Tg..
The.resultant.stress-versus-strain.curves.are.plotted.in.Figure 2.14..It.reveals.that.εt.
deceases.while.εi.increases.with.the.increase.of.temperature..At.a.low.temperature,.
the.polyurethane.SMP.can. instantly. recover.more.upon.unloading. than.at. a.high.
temperature..Because. the.material. is. easier. to.deform.at. a.high. temperature,. less.
stress.is.required.to.reach.the.same.strain..Above.Tg,.the.polyurethane.SMP,.as.a.vis-
coelastic.material,.shows.more.viscous.properties.at.a.high.temperature..The.strain.
induced.by.viscous.flow.cannot.be.fully.recovered.immediately..Hence,.εi.increases.
with.temperature.as.shown.in.Figure 2.14.and.the.working.temperature.of.this.SMP.
is.suggested.to.range.from.Tg.+.5°C.to.Tg.+.10°C.for.better.instant.recovery.

The.dependence.of.strain.recovery.upon.the.maximum.pre-strain.was.investigated.
by.a.series.of.cyclical.tensile.tests..The.samples.were.loaded.to.different.maximum.
strains.and.then.unloaded.to.zero.stress.at.a.strain.rate.of.10–2/s.and.at.Tg.+.5°C..The.
maximum.pre-strains.were.from.50.to.600%.at.a.50%.interval..The.relationships.
of.stress.versus.strain.in.these.tests.are.plotted.in.Figure 2.15..The.envelope.formed.
by.these.cycles.coincides.very.well.with.the.stress-versus-strain.curve.of.the.single.
extension.test..The.SMP.samples.experienced.obvious.“creeping”.in.the.strain.range.
from.100.to.300%,.then.hardening.due.to.reorientation.and.crystallization..The.result.

605040

4

3

1: Tg + 5°C
2: Tg + 10°C

3: Tg + 15°C
4: Tg + 25°C

1

2

30
Strain (%)

20100

0

0.4

0.8

St
re

ss
 (M

Pa
)

1.2

FIGURE 2.14  Results.of.loading.and.unloading.tensile.tests.at.a.constant.strain.rate.of.10–2/s.
at.different.temperatures..(From Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.
memory.polymers.and.their.electrically.conductive.composites..PhD.dissertation..Nanyang.
Technological.University,.Singapore.)



Thermomechanical	Behavior	of	Polyurethane	Shape	Memory	Polymer	 43

600500400300
Strain (%)

2001000
0

0.5

1

1.5

St
re

ss
 (M

Pa
)

2

2.5

Cyclic tensile test
Single stretching test3

3.5

(a)

200180

Young’s Modulus

Cyclic tensile test
Single extension test

140 160120100
True Strain (%)

806040200
0

5

10

Tr
ue

 S
tr

es
s (

M
Pa

)

15

20

25

(b)

FIGURE 2.15  Results.of.cyclic.tensile.test.and.single.stretching.test.at.a.constant.strain.rate.
of.0.01/s.at.TgTg.+.5°C..(a).Engineering.stress.versus.engineering.strain..(b).True.stress.versus.
true.strain..(From Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.poly-
mers.and.their.electrically.conductive.composites..PhD.dissertation..Nanyang.Technological.
University,.Singapore.)



44	 Polyurethane	Shape	Memory	Polymers

in. loading. and. unloading. cyclic. test. shares. the. same. general. trend. in. the. stress-
versus-strain.behavior.as.in.the.single.stretching.test.

In.Figure 2.16,.the.ratio.of.total.instant.recovery.is.plotted.against.the.maximum.
strain..The.ratio.of.total.instant.recovery.is.calculated.as.the.total.instant.recovery.
strain.over.the.maximum.strain.in.a.cycle..Generally.speaking,.the.ratio.decreases.
with.the.increase.of.maximum.strain..The.decrease.is.more.obvious.at.a.maximum.
strain.above.200%.and.negligible.at.a.maximum.strain. range. from.100. to.200%..
Based.on.the.results,.the.material.is.hardened.above.200%.due.to.the.reorientation.
and. crystallization. of. the. polymer. chains.. Thus,. the. decrease. in. the. total. instant.
recovery.ratio.can.also.be.attributed.to.reorientation.and.crystallization..A.one-step.
sudden.decrease.in.the.ratio.of.total.instant.recovery.may.be.a.result.of.decoupling.
in.the.imperfect.crystalline.part.of.the.polymer.in.the.first.two.cycles.(Tobushi.et.al..
1996).

The.evolution.of.Young’s.modulus.with.the.changes.in.maximum.strain.is.plotted.in.
Figure 2.17..Young’s.modulus.was.calculated.from.the.linear.portion.of.the.true.stress-
versus-true.strain.curve.at.the.beginning.of.unloading.in.each.cycle.(see.Figure 2.15.for.
illustration)..The.modulus.decreases.in.the.first.two.cycles.because.the.polymer.chains.
with.imperfect.crystalline.parts.are.decoupled.in.these.two.cycles.at.the.beginning.of.
the.test.(Tobushi.et.al..1996)..After.that,.Young’s.modulus.increases.gradually.until.
250%.strain.is.reached..Beyond.that.point,.it.increases.almost.linearly.due.to.harden-
ing.caused.by.the.reorientation.and.crystallization.of.the.polymer.chains..At.this.point,.
we.may.conclude.that.the.MM3520.polyurethane.SMP.is.better.for.applications.with.
maximum.strains.below.200%.for.a.high.ratio.of.total.instant.recovery.exceeding.60%.
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at.Tg.+.5°C..Above.that.maximum.strain,.hardening.of.the.SMP.results.in.an.increase.
of.Young’s.modulus.and.a.decrease.of.the.ratio.of.total.instant.recovery.

The.stability.of.shape.recovery.properties.of.the.polyurethane.SMP.was.inves-
tigated. experimentally. by. a. cyclic. tensile. test. at. a. constant. maximum. strain. of.
100%,.a.constant.strain.rate.of.10–2/.s.and.Tg.+.5°C..One.hundred.cycles.were.car-
ried.out.on.a.piece.of.polyurethane.SMP.MM3520..Figure 2.18.plots.results.only.
at.selected.cycle.numbers..It.is.apparent.that.stress.decreases.with.the.increase.of.
cycle.number..The.decrease.is.sharp.at.the.beginning.and.then.becomes.gradual..
This.occurs.because.loading.distorts. the.polymer.chains.to.trigger.viscous.flow..
This. distortion. causes. the. reorientation. of. polymer. chains. and. thus. results. in. a.
decrease. of. stress.. The. reorientation. is. somewhat. limited. by. the. physical. links.
among. the.polymer.chains..Thus,.after.a.sufficient.number.of.cycles.and.over.a.
long.period,. the.reorientation.occurs.and.viscous.flow.gradually.becomes.stable.
(Wineman.and.Rajagopal.2000).

Our.recent.experimental.results.on.a.polystyrene.SMP.from.Cornerstone.Research.
Group.revealed.a.possible.breakdown.of.some.elastic.segments.(Liu.et.al..2007).
that.may.represent.another.cause.of.stress.decrease.upon.cyclic.loading..For.a.bet-
ter.view,.the.time-.or.cycle-versus-strain.relationship.is.plotted.in.Figure 2.19..The.
strain. at. the. bottom. point. of. each. cycle. corresponds. to. the. residual. strain. after.
unloading..The.residual.strain,.corresponding.to.zero.stress,.increases.substantially.
in.the.first.20.cycles.and.then.becomes.gradual..After.about.40.cycles,.a.stabilized.
instant.recoverable.strain.of.about.30%.can.be.obtained..This.can.be.ascribed.to.the.
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FIGURE 2.19  Time-.or.cycle-versus-strain.relationship.of.polyurethane.SMP.MM3520.in.
cyclic.tensile.test.with.constant.maximum.strain.of.100%.at. Tg .+.5°C..(From Yang.B,.2007..
Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.electrically.conduc-
tive.composites..PhD.dissertation..Nanyang.Technological.University,.Singapore.)
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slow-down.or.cessation.of.the.viscous.flow.of.the.polymer.after.many.cycles.over.
a.long.time.period.

2.6  RECOVERY TESTS

The.unique. feature.of.SMP.materials. is. the.shape.memory.effect. (SME)..From.a.
thermomechanical.point.of.view,.recovery.stress.and.recoverable.strain.are.essential.
concerns.in.real.engineering.applications.of.the.SME..Two.types.of.tests,.namely.the.
constrained.recovery.test.and.the.free.recovery.test,.were.carried.out.for.character-
izing.the.SME.of.MM3520.

Polyurethane.SMP.wires.of.1.0.mm.diameter.were.prepared.by.extrusion.*.The.
wires.were.uniaxially.stretched.at.50°C.by.an.Instron.5565.instrument.with.a.100.N.
load.cell.to.three.different.maximum.strains,.namely.10,.20,.and.50%..The.initial.
gauge.length.was.40.0.mm.in.all.experiments..The.wires.were.then.rapidly.cooled.to.
room.temperature.in.3.minutes.with.their.maximum.strain.held,.followed.by.unload-
ing.to.zero.stress..A.constant.strain.rate.of.5.×.10–3/s.was.applied.during.both.loading.
and.unloading..Figure 2.20.presents.three.typical.stress-versus-strain.curves.in.these.
processes..The.unloading.process.is.virtually.linearly.elastic.

Subsequently,.the.pre-strained.wires.were.divided.into.two.groups.for.two.types.
of.recovery.tests..The.wires.in.the.first.group.were.heated.with.their.lengths.fixed..

*. Refer.to.http://www.smptechno.com/index_en.html.for.instruction.on.extrusion.procedure.
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FIGURE  2.20  Typical. stress-versus-strain. curves. upon. loading. (at. 50°C). and. unloading.
(at. room. temperature).. (From Yang. B,. 2007.. Influence. of. moisture. in. polyurethane. shape.
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This.is.the.so-called.constrained.recovery.test..The.recovery.stress.was.measured..
The.wires.in.the.second.group.were.heated.without.constraints.so.that.they.could.
deform.freely.(free.recovery.test)..In.both.types.of.tests,. the.wires.were.heated.in.
a.hot.chamber.at.a.constant.rate.of.2°C/min..For.all.pre-strained.wires.in.the.free.
recovery.test,.the.recovery.ratio.(ratio.of.measured.recovery.strain.to.pre-strain;.10,.
20,.or.50%).was.applied.as.a.measure.of.the.recovery..Figure 2.21.presents.the.evolu-
tion.of.the.recovery.stress.and.recovery.ratio.against.temperature.

In.Figure 2.21(a),. the. recovery. stress. reaches. a.peak.at.~30°C.and. then. falls.
continuously.upon. further. heating,. in. particular. at. temperatures. over. 40°C..The.
recovery.stress.almost.vanishes.at.60°C..Greater.pre-strain.produced.greater.recov-
ery. stress.. Upon. heating. to. 60°C,. the. recovery. (without. constraint). was. ~100%.
as.shown.in.Figure 2.21(b)..In.other.words,.the.wires.fully.regained.their.original.
shapes.

2.7  SUMMARY

During.the.glass.transition,.the.dynamic.mechanical.properties.of.the.MM3520.poly-
urethane.SMP.changed.abruptly..Its.storage.modulus.slumped.by.200.to.300.times.
while.its.damping.ratio.increased.to.1.45..MM3520.appears.to.be.a.good.damping.
material.for.efficient.energy.dissipation..It.is.thermally.stable;.it.loses.only.a.little.
weight.due.to.the.evaporation.of.moisture.before.decomposition.starts.at.260°C.in.a.
nitrogen.environment..MM3520.has.an.elongation.limit.over.300%.and.experiences.
yielding.and.hardening.from.uniaxial.extension.in.the.glass.state..On.the.other.hand,.
it.has.an.elongation. limit.exceeding.600%.and.behaves. like.a. typical.viscoelastic.
material.upon.loading.in.the.rubber.state..Necking.and.propagation,.i.e.,.the.Luder.
band.phenomenon,.are.observed.during.uniaxial.tension.in.the.low.temperature.glass.
(stiff).state.but.not.in.the.high.temperature.rubber.(soft).state..This.is.opposite.to.the.
behaviors.of.shape.memory.alloys.that.exhibit.the.Luder.band.in.the.high.tempera-
ture.stiffer.phase.(Huang.2005).

The.thermomechanical.behavior.and.shape.recovery.ability.of.the.polyurethane.
SMP.are.highly.dependent.on.strain.rate,.temperature,.and.maximum.strain..This.
material.can.almost.fully.recover.a.pre-strain.loaded.below.and.above.its.Tg..For.
more.strain.recovery,.a.higher.strain.rate.is.preferred.during.loading..Furthermore,.
it.is.preferable.for.this.polyurethane.SMP.to.deform.at.a.temperature.ranging.from.
Tg.+.5°C.to.Tg.+.10°C.for.more.recoverable.strain,.especially.for.faster.recoverable.
strain..Because.severe.hardening.at.over.200%.strain.results.in.some.irreversible.
strain,.the.polyurethane.SMP.should.be.used.at.a.strain.rate.below.200%.

The.stability.of.shape.recovery.properties.of.the.MM3520.polyurethane.SMP.is.
highly.dependent.on.the.cycle.number..Upon.cycling,.the.total.instant.recoverable.
strain.deteriorates.and.the.stress.corresponding.to.the.maximum.strain.decreases..
However,.the.total.instant.strain.recovery.almost.stabilizes.after.enough.loading.and.
unloading.cycles..Upon.heating,.the.SMP.can.fully.recover.its.original.shape.in.a.
free.recovery.test.or.generate.high.recovery.stress.in.a.constrained.recovery.test..The.
former.can.be.utilized.for.shape.recovery,.while.the.latter.can.be.used.for.actuation..
These.results.serve.as.a.platform.for.further.investigation.of.this.polyurethane.SMP.
covered.in.subsequent.chapters.
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3 Effects	of	Moisture	
on	Glass	Transition	
Temperature	and	
Applications

3.1  INTRODUCTION

The.formation.of.hydrogen.bonding.in.polyurethane.is.generally.known.to.have.a.
major.effect.on. its.morphology.and.overall.properties.(Yen.et.al..1999,.Luo.et.al..
1997,.Yoon.and.Han.2000,.Heintz.et.al..2002,.Teo.et.al..1997)..The.primary.bands.
in.polyurethane,.the.N-H.stretching.as.a.proton.donor,.and.the.carbonyl.stretching.
as. a. proton. acceptor. are. sensitive. to. hydrogen. bonding.. Therefore,. the. formation.
of.hydrogen.bonds. is.characterized.by. the. shift.of. the.Fourier. transform. infrared.
(FTIR).absorbance.peak.to.a.lower.frequency..The.strength.of.hydrogen.bonding.can.
be.quantified.by.the.magnitude.of.the.shift.(Yen.et.al..1999,.Luo.et.al..1997,.Yoon.
and.Han.2000,.Chen.et.al..2000,.Brunette.et.al..1982).

Moisture.is.one.of.the.most.important.environmental.factors.that.may.significantly.
affect.the.properties.of.polyurethane.shape.memory.polymers.(SMPs)..From.a.real.
engineering.application.view,.it.is.necessary.to.know.the.reliabilities.of.SMPs.in.dif-
ferent.environments,.for.instance,.a.humid.environment..This.chapter.discusses.the.
effects.of.moisture.on.the.glass.transition.temperature.(Tg).of.the.MM3520.polyure-
thane.SMP.(SMP.Technologies,.Japan)..For.this.SMP,.Tg.is.also.the.shape.recovery.
temperature—a.key.parameter.in.thermo-responsive.SMP.applications..The.mecha-
nism.behind.the.effects.of.moisture.on.the.Tg .is.investigated.and.after.detailing.the.
effects.of.moisture.on.the.Tg,.two.new.features.are.proposed.for.potential.applica-
tions.of.this.SMP.

3.2  MOISTURE ABSORPTION IN ROOM-TEMPERATURE WATER

To.investigate.the.moisture.absorption.of.the.MM3520.polyurethane.SMP.studied.in.
Chapter.2,.hot-pressed.SMP.sheets.~1.0.mm.thick.(refer.to.http://www.smptechno.com/
index_en.html.for.the.recommended.processing.procedure.from.SMP.Technologies).
were.immersed.into.room-temperature.water..After.different.durations.of.immersion,.
the.sheets.were.removed.from.the.water,.blown.with.an.air.gun.to.remove.water.from.
their.surfaces,. then.cut. into.small.pieces.for. thermogravimetric.analysis. (TGA). to.
determine.their.moisture.fractions..Thin.samples.weighing.~20 mg.and.sliced.from.
SMP.sheets.were.heated.in.a.TGA.2950.(TA.Instruments).from.30.to.330°C.at.a.rate.
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of. 20°C/minute.. Because. the. TGA. results. are. used. together. with. DSC. results. for.
analysis,.the.heating.rate.should.be.the.same.in.both.tests.

Figure 3.1.presents.TGA.results.after.different. immersion. lengths..Note. that.
all.samples.start.to.decompose.at.~260°C.as.seen.by.the.rapid.decrease.in.weight.
fraction.. As. expected,. weight. loss. becomes. more. significant. with. increased.
immersion.time..In.the.samples.immersed.in.water.for.more.than.12.hours,.sig-
nificant.weight. loss. gradually.occurred.between.100. and.180°C.before.decom-
position..This.loss.may.be.attributed.to.the.evaporation.of.absorbed.water.in.the.
polymer..For.convenience,.a.weight.fraction.at.240°C.was.chosen.as.the.reference.
for.comparisons.of. results. in.subsequent.studies..This.means. that. the. total. loss.
of.weight.at.240°C.is.roughly.taken.as.the.total.amount.of.water.absorbed.in.the.
samples,.although.some.water.may.still.evaporate.above.240°C.(not.significant.in.
the.current. study).before.decomposition.occurs..Figure 3.2. further. summarizes.
the.weight.ratio.of.water.(Re).to.SMP.versus.immersion.time..Re is.obtained.by.the.
following.equation:

.
R w we = − ×/( ) %1 100

. (3.1)

where.w is. the.SMP. loss.of.weight. at.240°C. in. the.TGA. test..Figure 3.2. reveals.
that.the.moisture.content.in.the.material.increases.at.the.beginning.and.gradually.
becomes.almost.constant.after.240.hours.of.immersion..Thus,.the.sample.may.be.
considered.fully.saturated.after.240.hours.of.immersion..In.the.saturated.state,.after.
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FIGURE 3.1  TGA.results.of.MM3520.polyurethane.SMP.after.various.times.of.immersion.
in.water..(Reprinted.from.Yang.B,.Huang.WM,.Li.C.et.al..Polymer,.47,.1348–1356,.2006..
With.permission.)
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immersion.into.room.temperature.water.(about.22°C),.water.constituted.~4.8%.of.
the.weight.

3.3  GLASS TRANSITION TEMPERATURE AFTER IMMERSION

Differential.scanning.calorimeter.(DSC).tests.were.carried.out.on.MM3520.speci-
mens.using.a.DSC.2920.(TA.Instruments).to.examine.changes.in.Tg.after.immersion.
in.water.for.varying.lengths.of.time..The.specimens.for.testing.weighed.around.10.
mg.and.the.constant.heating/cooling.rate.was.20°C/minute..The.Tg.was.taken.at.the.
median.point.in.the.range.of.glass.transition.during.heating..Figure 3.3.plots.the.DSC.
results.and.reveals.that.the.Tg.decreased.remarkably.with.the.increase.of.immersion.
time.

For.a.better.illustration,.the.Tg.values.spanning.the.onset.and.end.of.glass.transi-
tion.against.immersion.time.are.summarized.in.Figure 3.4..Note.that.the.onset.and.
end.of.glass.transition.were.obtained.by.drawing.a.tangent.to.the.inclining.portions.of.
the.DSC.curve.in.the.glass.transition.region.at.the.start.and.finish.parts,.respectively..
With. the. increase.of. immersion.time.Tg.decreased.significantly,. it.dropped.~35°C.
after. 240. immersion. hours.. The. decrease. is. rapid. at. the. beginning. and. becomes.
moderate.as. the.immersion.time.is.prolonged..For. immersion.time.exceeding.168.
hours,.the.samples.are.close.to.a.saturated.state.and.the.change.in.Tg.with.immersion.
time.is.minor..Moreover,.the.temperature.range.of.glass.transition.widened.from.~10.
to.40°C.with.the.increase.of.immersion.time.
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3.4   EVOLUTION OF GLASS TRANSITION 
TEMPERATURE UPON THERMAL CYCLING

The. results. from. the. previous. sections. show. that. absorbed. water. or. moisture.
can.significantly.decrease.the.Tg.of. this.SMP..A.very.important.issue.in.materi-
als.processing.and.applications.is.whether. the.Tg. .can.be.restored.to.its.original.
value.via.dehydration.because.most.engineering.applications.require.reliable.and.
stable. materials.. To. answer. this. question,. cyclic. DSC. tests. were. carried. out. on.
the.MM3520.SMP.samples. after.various.hours.of. immersion..For. each.cycle,. a.
sample. was. first. heated. from. –20°C. to. a. selected. temperature. and. then. cooled.
back.to.–20°C.at.a.constant.heating.or.cooling.rate.of.20°C/minute..In.each.test.of.
a.sample,.six.heat.temperatures.(80,.100,.140,.160,.180,.and.240°C).were.used.in.
increasing.order.

Figure 3.5.plots.one.typical.cyclic.DSC.result.(a).and.a.zoom-in.view.(b).of.the.
saturated. SMP. after. 240. hours. of. immersion.. The. Tg. changed. significantly. upon.
heating.within.the.temperature.range.of.140.to.180°C..The.evolution.of.Tg .against.
heating.temperature.is.plotted.in.Figure 3.6..As.the.heating.temperature.increased,.
the.Tg .gradually.approached.its.original.value.of.35°C..However,.upon.heating.below.
100°C,.the.increase.in.Tg .was.minor..The.increase.was.more.significant.upon.heating.
over.100°C.up.to.180°C—almost.coinciding.with.the.temperature.range.at.which.the.
evaporation.of.water.takes.place,.as.shown.in.Figure 3.1..Further.heating.to.240°C.
can.virtually.bring.the.Tg .almost.fully.back.to.its.original.value.

As.we.can.see.in.Figure 3.1,.a.significant.part.of.the.moisture.is.removed.from.the.
sample.at.a.temperature.above.100°C..Thus,.the.restoration.of.the.Tg..can.be.attributed.
directly.to.the.evaporation.of.moisture..Because.the.moisture.is.removed.only.through.
evaporation,. the.whole.process. is. reversible..Consequently,. the.Tg. .can.be.reduced.
if.samples.are.immersed.into.water.again,.but.after.that.the.original.Tg.can.also.be.
restored.by.heating.the.samples.to.180°C.or.above..From.an.engineering.application.
view,.180°C.appears.to.be.the.critical.temperature.for.refreshing.this.SMP.

3.5  INTERACTION OF WATER AND POLYURETHANE SMP

We.have.demonstrated.that.moisture.exerts.a.strong.influence.on.the.glass.transition.
of.the.MM3520.polyurethane.SMP..However,.the.mechanism.behind.this.phenom-
enon.remains.unknown..The.following.sections.aim.to.identify.the.exact.mechanism.
causing.the.effects.of.moisture.on.the.Tg of.this.SMP,.in.particular.the.interaction.
between.water.and.the.SMP.

In.this.study,.FTIR.spectroscopy.was.used.to.identify.the.interactions.of.water.
with.the.SMP..The.specimens.for.FTIR.tests.were.1.0.mm.thick.polyurethane.SMP.
sheets..FTIR.spectra.were.collected.by.averaging.70.scans.at.a.resolution.of.4.cm–1.
in.a.reflection.mode.from.a.spectrometer.(Nicolet.Magna.IR-560).

The.full.FTIR.spectrum.of.the.polyurethane.SMP.at.room.temperature.without.
immersion.in.water.is.presented.in.Figure 3.7..Some.peaks.of.interest.in.this.study.
are.marked.according.to.references.(e.g.,.Yen.et.al..1999,.Luo.et.al..1997,.Yoon.and.
Han.2000)..Strong.hydrogen.bonding.is.evidenced.in.the.polyurethane.SMP.where.
the.infrared.band.of.the.bonded.N-H.stretching.occurs.at.3289.cm–1.while.that.of.
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FIGURE  3.5  Cyclic. DSC. curves. of. a. saturated. SMP.. (a). Overall. view.. (b). Zoom-in. of.
A.. (From. Yang. B,. 2007.. Influence. of. moisture. in. polyurethane. shape. memory. polymers.
and. their. electrically. conductive. composites.. PhD. dissertation,. Nanyang. Technological.
University,.Singapore.)
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free.N-H.stretching.occurs.at.3498.cm–1..Conversely,.the.infrared.band.of.free.C=O.
stretching.at.1724.cm–1.shifts.to.that.of.the.bonded.one.at.1701.cm–1.

Figure 3.8.presents. the.FTIR.spectra.of.samples.after.different.hours.of. immer-
sion.in.the.N-H.and.C=O.stretching.regions,.respectively..According.to.Figure 3.8a,.
the.infrared.band.intensity.of.hydrogen-bonded.N-H.stretching.shows.no.significant.
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FIGURE 3.6  Evolution.of.Tg..upon.thermal.cycling..(From.Yang.B,.2007..Influence.of.mois-
ture.in.polyurethane.shape.memory.polymers.and.their.electrically.conductive.composites..
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change.as.compared.with.that.of.the.free.N-H.stretching..However,.with.the.increase.
of.immersion.time,.the.infrared.band.of.hydrogen-bonded.N-H.stretching.shifts.to.a.
higher.frequency..The.shift.is.more.significant.in.samples.with.shorter.immersion.times.
and.becomes.stable. in.samples.with.immersion.times.longer. than.48.hours..On.the.
other.hand,.Figure 3.8b.indicates.that.after.immersion,.the.infrared.band.of.hydrogen-
bonded. C=O. stretching. shifts. slightly. to. a. lower. frequency.. Furthermore,. with. the.
increase. of. immersion. time,. the. infrared. band. intensity. of. bonded. C=O. stretching.
becomes.more.striking.as.compared.with.that.of.free.C=O.stretching,.indicating.that.a.
longer.immersion.time.results.in.more.C=O.groups.involved.in.hydrogen.bonding.

The.heating.process.mentioned.previously.directly.influences.the.absorbed.water.
in.the.polymer..The.FTIR.spectra.of.the.saturated.polyurethane.SMP.sample.after.
240.hours.of.immersion.under.different.heating.temperatures.in.the.heating.process.
are.plotted.in.Figure 3.9..As.revealed.in.Figure 3.9a,.after.increases.of.heating.tem-
perature,.both.the.infrared.band.position.and.the.intensity.of.the.hydrogen-bonded.
N-H. stretching. shifted. back. to. the. original. values. of. a. dry. sample. as. shown. in.
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FIGURE 3.8  FTIR.spectra.of.polyurethane.SMPs.after.different.immersion.hours..(a).N-H.
stretching.region..(b).C=O.stretching.region..(Reprinted.from.Yang.B,.Huang.WM,.Li.C.et.al. 
Polymer,.47,.1348–1356,.2006..With.permission.)
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Figure 3.8a..Meanwhile,.as.shown.in.Figure 3.9b,.the.infrared.band.of.the.bonded.
C=O.stretching.not.only.shifted.to.a.higher.frequency.almost.identical.to.that.of.the.
dry.samples.but.also.regained.its.dominance.among.all.intensities.(Figure 3.8b).

3.6   CORRELATION OF MOISTURE, GLASS TRANSITION 
TEMPERATURE, AND HYDROGEN BONDING

Utilizing. the.data.obtained. from.previous. tests,. namely.TGA.and.DSC,. the. rela-
tion.between.the.Tg .and.ratio.of.moisture.to.SMP.in.weight.percentage.for.all.SMP.
samples.in.immersion.and.heating.processes.can.be.found..In.Figure 3.10,.samples.
immersed.for.different.numbers.of.hours.and.then.heated.to.different.temperatures.
were.found.to.have.similar.slanted,.L-shaped.curves.between.Tg.and.water.content..
The.change.in.Tg.is.clearly.divided.into.two.stages..At.a.lower.heating.temperature,.
the.transition.temperature.is.kept.almost.constant.despite.the.continuous.reduction.
of.water.content..However,.beyond.a.critical.temperature,.the.Tg .starts.to.increase.
linearly.with.further.decreases.in.water.content..Note.a.turning.point.in.the.L-shaped.
curve.during.the.heating.process.in.Figure 3.10..Referring.to.the.water.ratio.in.weight.
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percentage.at.this.turning.point.in.the.TGA.heating.curve.in.Figure 3.1,.the.critical.
temperature.can.be.identified.as.120°C.

The.heating.temperature.of.120°C.demonstrated.in.Figure 3.10.and.Figure 3.1.has.
a.clear.physical.meaning..The.total.absorbed.water.in.the.polyurethane.SMP.can.be.
divided.into.free.water.and.bound.water.(Herrera-Gómez.et.al..2001)..Bound.water.
can.be.removed.from.the.polymer.only.at.a.higher.heating.temperature..In.this.case,.
the.critical.heating.temperature.is.around.120°C.and.the.bound.water.moves.out.of.
the.polymer.in.an.approximate.linear.fashion.with.increases.of.heating.temperature..
As.for.the.free.water,.all.horizontal.segments.in.Figure 3.10.indicate.that.it.exerts.a.
negligible.effect.on.the.Tg..A.similar.phenomenon.between.the.Tg .and.ratio.of.water.
to.SMP. in.weight.percentage.has.been. found. in.another.polyurethane.SMP. from.
SMP.Technologies,.namely.MM5520.(Huang.et.al..2005).

As.shown.in.Figure 3.10,.the.lines.for.the.immersion.and.heating.processes.inter-
sect.in.the.minus.zone.of.moisture.content..This.point.corresponds.to.the.real.dry.
state. of. the.polyurethane. SMP..Thus,. at. 240°C.used. as. a. reference. in. the. earlier.
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FIGURE 3.9  FTIR.spectra.of.saturated.samples.(240.hours.of.immersion).after.heating.to.
different.temperatures..(a).N-H.stretching.region..(b).C=O.stretching.region..(Reprinted.from.
Yang.B,.Huang.WM,.Li.C.et.al..Polymer,.47,.1348–1356,.2006..With.permission.)
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calculation,.some.moisture.remains.trapped.in.the.material..The.real.ratio.of.mois-
ture.to.SMP.in.weight.R can.be.obtained.according.to.Yang.(2007):

.

R R R Rt e t= + −( )/( )1
. (3.2)

where.Rt.is.the.positive.valued.ratio.of.moisture.to.SMP.composite.in.weight.at.the.
intersection.point.(Figure 3.1).and.Re.is.the.measured.ratio.of.moisture.to.SMP.in.
weight.based.on.the.weight.of.the.sample.at.240°C.

The.amounts.of.free.and.bound.water.during.the.immersion.process.now.can.be.
further.identified.by.Equation.(3.1)..Using.the.two.segments.in.the.slanted.L-shaped.
curves,. the. ratios.of. free,.bound,.and. total.absorbed.water. in. the.polymer.can.be.
determined. as. functions. of. immersion. time,. as. shown. in. Figure  3.11.. Moisture.
absorption.increases.dramatically.in.the.first.48.hours.of.immersion,.and.at.any.point.
the.free.water.is.more.predominant.than.the.bound.water.

FTIR.results.provide.a.clearer.picture.of.the.hydrogen-bonding.mechanism.behind.
the.change.of.Tg.in.the.polyurethane.SMP.(Figures 3.8.and.3.9)..The.mechanism.is.
largely.dominated.by.the.hydrogen.bonding.between.the.N-H.and.C=O.groups..For.
better.illustration,.based.on.Figure 3.8,.Figure 3.12.plots.the.infrared.bands.of.the.
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hydrogen-bonded.N-H.and.C=O.stretchings.as.functions.of.immersion.time.in.water..
As.we.can.see,.the.shift.of.infrared.bands.in.the.hydrogen-bonded.N-H.and.C=O.
groups. is.significant. in. the.first.48.hours.of. immersion.and. then.flattens.out..The.
water.content.in.the.polyurethane.SMP.also.increases.with.the.increase.of.immer-
sion.time.in.a.similar.manner.(Figure 3.11)..This.reveals.that.water.has.direct.effects.
on.the.hydrogen.bonding.in.the.polyurethane.SMP,.which.can.be.explained.based.on.
the.model.in.Figure 3.13,.modified.from.Lim.et.al..(1999).

As.illustrated.in.Figure 3.13,.some.water.molecules.absorbed.in.the.polyurethane.
SMP.upon.immersion.act.as.bridges.between.the.hydrogen-bonded.N-H.and.C=O.
groups.(site.a in.Figure 3.13)..In.this.model,.only.one.interaction.is.possible.between.
the.water.and.bonded.N=O.(site.a).that.directly.relates.to.the.hydrogen.bonding.in.
the.SMP..Thus,.the.change.of.the.bonded.N-H.infrared.band.induced.by.water.may.
be.interpreted.as.the.effect.of.water.on.this.hydrogen.bonding..The.loosely.bound.
water.directly.weakens.the.hydrogen.bonding,.as.shown.by.the.shift.of.the.infrared.
band.of.the.hydrogen-bonded.N-H.to.a.higher.frequency..Based.on.the.function.of.
water.as.a.plasticizer,.the.Tg .is.reduced.

On.the.other.hand,.some.absorbed.water.molecules.can.form.double.hydrogen.bonds.
with. two. already. hydrogen-bonded. C=O. groups. (site. b in. Figure  3.13).. Due. to. the.
hydrogen.bonding.in.site.a,.the.infrared.band.of.bonded.C=O.stretching.shifts.up.to.a.
higher.frequency.while.the.hydrogen.bond.in.site.b brings.it.down.to.a.lower.frequency..
These.two.hydrogen.bonds.may.work.together.and.counteract..According.to.Puffr.and.
Sebenda.(1967),.water.in.site.b is.more.firmly.bound.than.that.in.site.a (Lim.et.al..1999)..
Consequently,.the.infrared.band.of.hydrogen-bonded.C=O.decreases.(Figure 3.12).

Figure  3.14. illustrates. the. infrared. bands. of. hydrogen-bonded. N-H. and. C=O.
stretchings.against.temperature.during.heating..Both.N-H.and.C=O.infrared.bands.
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change.remarkably.in.the.range.of.100.to.180°C,.coinciding.with.the.temperature.
range.of.significant.water.loss.shown.in.Figure 3.1..With.the.evaporation.of.water,.
especially.bound.water.(Figure 3.11),.in.the.heating.process,.the.interaction.between.
water.and.polymer.is.removed..Therefore,.the.hydrogen.bonding.between.N-H.and.
C=O.gradually.reverts.to.its.original.state..Water.that.acts.as.a.plasticizer.is.removed.
upon.heating.and.the.SMP.finally.recovers.its.original.Tg.

3.7  NEW FEATURES BASED ON EFFECTS OF MOISTURE

Because.the.Tg of.the.MM3520.polyurethane.SMP.may.be.reduced.by.immersion.
into. room-temperature. water,. it. is. possible. to. utilize. this. phenomenon. to. design.
moisture-responsive.functionally.gradient.SMPs..The.basic.idea.is.to.lower.the.Tg .
of. the.material.by.immersing.it. into.water..To.verify.these.features—(1).moisture.
response.and.(2).functionally.gradient.Tg.(both.can.dramatically.widen.the.applica-
tions.of.the.material)—three.tests.were.performed.on.wires.prepared.by.extrusion.at.
200°C.to.diameters.of.1.5.mm.

The.first.test.was.water-driven.recovery.to.verify.the.moisture-responsive.feature..
A.piece.of.straight.SMP.wire.was.bent.into.a.circular.shape.at.40°C.and.the.shape.was.
retained.during.cooling.back.to.room.temperature.(about.22°C)..No.apparent.shape.
recovery.was.found.after.the.deformed.wire.was.kept.in.a.dry.cabinet.at.30%.rela-
tive.humidity.(RH).and.room.temperature.for.1.week..However,.after.immersion.into.
room-temperature.water.for.about.30.minutes,.the.material.starts.to.recover.gradually.
(Figure 3.15)..This.experiment.confirms.the.moisture-responsive.feature.of.this.SMP.

Another. piece. of. SMP. wire. was. used. for. the. gradient. Tg . test.. The. wire. was.
divided.into.three.segments.of. identical. length.from.top.to.bottom..The.segments.
were.immersed.into.room-temperature.water.for.0,.30.minutes,.and.5.hours,.respec-
tively..This.resulted.in.three.different.Tg .values:.36,.28,.and.15°C,.respectively,.from.
top.to.bottom.segments.as.measured.by.a.DSC.2920.(TA.Instruments).at.a.heating.
rate.of.20°C/minute..Subsequently,.the.wires.were.deformed.at.40°C.into.M shapes.
and.cooled.to.10°C;.shapes.were.retained..Upon.exposure.to.air,.the.bottom.segment.
recovered.in.about.30.seconds.(Figure 3.16)..After.heating.to.about.30°C.with.a.hot.
plate,.the.middle.segment.became.straight.in.about.1.minute..Upon.further.heating.
to.40°C.and.holding.for.~1.minute,.the.top.segment.regained.its.original.shape..This.
experiment. successfully. demonstrates. recovery. in. sequence—a. useful. feature. for.
programmable.recovery.

Combining.both. features,. the. recovery.of. a. piece.of. polyurethane.SMP.can.
be.actuated.by.water. in.a.programmable.manner..Another.SMP.wire.was.used.
for.this.test..The.top.half.of.the.wire.was.immersed.in.room-temperature.water.
~20. minutes,. while. the. bottom. half. was. kept. dry.. Subsequently,. the. wire. was.
deformed.into.a.Z shape.at.a.high.temperature.and.then.cooled.to.room.tempera-
ture.with.the.deformed.shape.retained..Figure 3.17.shows.the.sequence.of.recov-
ery.in.water..Note.that.the.top.half.with.a.lower.Tg .recovers.first,.followed.by.the.
recovery.of.the.bottom.half..After.about.75.minutes,.the.wire.almost.fully.regains.
its.original.shape.
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3.8  RECOVERY TESTS

To. examine. the. shape. memory. effect. described. in. Section. 2.6,. we. conducted.
free. recovery.and.constrained. recovery. tests.on.1.mm.diameter.MM3520.wires.
produced.by.extrusion..However,.instead.of.heating.to.test.thermal.response,.we.
immersed.the.pre-stretched.wires.(with.10,.20,.and.50%.maximum.strain.as.dis-
cussed.in.Section.2.6).into.room-temperature.water.(moisture.response).for.recov-
ery..Figure 3.18.presents. the. evolution.of. the. recovery. stress. and. recovery. ratio.
against.the.immersion.time.

Figure  3.18a. reveals. that. higher. pre-strain. produced. higher. recovery. stress. in.
wires.immersed.in.water..The.recovery.stress.started.to.increase.dramatically.after.
~2.5.hours.of.immersion.and.reached.a.maximum.in.~4.hours..Thereafter,.the.stress.
reduced.but.only.very.slightly..In.contrast,.the.recovery.ratio.after.a.10-hour.immer-
sion.(Figure 3.18b).was.lower.in.the.highly.pre-strained.wires,.and.significant.recov-
ery.started.after.~4.hours.of.immersion.
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100 min 120 min 140 min

FIGURE 3.15  Water-driven. recovery.. (Reprinted. from.Huang.WM,.Yang.B,.An.L.et.al..
Applied Physics Letters,.86,.114105,.2005..With.permission.)
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FIGURE 3.16  Recovery.of.SMP.wire. in.programmable.manner.upon.heating.. (Reprinted.
from. Huang. WM,. Yang. B,. An. L. et. al.. Applied Physics Letters,. 86,. 114105,. 2005.. With.
permission.)
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FIGURE 3.17  Recovery.of.a.piece.of.functionally.gradient.SMP.wire.actuated.by.water.in.
a.sequence..(Reprinted.from.Huang.WM,.Yang.B,.An.L.et.al..Applied Physics Letters,.86,.
114105,.2005..With.permission.)
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FIGURE  3.18  Recovery. in. room-temperature. water.. (a). Recovery. stress. as. function. of.
immersion. time.. (b).Shape.recovery.ratio.as. function.of. immersion. time.. (Reprinted.from.
Yang.B,.Huang.WM,.Li.C.et.al..Polymer,.47,.1348–1356,.2006..With.permission.)
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3.9  SUMMARY

This.chapter.systematically.investigated.the.effects.of.moisture.on.the.Tg values.
of.a.polyurethane.SMP..Experimental.results.reveal.that.the.Tg .may.be.reduced.
substantially. by. immersion. of. the. material. into. room-temperature. water.. The.
reduction.in.Tg .continues.until.the.SMP.is.saturated..Moreover,.the.change.in.Tg .
is.reversible.by.heating.or.dehydrating.

The.mechanism.behind.the.influence.of.moisture.on.the.Tg. is. identified..Water.
absorbed.in.the.polyurethane.SMP.interacts.with.the.polymer.chains.and.weakens.
the.hydrogen.bonding.between.N-H.and.C=O.groups..With.water.as.a.plasticizer,.
the.Tg of.the.polyurethane.SMP.is.reduced.significantly..Heating.or.dehydrating.can.
cancel.these.effects.so.that.the.SMP.recovers.its.original.Tg.

Water. absorbed. by. the. polyurethane. SMP. can. be. classified. as. free. water. and.
bound. water. and. both. are. quantitatively. identified. in. the. immersion. and. heating.
processes..The.free.water.can.be.fully.removed.at.~120°C.by.evaporation..Free.water.
absorbed. in. the.polyurethane.SMP.has.a.negligible.effect.on. the.Tg,.while.bound.
water.significantly.reduces.the.Tg .in.an.almost.linear.manner..Furthermore,.a.tem-
perature.above.120°C.is.required.to.remove.the.bound.water..A.similar.phenomenon.
involving.Tg .value.and.the.ratio.of.water.to.SMP.in.weight.percentage.was.also.found.
in.the.MM5520.polyurethane.SMP.of.SMP.Technologies.(Huang.et.al..2005).

Based.on.these.findings,.two.new.features.of.the.polyurethane.SMP.are.demon-
strated..One.is.the.actuation.triggered.by.water,.and.the.other.is.the.recovery.in.a.
programmable.manner.after.introducing.a.gradient.Tg .by.immersing.different.parts.
into.water. for.different.periods.of. time..The.MM3520.polyurethane.SMP. is.both.
thermo-responsive.and.moisture.responsive..A.number.of.its.novel.applications.are.
presented.in.subsequent.chapters.
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4 Electrically	Conductive	
Polyurethane	Shape	
Memory	Polymers

4.1  INTRODUCTION

Conductive.polymers.can.be.realized.in.two.ways..One.is.to.produce.a.polymer.that.is.
intrinsically.conductive..Heeger.et.al..received.the.Nobel.Prize.in.Chemistry.in.2000.
for.developing.these.intrinsically.conductive.polymers.(ICPs)..However,.commonly.
used.ICPs.such.as.polyacetylene,.polyaniline,.and.polypyrrole.have.typical.conduc-
tivity.values.around.10–10. to.105S/m..They.do.not.have. stable.mechanical.proper-
ties.and.are.expensive.and.difficult. to.prepare,.particularly.during.polymerization.
(Cotts.and.Reyes.1986,.Nalwa.1997,.Morgan.and.Foot.2001)..The.second.approach.
is.to.dope.or.load.conductive.fillers.into.an.insulator..Graphite,.carbon.powders,.and.
metallic.particles.are.widely.used..Due.to.very.low.cost.and.convenient.fabrication.
(only.conventional.processes.are.required.to.prepare.polymers),.the.latter.approach.
is.more.popular.in.engineering.practice.(Jäger.et.al..2001,.Thommerel.et.al..2002,.
Zheng.and.Wong.2003).

The. percolation. theory. (Stauffer. and. Aharony. 1994,. Wu. and. Mclachlan. 1997,.
Jäger.et.al..2001).may.be.used.to.describe.the.dependence.of.electrical.resistivity.on.
the.volume.fractions.of.conductive.fillers.in.conductive.composites..The.electrical.
resistivity.(ρ).for.randomly.distributed.conductors.in.an.insulator.matrix.of.insula-
tor–conductor.binary.composites.is.expressed.as:

.
ρ = −A c f

ss( ) . . for. . f c< . (4.1)

.
ρ = − −−B f c

rr( ) . . for. . f c> . (4.2)

where. f .is.the.volume.fraction.of.the.conductive.filler,. c.is.the.percolation.thresh-
old,.and.s and.r are.the.critical.exponents.close.to.0.7.and.2.0,.respectively,.and.are.
affected.by.distribution,.geometry.of.conductive.fillers,.and.other. factors. (Sahimi.
1994,.Das.et.al..2002)..A and.B are.critical.coefficients.relating.to.the.resistivity.of.
the.polymer.matrix.and.the.conductive.filler.

Since.native.shape.memory.polymers.(SMPs).are. intrinsically.electrically.non-
conductive,.they.cannot.be.conveniently.heated.to.trigger.the.shape.memory.effect.
(SME). by. means. of. Joule. heating,. as. shape. memory. alloys. (SMAs). can. (Huang.
2002)..Li.et.al..(2000).reported.their.preliminary.experimental.results.on.conductive.
SMPs.following.the.second.approach..They.used.polyurethane.SMP–carbon.black.
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(CB).composites.prepared.by.a.solution–precipitation.process,.followed.by.compres-
sive. molding.. Their. investigation. focused. on. structures,. electrical. conductivities,.
strain.recoveries,.and.the.relationships.of.these.composites.

The.percolation.threshold.was.obtained.at.20%.weight.fraction.of.carbon.black..
However,.a.highly.loaded.composite.revealed.a.very.low.strain.recovery.speed.and.
recoverable.strain.ratio,.although.stiffness.and.strength.improved..For.example,.an.
SMP. filled. with. 25%. weight. fraction. of. carbon. had. an. electrical. conductivity. of.
10–1.Ωm,.but.only.recovered.less.than.70%.of.pre-loaded.strain..Subsequent.intensive.
research.efforts.in.this.area.involved.different.polymer.systems.(Leng.et.al..2007,.
2008,.Beloshenko.et.al..2005,.Sahoo.et.al..2007,.Jung.et.al..2010a,.2010b,.Koerner.
et al..2004,.Luo.and.Mather.2010,.Cho.et.al..2005)..Readers.may.refer.to.the.relevant.
sections.in.Chapter.7.for.more.details.

This.chapter.reports.a.systematic.study.of.a.CB-filled.polyurethane.SMP.product.
(MM5520,.SMP.Technologies,.Japan).that.has.a.nominal.glass.transition.temperature.
(Tg).of.55°C,.a.melting.temperature.around.200°C,.and.a.bulk.density.of.1.25.g/cm3.
(refer.to.http://www.smptechno.com/index_en.html)..In.Chapter.3,.we.saw.that.the.
Tg.of.this.type.of.polyurethane.SMP.can.drop.below.room.temperature.due.to.the.
influence. of. moisture,. and. special. instruments. for. sub-ambient. temperature. tests.
were.not.available.during.this.study..Therefore,.SMP.MM5520,.which.has.a.higher.
Tg.than.SMP.MM3520,.was.chosen.for.this.chapter.to.avoid.sub-ambient.tempera-
ture.tests.

4.2   PREPARATION OF ELECTRICALLY CONDUCTIVE 
POLYURETHANE SMP

Carbon.nano.powders. bought. from.Degussa.were.used. as. conductive.fillers..The.
technical.data. for. carbon.nano.powders. are. listed. in.Table 4.1..The.data. indicate.
that.these.carbon.powders.are.highly.structured.with.Brunauer,.Emmett,.and.Teller.
(BET).surface.areas.up.to.1000.m2/g—a.measure.of.the.total.area.of.carbon.powder.
including.the.external.and.internal.surface.areas.*.Furthermore,.these.carbon.pow-
ders.with.dibutylphthalate.(DBP).absorption.rates.of.420.mL/100.g.are.more.highly.
aggregated.than.ordinary.carbon.powders.with.DBP.absorptions.below.90 mL/100 g..
Note. that.DBP.absorption. is. an. indirect.measure. for. determining. carbon.powder.
structure.by.measuring.the.void.volume.between.the.individual.carbon.aggregates.
and.agglomerates.

Before.processing,. the.polyurethane.SMP.and.carbon.powders.were.dried. in.a.
vacuum.oven.at.80°C.for.12.hours.to.remove.moisture..After.the.pellets.of.polyure-
thane.SMP.were.melted.at.200°C.in.the.mixing.head.of.a.Haake.Rheocord.90.for.
1.minute,.carbon.powders.were.added.slowly.and.blended.with.the.melted.SMP.at.
200°C..The.rotation.speed.of.the.mixer.was.60.rpm..The.whole.process.lasted.~20.
minutes..SMP.composites.with.five.different.volume.fractions.of.carbon.powder.(4,.
7,.10,.13,.and.15%).were.fabricated..The.volume.fraction.of.carbon.powder.( f ).was.
calculated.by:

*. Degussa.Corporation.(2002)..Technical Bulletin: Pigments..Parsippany,.NJ.
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.
ρ ρf

m m f fM M
=

+ ×
×1

1
100

( ) ( )
% . (4.3)

where.Mm,.ρm,.M f ,.and.ρ f .denote.the.mass.of.SMP,.the.bulk.density.of.SMP.stated.
by.SMP.Technologies,.the.mass.of.carbon.powders,.and.the.bulk.density.of.carbon.
powders.stated.by.Degussa,.respectively.

CBX.denotes. the.polyurethane.SMP.composites.with.X%.volume. fractions.of.
carbon.powders..Hence,.CB0.is.the.pure.SMP.without.carbon.powder..After.blend-
ing,.the.mixture.was.processed.into.desired.shapes.at.200°C.for.testing..Three.kinds.
of.samples.were.prepared:.(1).thin.sheets.with.thicknesses.of.2.0.mm,.1.0.mm,.and.
0.5 mm.were.fabricated.using.a.laboratory.hot.press,.(2).wires.with.individual.diam-
eters.of.2.0.mm.were.prepared.by.extrusion,.and.(3).cylindrical.samples.with.diam-
eters.of.15.0.mm.and.lengths.of.20.0.mm.were.molded..Before.testing,.all.samples.
were.kept.in.a.dry.cabinet.at.a.relative.humidity.(RH).below.30%.

4.3  SHAPE RECOVERY BY PASSING ELECTRICAL CURRENT

The.SMP.composite.CB13.was.hot-pressed.into.a.plate.shape.with.a.thickness.of.
2.0.mm.and.then.cut.into.an.U shape.for.demonstrating.the.SME.upon.heating.by.
passing.an.electrical.current.through.it..The.U-shaped.sample.was.connected.to.a.
15. volt. DC. power. supply. through. two. electrodes..An. infrared. camera. (Thermo-
vision.900,.AGEMA).was.used.to.observe.the.temperature.distribution.in.the.sam-
ple..Figure 4.1a.reveals.the.temperature.distribution.in.the.sample.heated.by.an.
electrical.current.for.45.seconds..The.sample.was.then.easily.bent.at.60°C—above.
the.Tg..After.switching.off. the.electrical.power.and.cooling.back. to.room.tem-
perature.(about.22°C).with.the.deformed.shape.held.still,.a.permanently.bent.shape.
was.formed..When.reheated.above.the.Tg.by.means.of.passing.an.electrical.current.
(Joule.heating),.the.sample.recovered.its.original.shape.as.shown.in.Figure 4.1b.

4.4   DISTRIBUTION OF CARBON POWDER 
IN POLYURETHANE SMP

The.dispersion.of.carbon.powders.within.the.conductive.SMP.was.studied.by.inves-
tigating.the.cryofracture.surfaces.of.samples.without.coating.using.a.scanning.elec-
tron.microscope.(SEM,.Leica.Cambridge.S360)..Figure 4.2.illustrates.the.formation.

TABLE 4.1
Conductive Carbon Power Technical Data

Material
Average 

Powder Size
Specific 
Gravity Purity

DBP 
Absorption

BET Surface 
Area

Carbon.powder ~30.nm ~1.85. 98.4% 420.mL/100.g 1000.m2/g

Source: Degussa.Corporation,.Parsippany,.NJ.
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FIGURE 4.1  Shape.recovery.in.SMP.composite.(with.13%.nano.carbon.powder.in.volume)..
(a). Temperature. distribution. shown. by. infrared. camera.. (b). Shape. recovery. upon. passing.
an.electrical.current..(Reprinted.from.Yang.B,.Huang.WM,.Li.C.et.al..European Polymer 
Journal,.41,.1123–1128,.2005..With.permission.)
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of.carbon.networks.in.the.SMP.composites.filled.with.different.volume.fractions.of.
carbon.powders..Note.that.the.white.areas.are.carbon.powders..The.figure.shows.that.
carbon.powders.distribute.within. the.polyurethane.SMP.matrix. randomly,. aggre-
gating.as.clusters.instead.of.separating.from.each.other..The.average.size.of.these.
clusters.is.around.100.to.200.nm.in.diameter..The.aggregation.of.carbon.powders.in.

2 µm

(a)

2 µm

(b)

2 µm

(c)

FIGURE 4.2  SEM.images.of.cryofracture.surfaces..(a).CB4..(b).CB7..(c).CB13..(From Yang.B,.
2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.electrically.
conductive.composites..PhD.dissertation,.Nanyang.Technological.University,.Singapore.)
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other.carbon.fine-powder-filled.polymers.has.also.been.reported.(Flandin.et al..
2001,. Knite. et. al.. 2002,. Carmona. and. Ravier. 2002).. Carbon. powders. distribute.
randomly.in.CB4.as.isolated.agglomerates.(Figure 4.2a)..With.the.increase.of.carbon.
powder.content,.carbon.agglomerates.connect.with.each.other.and.form.continuous.
carbon.networks.(Figure 4.2b)..With.the.continuous.increase.of.carbon.loading.up.to.
13%,.the.number.of.carbon.networks.increases.dramatically.(Figure 4.2c).

4.5  ELECTRICAL RESISTIVITY

4.5.1  DepenDence on LoaDing of carbon powDer

Electrical.resistivity.of.the.conductive.SMPs.was.measured.by.a.four-point.resistiv-
ity.probe.system.(SINGNTONE).with.an.upper.limit.of.1010.Ωm..The.resistivities.of.
the.SMP.composites.with.smaller.volume.fractions.of.carbon.powder.were.over.this.
limit..Therefore,.a.digital.high.resistivity.determiner.(RP2680).was.used.instead.

Figure 4.3.presents. the.electrical.resistivity.of.SMP.composites.filled.with.dif-
ferent. volume. fractions. of. carbon. powders.. It. shows. that. the. electrical. resistivity.
of.the.composite.with.less.than.4%.volume.fraction.of.carbon.powder.was.almost.
constant..A.sharp.transition.occurred.between.the.4.to.7%.volume.fraction,.known.
as.the.percolation.threshold.range.(Ishigure.et.al..1999,.Zheng.and.Wong.2003)..The.
percolation. threshold. is. a. critical. value. that. indicates. the. transition. of. a. material.
from.insulative.to.conductive.(Ishigure.et.al..1999,.El-Tantawy.et.al..2002)..For.the.
SMP.composites.with. low.volume.fractions.of.carbon.powders. (<4%),. the.carbon.
aggregates.in.the.SMP.matrix.were.relatively.more.separated.(Figure 4.2a)..Large.
gaps.between.the.conductive.carbon.aggregates.present.significant.physical.barriers.
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FIGURE 4.3  Electrical.resistivities.versus.volume.fractions.of.carbon.powders..(From Yang.
B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.electrically.
conductive.composites..PhD.dissertation,.Nanyang.Technological.University,.Singapore.)
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to.electron.flow,.so.that.almost.no.conductive.channel.can.be.formed.in.the.material.
and.the.electrical.resistivity.is.very.high..As.the.volume.fraction.of.conductive.filler.
reaches. the.percolation.threshold,. the.gaps.between.conductive.carbon.aggregates.
are.reduced,.as.shown.in.Figure 4.2b..Some.carbon.aggregates.even.directly.contact.
each.other..Thus,.electrons.can.jump.more.easily..The.three-dimensional.conducting.
network.is.constructed.and.the.composite.becomes.much.more.conductive.(Sheng.
et.al..1978,.Azulay.et.al..2003),.resulting.in.a.sharp.decrease.of.electrical.resistivity.
with.the.increase.of.carbon.powder.content..A.further.increase.of.the.volume.frac-
tion.of.carbon.powders. reduced. the.gap.slightly,.and.only.a. few.more.conductive.
channels.formed.(Figure 4.2c)..Hence,.reduction.in.resistivity.is.gradual.

From. data. fitting. of. the. experimental. results,. two. equations. were. obtained. as.
follows:

.
ρ = × −1 0 10 613 0 7. ( % ) .

f .
for. f < 6% . (4.4)

.
ρ = × −− −1 6 10 64 1 9. ( %) .

f . for. f > 6% . (4.5)

Hence,.the.percolation.threshold.for.this.carbon-powder-filled.polyurethane.SMP.is.
6%.(volume.fraction).as.shown.in.Figure 4.3.

4.5.2   effects of temperature anD uniaxiaL mechanicaL strain

Normally,. the. temperature.range. in.a.real.engineering.application.of. the.polyure-
thane.SMP.and.its.conductive.composites.is.from.room.temperature.to.about.100°C.
as.reported.in.the.literature.(Chiodo.et.al..1999,.Cadogan.et.al..2002,.Wache.et.al..
2003,.Gall.et.al..2004)..In.our.study,.each.conductive.SMP.was.heated.from.room.
temperature.to.~100°C.and.the.electrical.resistivity.of.each.composite.was.recorded.
against.temperature.using.the.four-point.resistivity.probe.system..The.results.were.
plotted.as.shown.in.Figure 4.4.and.show.no.apparent.change.in.electrical.resistivity.
in.all.conductive.SMP.composites.within.this.temperature.range.

In.real.applications,.the.conductive.SMPs.are.deformed.and.then.heated.for.recov-
ery..Therefore,.the.understanding.of.the.effects.of.strain.on.the.electrical.resistivity.
of.a.conductive.SMP.is.very.important..A.testing.setup.as.illustrated.in.Figure 4.5.
was.designed.and. fabricated. for. this.purpose..An. Instron.5569.device.with. a.hot.
chamber.was.used. to. stretch. and.compress. the. conductive.SMP.samples. at. 60°C.
and.at.a.constant.crosshead.speed.yield.a.fixed.strain.rate.of.10–3/s..Conductive.SMP.
wires.with.diameters.of.2.0.mm.and.gauge.lengths.of.30.0.mm.were.used.for.tensile.
testing..Cylindrical.samples.with.diameters.of.15.0.mm.and.gauge.lengths.of.20.0.mm.
were.used.for.compressive.testing..Two.copper.electrodes.were.attached.to.the.ends.
of.the.samples..A.multimeter.was.coupled.with.the.Instron.to.measure.the.resistance.
(R′).of.samples..The.electrical.volume.resistivity.(ρ).was.calculated:

. ρ = ′ × ′R S L . (4.6)

where.S′ is.the.cross-sectional.area.of.the.sample.and.L.is.the.gauge.length.
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Figure  4.6a. plots. the. tensile. strain. against. electrical. resistivity.. It. shows. that,.
generally.speaking,.with.an.increase.of.strain.the.electrical.resistivity.increases.in.
a.nonlinear.fashion..The.increase.of.electrical.resistivity.is.more.remarkable.at.the.
lower.strain.range,. i.e.,.below.10%..With. the. increase.of. loading.of.carbon.pow-
ders,. the. increase.of.electrical. resistivity. in. the. lower.strain.range.becomes.more.
significant.

When.a.conductive.composite.is.subjected.to.a.tensile.strain,.it.is.expected.that.
two. simultaneous. processes. will. operate. within. the. material:. (1). the. breakdown.
of.existing.conductive.networks.due.to.an.increase.in.the.gap.between.the.carbon.
powder.aggregates.and.(2).reformation.of.new.conductive.networks.due.to.reorien-
tation.of.carbon.aggregates.(Aneli.et.al..1999,.Flandin.et.al..2001)..At.a.lower.tensile.
strain,.the.breakdown.process.is.more.prominent.than.the.formation.process..Thus,.
the.net. result. is.a. reduction. in. the.number.of.conductive.networks,. indicating.an.
increase.of.resistivity..However,.at.a.higher.tensile.strain,.rather.than.formation.of.
holes.and.destruction.of.the.conductive.networks,.the.extension.produces.new.con-
ductive.pathways.and/or.improves.the.existing.pathways.by.reorientation.of.carbon.
powders..For.highly.structured.carbon.powders,.rotation,.translation,.and.possible.
shape.changes.of.the.asymmetric.aggregates.may.preserve.the.number.of.contacts.
and.conductive.pathways..These.processes.somewhat.counterbalance.the.effects.of.
breakdowns.of.conductive.networks,.resulting.in.a.slower.rate.of.change.in.resistiv-
ity.against.the.extension.at.a.higher.strain.(Kost.et.al..1984,.Pramanik.et.al..1993,.
Das.et.al..2002).
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FIGURE  4.5  Experimental. setup.. (a). Tensile. test.. (b). Compressive. test.. (From Yang. B,.
2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.electrically.
conductive.composites..PhD.dissertation,.Nanyang.Technological.University,.Singapore.)
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FIGURE 4.6  Electrical.resistivity.versus.strain.relationship..(a).In.tension..(b).In.compres-
sion..(From Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.
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However,.a.compressive.strain.has.a.different.effect.on.electrical.resistivity..The.
testing. results.are.plotted. in.Figure 4.6b..With.an. increase.of.compressive. strain,.
the.electrical. resistivity.decreases. instead..The.most. significant.decrease.happens.
at.a.lower.strain.range,.i.e.,.below.10%.(same.result.as.with.tension)..Under.a.lower.
compressive.strain,.the.gap.between.carbon.aggregates.in.the.SMP.is.reduced.so.that.
the.tunneling.conduction.becomes.possible.between.some.aggregates..Some.aggre-
gates.may.even.contact.each.other.physically..Thus,.more.conductive.pathways.are.
constructed,.resulting.in.a.decrease.in.resistivity..These.effects.are.less.significant.at.
a.higher.strain.range.because.all.the.possible.conductive.pathways.are.formed.upon.
compression.in.the.lower.strain.range.

4.6  THERMAL STABILITY

The. thermal. stability. of. carbon-powder-filled. polyurethane. SMP. composites. was.
tested.using.a.TGA.2950.(TA.Instruments)..The.samples.weighing.20.to.25.mg.were.
heated.at.a.constant.rate.of.20°C/minute.in.nitrogen.atmosphere..The.results.are.plot-
ted.in.Figure 4.7..The.decomposition.of.the.pure.polyurethane.SMP.(CB0).started.
at.~260°C..In.general,.with.the.addition.of.carbon.powders,.the.onset.of.decomposi-
tion.temperature.increased.slightly.and.the.full.decomposition.occurred.at.a.higher.
temperature.

.It.has.been.reported.that.the.incorporation.of.nano.fillers.may.improve.the.ther-
mal.stabilities.of.some.polymer.composites.(Gilman.et.al..2000,.Zeng.et.al..2004)..
The.increase.in.the.degradation.temperature.may.arise.for.two.possible.reasons..One.
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FIGURE 4.7  TGA.results.of.dry.SMP.composites.with.different.volume.fractions.of.carbon.
powders..(Reprinted.from.Yang.B,.Huang.WM,.Li.C.et.al..European Polymer Journal,.41,.
1123–1128,.2005..With.permission.)
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is. the. restriction.on. the.mobility.of. the.macromolecules. imposed.by,. in.our.case,.
the.carbon.nano.powders,.causing.a.reduction.when.tension.is.induced.by.thermal.
excitation. in. the.carbon–carbon.bond. (Bryk.1991,.Ahmad.et.al..1995)..The.other.
probable.explanation.may.relate.to.the.capacity.of.carbon.powders.for.heat.absorp-
tion..According.to.the.black.body.principle,.black.carbon.nano.powders.are.excel-
lent.absorbers.of.heat..Thermal.degradation.in.a.polymer.matrix.occurs.only.after.a.
certain.amount.of.heat.energy.has.been.absorbed.by.the.material..Heat.initiates.the.
degradation.process.and.breakdown.of.the.matrix.structure.by.causing.ruptures.or.
scissions.in.the.molecular.chains..With.an.increase.of.carbon.nano.powder.content.
in.an.SMP.composite,.more.heat.is.absorbed.by.the.carbon.powders..Thus,.higher.
temperature.is.required.to.overcome.the.required.threshold.energy.for.commence-
ment.of.degradation.

4.7  UNIAXIAL TENSILE TESTING AT ROOM TEMPERATURE

Uniaxial.tensile.tests.were.carried.out.using.the.Instron.5569.with.a.1.kN.load.cell.to.
investigate.the.properties.of.SMP.composites.under.uniaxial.tensile.at.room.temper-
ature..Figure 4.8.illustrates.the.dimensions.of.the.testing.sample..The.gauge.length.
(distance.between.two.clamps).was.set.at.20.mm..During.testing,.a.constant.strain.
rate.of.5.×.10–3/s.was.applied..Engineering.strain.and.engineering.stress.were.used,.
and.the.strain.calculated.from.the.displacement.of.the.crosshead.over.the.original.
gauge.length..The.original.cross-sectional.area.of.sample,.namely.4.0.×.1.0.mm2,.
was.used.to.calculate.the.stress.

Figure 4.9.plots.the.stress–strain.curves.of.the.uniaxial.tensile.tests.at.room.tem-
perature..In.general,.upon.loading,.the.SMP.composites.behaved.more.or.less.simi-
larly..They.experienced.yielding,.cold.drawing,.and.then.failure..With.the.increase.of.
carbon.powders,.the.yielding.strength.of.the.SMP.significantly.increased.

The. relationship. of. Young’s. modulus. and. the. elongation. limit. versus. volume.
fraction.of.carbon.powder.( f ).is.plotted.as.shown.in.Figure 4.10..Note.that.Young’s.
modulus.is.calculated.from.the.early.loading.part.of.the.stress–strain.curve..Carbon.
powders.reinforced.the.conductive.SMP.so.that.the.Young’s.modulus.of.CB15.was.
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FIGURE 4.8  Dimensions.of.sample..(From Yang.B,.2007..Influence.of.moisture.in.poly-
urethane.shape.memory.polymers.and.their.electrically.conductive.composites..PhD.disserta-
tion,.Nanyang.Technological.University,.Singapore.)
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about.twice.that.of.pure.SMP..However,.the.presence.of.carbon.powders.reduces.
the.elongation.limit.significantly..Even.a.mere.4%.volume.fraction.of.carbon.pow-
ders.results.in.a.serious.decrease.in.the.elongation.limit.from.185%.in.CB0.to.110%.
in.CB4.

4.8  SHAPE MEMORY PROPERTIES UPON HEATING

Thermomechanical.tests.were.carried.out.to.investigate.the.shape.memory.proper-
ties.of.SMP.composites..Samples.with.dimensions.as.shown.in.Figure 4.8.were.used..
The.testing.procedure.is.illustrated.in.Figure 4.11..In.step.a,.the.sample.is.stretched.
uniaxially.to.a.maximum.strain.(εm).of.20%.at.a.constant.strain.rate.of.5.×.10–3/s.
by.an.Instron.Microforce.materials.test.system.with.a.100.N.load.cell..The.sample.
was.tested.at.a.constant. temperature.(Th).of.65°C.inside.a.hot.chamber,. then.held.
at.εm.and.cooled.to.room.temperature.(Tr).in.4.minutes.(step.b),.during.which.the.
stress.relaxes.at.the.very.beginning.of.holding.due.to.viscous.flow.as.the.material.is.
in.the.rubber.state..In.step.c,.the.sample.is.unloaded.to.zero.stress,.yielding.a.small.
amount.of.strain.recovery..The.fixed.strain.(ε f ).corresponds.to.the.strain.at.the.end.
of.unloading.

From.a. thermomechanical.point.of.view,. the. recovery. stress. and. recoverable.
strain. are. essential. concerns. in. applications. of. SMPs.. Thus,. two. types. of. tests.
(constrained. recovery. and. free. recovery). were. performed. after. step. c. to. mea-
sure the.maximum.recoverable.strain.and.stress.during.recovery..The.samples.were.
separated. into. two.groups. for.different. tests..The.samples. from.one.group were.
heated. on. a. digital. hot. plate. at. a. constant. rate. of. 2°C/minute. and. their. lengths.
were allowed.to.vary..The.length.of.a.sample.was.measured.using.a.microscope.
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FIGURE 4.11  Thermomechanical.test.procedure..(Modified.from.Tobushi.H,.Okumura.K,.
Hayashi.S.et.al..Mechanics of Materials,.33,.545–554,.2001..With.permission.)



Electrically	Conductive	Polyurethane	Shape	Memory	Polymers	 85

and.then.the.recovered.strain.was.calculated.and.recorded.along.with.the.tempera-
ture..This. is. the. so-called. free. recovery. test..The.second.group.of. samples.was.
tested. under. the. same. conditions. except. that. the. lengths. of. these. samples. were.
fixed..The.recovery.stress.was.recorded.by.the.Instron.against.temperature..This.is.
the.so-called.constrained.recovery.test.

To.evaluate. the. shape.memory.properties.of. the.SMP.composites,. the. ratio.of.
fixable.strain.(Rf ).and.the.ratio.of.recoverable.strain.(Rr).were.calculated.using.the.
following.equations:

.
Rf f m= ×ε ε 100%. (4.7)

.
Rr m f r m= − + ×( ) %ε ε ε ε 100 . (4.8)

where.εr.is.the.total.recovered.strain.at.the.end.of.the.free.recovery.test.

4.8.1  fixabLe strain

The.stress-versus-strain. relationships. in. the. thermomechanical. tests.are.plotted. in.
Figure 4.12..Note.that.with.the.increase.in.volume.fractions.of.carbon.powders,.the.
SMP.composite.gains.more.resistance.to.deformation..The.change.is.more.remark-
able.from.CB4.to.CB7..At.the.beginning.of.holding.and.cooling,.the.stress.relaxes—
attributed.to.the.viscous.flow.of.SMPs.in.the.rubber.state..The.stress.then.increases.
due.to.the.increase.of.Young’s.modulus.of.materials.in.transition.from.the.rubber.
to. the.glass.state.and. thermal.contraction.upon.cooling..Only.a.small. linear.elas-
tic.strain.recovery.results.from.unloading..The.linear.elastic.recovery.at.the.end.of.
unloading.in.all.SMP.composites.was.below.3%.

Figure 4.13.plots.the.ratio.of.fixable.strain.against.the.volume.fraction.of.carbon.
powder..It.reveals.that.the.presence.of.carbon.powders.in.the.SMP.matrix.deterio-
rates.the.shape.fixity..At.a.lower.loading.of.carbon.powder.below.4%.volume.frac-
tion,.this.effect.is.almost.negligible.while.the.ratio.of.fixable.strain.gains.significant.
reduction.when.the.content.of.carbon.powder.reaches.7%..Further.increases.of.car-
bon.powder.reduce.the.ratio.of.fixable.strain.gradually..In.general,.although.carbon.
powders.decrease.shape.fixity,.all.SMP.composites.still.have.reasonable.shape.fixity.
so.that.over.95%.of.preload.strain.is.fixable.after.cooling.and.subsequent.removal.of.
the.external.constraint.

4.8.2  recoverabLe strain

The.free.recovery.strain.as.a.function.of.temperature.in.the.free.recovery.test.is.plot-
ted.in.Figure 4.14..It.reveals.that.all.samples.recover.the.preloaded.strain.abruptly.
between.50.and.60°C..With. the. increase.of.carbon.powder,. the. start. temperature.
for.recovery.becomes.lower,.while.the.finish.temperature.is.higher,.so.that.the.tem-
perature.range.for.strain.recovery.is.widened..Such.effects.may.be.attributed.to.the.
change.of.glass.transition.kinetics.due.to.the.loading.of.carbon.powders.
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FIGURE 4.12  Stress-versus-strain.curves.at.Tg.+.10°C..(a).Overall.view..(b).Zoom-in.view..
(From Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.
electrically. conductive. composites.. PhD. dissertation,. Nanyang. Technological. University,.
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For.a.better.illustration,.Figure 4.15.plots.the.ratio.of.recoverable.strain.against.
the.volume.fraction.of.carbon.powder..It.reveals.that.carbon.powders.exert.limited.
effects.on.the.shape.recovery.abilities.of.SMPs.at.a.lower. f .values..Even.when.the.
volume.fraction.reaches.10%,.the.SMP.composite.is.still.capable.of.recovering.over.
90%.of.the.pre-strain..However,.with.the.increase.of.carbon.powder.over.13%.in. f ,.
the.trend.of.decreasing.the.ratio.of.recoverable.strain.becomes.significant.

4.8.3  recovery stress

Figure 4.16.plots.the.recovery.stress.against.temperature.in.the.constrained.recovery.
test..Generally,.little.change.in.recovery.stress.occurred.below.35°C..The.change.was.
largely.negative.and.may.be.attributed.to.the.thermal.expansion.of.SMP.composites..
With.further.increases.in.temperature,.the.recovery.stress.increased.quickly.because.
of. the.SME.and. then. reached. a.peak..After. that,. it. decreased.gradually. and. even.
approached.zero..The.decrease.of.recovery.stress.is.a.result.of.the.relaxation.of.SMPs.
attributed.to.the.viscous.flow.of.polymer.chains.at.higher.temperatures..Furthermore,.
the.results.reveal.that.the.loading.of.carbon.powders.significantly.increased.the.maxi-
mum.recovery. stress.of.SMP.composites..With. the. increase. in.volume. fraction.of.
carbon.powders,. the.decrease.of. recovery.stress.upon.further.heating.slowed.after.
maximum.stress.was.reached..Because.carbon.powders.restrict.the.viscous.flow.in.
SMPs,.slower.relaxation.in.heavily.carbon-loaded.SMP.composites.is.expected.

Maximum.recovery.stress.upon.heating.was.plotted.against.volume.fractions.of.
carbon.powders.as.shown.in.Figure 4.17..It.shows.that.the.loading.of.carbon.powders.
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almost.led.to.an.exponential.increase.in.maximum.recovery.stress.and.that.loading.
of.carbon.powders.is.an.efficient.way.to.increase.recovery.stress.

4.9  SUMMARY

Carbon. nano. powders. distributed. within. the. MM5520. polyurethane. SMP. matrix.
randomly.with. an. agglomerate. size.of. 100. to.200.nm. in.diameter..A.6%.volume.
fraction.of.carbon.powder.is.the.percolation.threshold..Over.this.threshold,.the.con-
ductive. network. is. virtually. formed. in. the. SMP. composites,. resulting. in. a. sharp.
transition.from.insulative.to.electrically.conductive.status..The.electrical.resistivity.
of. the.SMP.composite.with.a.13%.volume.fraction.of.carbon.powders.was.about.
10–2.Ωm..Furthermore,.carbon.powders.reinforced.the.SMP.composites,.resulting.in.
an.increase.of.Young’s.modulus..The.elongation.limit,.however,.was.reduced.

These.conductive.SMPs.show.good.shape.memory.properties..The.ratio.of.fix-
able.strain. is.above.90%.when. the.maximum.strain. is.20%..The.presence.of.car-
bon.powders.significantly.affects.shape.recovery.ability..Based.on.a.20%.maximum.
strain,.more.than.90%.strain.is.recoverable.in.low. f .

(<15%).SMP.composites,.but.
the.freely.recoverable.strain.decreases.below.90%.for.high. f .(≥15%)..The.carbon-.
powder-filled.SMP.composite.(CB13).exhibited.excellent.electrical.conductivity.and.
good.shape.memory.properties..It.can.be.heated.directly.and.efficiently.by.passing.
an.electrical.current.to.achieve.recovery.
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5 Effects	of	Moisture	on	
Electrically	Conductive	
Polyurethane	Shape	
Memory	Polymers

5.1  INTRODUCTION

As.presented.in.Chapter.3,.moisture.exerts.a.significant.influence.on.the.glass.transi-
tion.temperature.(Tg).of.a.polyurethane.shape.memory.polymer.(SMP).from.SMP.
Technologies,.Japan..After.blending.with.carbon.nano.powders,.electrically.conduc-
tive.SMP.composites.were.produced.and.characterized.as.detailed.Chapter.4..They.
can.be.directly.heated.for.recovery.by.Joule.heating.(passing.an.electrical.current).
so.that.a.wider.range.of.applications.can.be.realized..However,.the.effects.of.mois-
ture. on. the. electrically. conductive. SMP. composites. are. still. not. known.. A. good.
understanding.of.this.issue.is.significant.in.engineering.applications..Therefore,.this.
chapter.aims.to.address.this.issue.by.studying.the.samples.discussed.in.Chapter.4..
Again,.CBX.denotes.the.polyurethane.SMP.(MM5520).composites.with.X%.volume.
fraction.of.carbon.powders..Hence,.CB0.is.the.pure.SMP.without.carbon.powder.

5.2   ABSORPTION OF MOISTURE IN 
ROOM-TEMPERATURE WATER

To.study.the.absorption.of.moisture.in.electrically.conductive.SMP.composites,.hot-
pressed.SMP.composite.sheets.about.1.0.mm.thick.were.immersed.in.22°C.room-
temperature.water..After.different.amounts.of.immersion.time,.the.sheets.were.cut.
into.small.pieces.for.thermogravimetric.analysis.(TGA).to.determine.their.moisture.
fractions..Samples.weighing.around.20.mg.were.heated.from.30.to.330°C.by.a.TGA.
2950.(TA.Instruments).at.a.rate.of.20°C/minute.

Figure 5.1.presents.one.set.of.TGA.results.for.sample.CB13.after.different.immer-
sion.times..Clearly.a.major.weight.loss.occurred.in.the.range.between.100.and.240°C.
before.decomposition.occurred..This.weight.loss.is.directly.attributed.to.the.evapora-
tion.of.moisture.absorbed.in.the.SMP.composite..For.simplicity.(as.in.Chapter.3),.we.
set.the.percentage.of.weight.loss.at.240°C.as.the.total.weight.percentage.of.moisture.
absorbed..It.is.obvious.that.the.moisture.content.in.SMP.composites.increases.with.
increases.of.immersion.time.

Figure 5.2.further.summarizes.the.moisture.fraction.in.weight.percentage.ver-
sus.immersion.time.of.samples.with.different.volume.fractions.of.carbon powders..
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It. reveals. that. the. moisture. content. increases. at. the. beginning. and. gradually.
becomes. almost. constant. after. 240.hours..Thus,. after. 720. immersion.hours,. a.
sample.may.be.considered.saturated..Furthermore,.SMP.composites.filled.with.
higher.contents.of.carbon.powders.tend.to.have.less.moisture.content.in.the.satu-
rated.state..The.maximum.moisture.absorption.(in.weight.percentage).of.the.pure.
polyurethane.SMP.is.about.3.5%..Furthermore,. the. loading.of.carbon.powders.
slows.the.speed.of.moisture.absorption..This. is.more.obvious.at. the.beginning.
of.immersion.

5.3  ELECTRICAL RESISTIVITY AFTER IMMERSION

Figure 5.3.plots.the.electrical.resistivity.of.carbon-powder-filled.SMPs.as.a.function.
of.immersion.time.in.room-temperature.water..It.reveals.that.the.electrical.resistivity.
of.CB7.and.CB10.decreases.at.the.beginning.of.immersion.and.then.quickly.reaches.
a.stable.state..However,.almost.no.change.in.the.electrical.resistivity.of.CB13.and.
CB15.was.noted..As.the.immersion.time.is.directly.related.to.the.moisture.ratio.in.
SMPs,.this.improvement.of.electrical.conductivity.in.CB7.and.CB10.may.be.attrib-
uted.to.the.increase.of.moisture.content.

It.is.believed.that.the.conductive.fillers.distribute.in.an.insulator.in.three.possible.
ways:.non-contact,.close.proximity,.and.physical.contact.between.the.conductive.fill-
ers.or.agglomerates.(Bhattacharya.1986)..The.electrons.can.jump.the.gap.between.the.
conductive.fillers. in. the.case.of.close.proximity..The. jumping.causes. the. tunneling.
conductivity.in.conductive.polymer.composites.(Sheng.et.al..1978,.Azulay.et.al..2003)..
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In. CB7. and. CB10,. the. tunneling. conductivity. may. be. more. dominant. than. that. in.
CB13.and.CB15.because.of.lower.loading.of.carbon.powders..It.may.be.reasonable.to.
assume.that.moisture.improves.the.mobility.of.electrons.so.that.more.tunneling.hap-
pens.in.CB7.and.CB10..Their.subsequent.decreases.in.electrical.resistivity.are.more.
remarkable.than.those.in.CB.13.and.CB15.containing.higher.loadings.of.carbon.pow-
ders..Note.that.in.this.study,.the.electrical.resistivity.was.obtained.by.measuring.the.
surface.resistance.of.SMP.samples,.where.the.material.absorbs.moisture.much.faster..
The.material.on.the.surface.can.quickly.reach.the.saturated.state..Thus,.the.variation.in.
electrical.resistivity.is.more.remarkable.at.the.beginning.of.immersion.

5.4  GLASS TRANSITION TEMPERATURE AFTER IMMERSION

A.differential.scanning.calorimeter.(DSC.2920,.TA.Instruments).was.used.for.test-
ing.the.original.dry.samples.and.immersed.in.water.for.varying.times.to.examine.the.
changes.in.the.Tg..The.samples.weighed.~10.mg.and.the.constant.heating.or.cooling.
rate.was.20°C/minute..The.Tg.was.determined.at.the.median.point.in.the.glass.transi-
tion.range.during.heating..The.DSC.curves.of.the.dry.SMP.composites.upon.heating.
are.plotted.as.shown.in.Figure 5.4.

A.set.of.typical.DSC.results.for.a.wetted.sample.(CB13).is.presented.in.Figure 5.5..
It. reveals. that. the. Tg. decreases. remarkably. with. the. increase. of. immersion. time..
Furthermore,. the. temperature. range. for. glass. transition. widens.. Relationships.
between.the.Tg.of.the.SMP.composites.with.different.carbon.powder.contents.and.
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immersion.time.are.summarized.in.Figure 5.6..The.Tg.values.of.all.samples.fall.with.
the.increase.of. immersion.time,.following.a.similar. trend..The.decrease.is.signifi-
cant.at.the.beginning.and.then.becomes.mild.for.immersion.times.over.240.hours—
consistent.with.the.increase.of.moisture.shown.in.Figure 5.2..With.more.moisture.
absorbed.into.SMP.and.its.composites,.the.Tg.decreases.further..This.phenomenon.
persists.until.samples.are.saturated..Figure 5.6.also.demonstrates.that.the.added.car-
bon.powders.have.the.tendency.to.lower.the.Tg..This.is.more.obvious.if. the.water.
content.is.high..For.instance,.the.Tg.of.pure.polyurethane.SMP.(CB0).at.the.satura-
tion.point.(720 hours).is.about.10°C.higher.than.that.of.all.other.samples.

5.5   EVOLUTION OF GLASS TRANSITION 
TEMPERATURE UPON THERMAL CYCLING

The.results.from.the.previous.sections.show.that.the.absorbed.moisture.can.signifi-
cantly.decrease.the.Tg.

of.electrically.conductive.SMP.composites..To.know.whether.
Tg.can.be.restored.to.its.original.value.by.dehydration,.cyclic.DSC.tests.were.carried.
out. on. the. SMP. composites. after. immersion. in. water. following. the. same. testing.
procedure.described.in.Section.3.4.
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Figure 5.7.plots.one.typical.set.of.results.showing.the.evolution.of.Tg.upon.ther-
mal.cycling.of.CB13..Clearly,.after.six.different. thermal.cycles.all. the.specimens.
regain.their.original.Tg.values..In.general,.the.regaining.process.is.more.significant.
in.the.temperature.range.from.140.to.180°C..Figure 5.8.summarizes.the.evolution.
of.Tg.upon.thermal.cycling.in.all.saturated.SMP.composites..Again,. it.shows.that.
the.most.significant.recovery.of.Tg.occurs.between.140.and.180°C..Further.heating.
beyond.the.melting.point.(~200°C).can.bring.the.Tg.almost.fully.back.to.its.original.
value..Recall.that.a.significant.part.of.the.moisture.is.removed.at.temperatures.above.
140°C.(Figure 5.1)..The.increase.in.Tg.may.be.attributed.directly.to.the.evaporation.
of.moisture..Because.the.moisture.is.removable,.the.whole.process.is.reversible,.and.
the.Tg.can.be.reduced.again.if.samples.are.immersed.into.water.again.

5.6   CORRELATION OF MOISTURE ABSORPTION, LOADING OF 
CARBON POWDER, AND GLASS TRANSITION TEMPERATURE

Utilizing.the.data.obtained.from.previous.tests,.namely.the.TGA.and.DSC,.and.fol-
lowing.the.approach.described.in.Section.3.6,.we.can.determine.the.relation.between.
the.Tg. and. the. ratio.of.moisture. to.SMP.and. its. composites. in.weight. percentage.
for.all.samples.in.the.immersion.and.heating.processes..Figure 5.9.shows.two.typi-
cal.results..Similar.slanted,.L-shaped.curves.between.the.transition.temperature.and.
water.content.appeared.for.all.samples.upon.immersing.and.subsequent.heating..As.
indicated,. the.change. in.Tg. can.be.obviously.divided. into. two.stages..The.critical.
water.content.(water.ratio.in.weight.percentage).for.dividing.the.result.is.~120°C.for.
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all.cases.if.the.ratios.are.converted.using.the.water.weight.fraction.at.240°C.as.the.
reference..The.total.absorbed.water.can.be.divided.into.free.water.and.bound.water.

Two.linear.lines.were.obtained.to.describe.the.relationships.of.Tg.versus.the.ratio.
of. moisture. in. the. immersion. and. heating. processes.. These. lines. intersect. in. the.
minus.zone.of.moisture.content.corresponding.to.the.true.dry.state.of.the.polyure-
thane.SMP..The. ratios.of.moisture. to.composites. in.weight.at. the.positive.valued.
intersection.Rt.points.are.shown.in.Table 5.1.for.SMP.and.its.conductive.composites..
After.conversion.using.Equation.(3.2).and.the.values.listed.in.Table 5.1,.the.linear.
relationships.of.the.two.ratios.(bound.water.to.SMP.and.total.moisture.ratio.to.SMP).
are.constructed.by.data.fitting.and.plotted.as.in.Figure 5.10.

Subsequently,.the.Tg.of.each.polyurethane.SMP.composite.at.the.true.dry.and.satu-
rated.states.are.obtained..Figure 5.11.plots.the.Tg.of.SMP.as.a.function.of.the.volume.
fraction.of.carbon.powder..It.reveals.that.the.Tg.levels.at.the.real.dry.and.saturated.
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Yang.B,.Huang.WM,.Li.C.et.al..Scripta Materialia,.53,.105–107,.2005..With.permission.)

TABLE 5.1
Ratio of Moisture Evaporated over 240°C in SMP Composites

SMPs and Composites CB0 CB4 CB7 CB10 CB13 CB15

Ratio.of.moisture.evaporated.
over.240°C.(%)

0.49 0.49 0.48 0.38 0.30 0.20

Source: Yang.B,.2007..Influence.of.moisture.in.polyurethane.shape.memory.polymers.and.their.electri-
cally.conductive.composites..PhD.dissertation,.Nanyang.Technological.University,.Singapore.
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states.decrease.with. the. increase.of.carbon.nano.powder..However,. in.general,. the.
loading.of.carbon.powder.has.almost.no.effect.on.the.amplitude.of.decreases.in.Tg.

Figure 5.12.plots.the.moisture.ratio.in.the.saturated.state.against.the.content.of.car-
bon.powder..The.loading.of.carbon.powder.had.a.negligible.effect.on.the.ratio.of.mois-
ture.at.the.saturated.state..Generally,.SMP.and.its.electrically.conductive.composites.
can.absorb.about.4.3%.moisture.in.weight.when.saturated.in.room-temperature.water.

Figure 5.13.presents. the. slopes.of. the. lines. in.Figure 5.10.as. functions.of.vol-
ume.fraction.of.carbon.powder.for.immersion.and.heating.processes,.respectively..
It.reveals.that.all.slopes.almost.linearly.increase.with.the.increase.of.carbon.nano.
powder..In.other.words,.with.the.increase.of.carbon.nano.powder.content,.water.has.
less.influence.on.Tg..Furthermore,.the.difference.between.the.slopes.of.water.immer-
sion.and.heating.becomes.smaller.with.the.increase.of.carbon.powder.

5.7   EFFECTS OF MOISTURE ON 
THERMOMECHANICAL PROPERTIES

5.7.1  Damping capabiLity

A. dynamic. mechanical. analysis. (DMA). was. carried. out. at. a. constant. frequency.
of.1.Hz.on.a.DMA.2980.(TA.Instruments).in.film.mode..After.different.lengths.of.
immersion.in.room-temperature.water,.strip.samples.15.0.mm.long,.3.0.mm.wide,.
and.0.5.mm.thick.were.heated.at.a.rate.of.4°C/minute.
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A.typical.result.of.tangent.delta.as.a.function.of.temperature.(CB0).is.plotted.as.
shown.in.Figure 5.14..Note.that.tangent.delta.is.the.ratio.of.the.loss.modulus.to.the.stor-
age.modulus.that.represents.the.damping.capability.of.a.material.under.shock.or.vibra-
tion..Figure 5.14.shows.that.tangent.delta.generally.reaches.a.maximum.near.Tg.in.this.
polyurethane.SMP..The.maximum.tangent.delta.of.CB0.without.water.immersion.is.
about.1.4,.which.is.much.higher.than.that.of.a.typical.high.damping.rubber..Therefore,.
CB0.can.be.used.as.a.superior.damping.material.near.its.Tg.value..Furthermore,.this.
result.reveals.that.the.maximum.tangent.delta.of.CB0.decreases.significantly.with.the.
increase. in. immersion. time..The. immersion. time.and. the.moisture.absorbed.by. the.
material. are. directly. related.. Therefore,. the. decrease. in. damping. capability. can. be.
directly.attributed.to.the.increase.of.moisture.ratio.in.the.material.

Figure 5.15.summarizes.the.change.in.maximum.tangent.delta.with.the.ratio.of.
moisture.for.the.SMP.and.its.composites..Note.that.the.ratio.of.moisture.is.determined.
as.described.in.Section.3.2..Generally,.the.loading.of.carbon.powder.remarkably.low-
ers.damping.capability..On.the.other.hand,.upon.gradually.absorbing.moisture,.the.
maximum.tangent.delta.of.SMP.and.its.composites.decreases.to.~0.2..The.maximum.
tangent.delta.of.CB0.almost.linearly.decreases.with.the.increase.of.moisture.content..
However,.with.the.loading.of.carbon.powders,.the.decrease.in.the.maximum.tangent.
delta.becomes.less.significant..Especially.in.CB15,.only.a.minor.change.occurred.in.
the.maximum.tangent.delta.

To.study.whether.all.materials.can.recover.their.original.mechanical.properties.
after.immersion.in.room-temperature.water,.two.groups.of.saturated.samples.were.
dried. in.a.vacuum.oven.for.12.hours..According. to. the.previous.results,.120°C.is.
the.critical.point.dividing.the.absorbed.water.into.free.and.bound.water..Thus,.two.
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temperatures,.namely,.80.and.120°C,.were.chosen.for.drying.in.a.vacuum.oven..We.
expected.that.upon.drying.at.80°C.for.6.hours,.only.free.water.can.be.evaporated.out,.
while.all.free.water.and.some.bound.water.can.be.removed.upon.drying.at.120°C.
for. 6. hours.. The. typical. results. of. a. saturated. sample. upon. drying. are. shown. in.
Figure 5.16..In.general,.the.saturated.SMP.and.its.composite.only.partially.regained.
their.damping.capabilities.upon.the.removal.of.free.water..However,.after.drying.at.
120°C.for.6.hours,.their.damping.capabilities.were.remarkably.regained.

5.7.2  young’s moDuLus

Based.on.the.dynamic.mechanical.analysis.(DMA).results,.the.Young’s.modulus.of.
the.material. is.obtained.as.a. function.of. temperature..One. typical. result. (CB0). is.
presented.in.Figure 5.17..The.difference.in.the.curves.of.Young’s.modulus.against.
temperature.with.different.immersion.times.is.apparent.

In.this.polyurethane.SMP,.the.temperature.range.for.glass.transition.is.about.30°C..
It.can.be.assumed.that.the.material.is.in.the.glass.state.below.Tg.–.15°C.and.in.the.
rubber.state.above.Tg.+.15°C..The.influence.of.temperature.on.Young’s.modulus.in.
SMPs.in.a.glass.or.rubber.state.is.minor.and.it.appears.that.the.Young’s.modulus.of.
the.SMP.in.the.glass.or.rubber.state.is.constant.(Tobushi.et.al..2001)..Normally,.in.this.
SMP,.Tg.–.15°C.is.considered.the.Young’s.modulus.in.the.glass.state.and.Tg.+.15°C.
is.considered.the.Young’s.modulus.in.the.rubber.state..For.comparison,.the.Young’s.
moduli.of.all.samples.at.Tg.–.15°C.and.Tg.+.15°C.are.summarized.against.moisture.
content.in.Figure 5.18..Note.that.Tg.is.the.temperature.corresponding.to.the.peak.of.
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the.tangent.delta.from.the.DMA.testing..The.Young’s.modulus.of.the.SMP.and.its.
composites. in. the.glass.state.decreases.with. the. increase.of.moisture.content..The.
decrease.may.be.attributed.to.the.moisture.that.interacts.with.the.polymer.chains.and.
plasticizes.the.polymer..However,.negligible.change.was.noted.in.the.Young’s.modu-
lus.in.the.rubber.state.

Figure 5.19.presents.one.typical.result.of.a.saturated.sample.after.drying.at.80.
and.120°C..It.shows.that.the.removal.of.free.water.in.the.sample.results.in.the.partial.
recovery.of.Young’s.modulus..Upon.drying.at.120°C.for.6.hours.its.Young’s.modulus.
is.remarkably.regained.

5.7.3  uniaxiaL tension behavior

Uniaxial.tensile.tests.were.carried.out.on.SMP.wires.with.1.0.mm.diameters.using.
an.Instron.5565.machine.with.a.100.N.load.cell.at.a.constant.strain.rate.of.5.× 10–3/s..
The. gauge. length. was. 40.0. mm..A. hot. chamber. with. a. tolerance. of. ±0.5°C. was.
attached.to.the.Instron.for.temperature.control..Two.testing.temperatures.were.cho-
sen:.22°C.room.temperature.and.Tg.+.25°C.at.which.the.polyurethane.SMP.is.in.the.
rubber.state..In.these.experiments,.the.Tg.of.an.individual.sample.was.determined.by.
a.DSC.

Figure 5.20a.plots.one.set.of.stress-versus-strain.curves.of.SMP.wires.(CB0).tested.
at.room.temperature.and.shows.two.types.of.distinct.behaviors..When.the.immersion.
time.is.shorter.than.12.hours,.the.SMP.behaves.like.a.crystalline.material,.in.which.
a.linear.stress-versus-strain.relation.is.found.prior.to.yielding.followed.by.hardening..
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When.the.immersion.time.exceeds.12.hours,.the.stress-versus-strain.curve.is.similar.
to.those.of.rubbers..This.curve.has.no.apparent.yielding.point.and.shows.that.a.large.
deformation.can.be.achieved.at.a. low. level.of. stressing..The. rubber-like.behavior.
becomes.more.pronounced.over.a.prolonged.immersion.period.due.to.the.increased.
mobility.of.the.polymer.chains..On.the.other.hand,.if.the.uniaxial.tensile.test.is.car-
ried.out.at.25°C.above.Tg,. the.SMP.becomes.more.rigid.after.a.longer.immersion.
period.as.shown.in.Figure 5.20b.

To.find.the.individual.roles.of.free.water.and.bound.water.in.stress-versus-strain.
relations,. additional. uniaxial. tensile. tests. were. conducted.. The. SMP. wires. were.
immersed.in.water.for.different.numbers.of.hours,.and.then.heated.in.air.up.to.80.
and.120°C,.respectively,.at.a.constant.rate.of.10°C/minute..Subsequently,.the.wires.
were.cooled.back.down.to.room.temperature.in.3.minutes..No.apparent.change.in.
the.stress-versus-strain.behavior.was.found.in.the.SMP.wires.pre-heated.to.80°C..
The.stress-versus-strain.curves.of. the.wires.pre-heated. to.120°C.are.presented. in.
Figure 5.21..According.to.Figure 5.9,.120°C.is.the.critical.point.for.full.removal.of.
the.free.water.from.the.SMP.

Figure  5.21a. shows. a. remarkable. change. in. comparison. with. the. results. in.
Figure 5.20a..All.samples.exhibit.a.linear.stress-versus-strain.relation.followed.by.
hardening.regardless.of.the.immersion.duration..The.stiffness.of.the.wires.obviously.
increased.after.the.removal.of.the.free.water..Apart.from.this,.a.very.slight.increase.
in.Tg.is.observed.after.heating.to.120°C.(Figure 5.9)..However,.in.a.tensile.test.con-
ducted.at.Tg.+.25°C.(Figure 5.21b),.the.removal.of.free.water.has.little.significant.
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FIGURE 5.21  Stress-versus-strain.relation.after.different.hours.of.immersion.and.heating.
to.120°C..(a).At.room.temperature..(b).At.Tg.+.25°C..(From.Yang.B,.2007..Influence.of.mois-
ture.in.polyurethane.shape.memory.polymers.and.their.electrically.conductive.composites..
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influence.apart.from.the.stiffening.of.the.wires.after.immersion.exceeding.12.hours..
We. may. conclude. that. free. water. exerts. only. a. very. limited. effect. on. the. tensile.
behavior.of.the.SMP.and.bound.water.has.a.very.strong.influence.

5.7.4  moisture-responsive shape recovery

Chapter.3.proposed.a.new.feature.of.polyurethane.SMPs:.moisture-responsive.shape.
recovery..This.feature.is.also.applicable.to.electrically.conductive.SMP.composites..
Figure  5.22. shows. the. recovery. of. a. CB7. sample. actuated. by. room-temperature.
water..This.section.addresses.the.moisture-responsive.shape.recovery.properties.of.
SMP.and.its.composites.that.are.vital.for.the.practical.use.of.this.material.

Moisture–water-actuated.free.recovery.and.moisture–water-actuated.constrained.
recovery. tests. were. performed.. Two. groups. of. samples. were. prepared. and. pre-
strained.to.20%.following.the.procedure.described.in.Section.4.8..Subsequently,.the.
samples.were.clamped.inside.an.Instron.5569.with.a.100.N.load.cell..A.water.tank.
was. attached. to. the. Instron. with. proper. sealing. and. the. samples. were. immersed.
completely. in. room-temperature. water. for. recovery. without. heating,. as. shown. in.
Figure 5.23..One.group.of.samples.was.unconstrained.and.could.vary.their.lengths..
The.samples.were.taken.out.of.water.and.their.changes.in.length.measured.after.a.
certain.period.using.a.microscope..The.recovered.strain.was.calculated.and.recorded.
along.with.immersion.times;.this.is.the.water-actuated.free.recovery.test..The.second.
group.of.samples.was.tested.under.the.same.conditions.except.that.their.lengths.were.
fixed..The.recovery.stress.was.recorded.against.immersion.time.via.the.Instron.5569;.
this.is.the.water-actuated.constrained.recovery.test.
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In.Figure 5.24,. the. recovered.strain. in. the. free. recovery. test. is.plotted.against.
immersion. time.. It. shows. that. after. immersion. in. room-temperature.water. for.60.
minutes,.all.SMPs.began.to.recover..CB0.recovered.about.18%.strain—about.90%.
of. the. preloaded. maximum. strain.. However,. with. the. increase. of. carbon. powder.
content,.the.recovered.strain.decreased.and.the.recovery.slowed.

Figure  5.25. presents. the. relationship. between. recovery. stress. and. immersion.
time.in.the.constrained.recovery.test..In.general,.recovery.stress.begins.to.increase.
after.60.minutes.of.immersion.and.then.gradually.reaches.a.maximum..After.that,.
it.decreases.slowly..About.1.8.MPa.stress.can.be.generated.in.CB0.with.constrained.
recovery..The.loading.of.carbon.powders.has.a.negligible.effect.on.maximum.recov-
ery.stress..However,.the.time.needed.for.the.SMP.composite.to.reach.the.maximum.
recovery.stress.becomes.longer.with.the.increase.of.carbon.powder.content..After.
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FIGURE 5.23  Experimental.setup.of.water-actuated.recovery.tests..(a).Free.recovery..(b).
Constrained. recovery.. (From. Yang. B,. 2007.. Influence. of. moisture. in. polyurethane. shape.
memory.polymers.and.their.electrically.conductive.composites..PhD.dissertation,.Nanyang.
Technological.University,.Singapore.)
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FIGURE 5.22  Recovery.of.a.CB7.sample.actuated.by.room-temperature.water..(Reprinted.
from.Yang.B,.Huang.WM,.Li.C.et. al..European Polymer Journal,. 41,.1123–1128,.2005..
With.permission.)
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reaching.its.maximum,.recovery.stress.decreases.less.remarkably.with.the.increase.
of.carbon.powder.content..This.may.be.attributed.to.the.constraint.of.carbon.powder.
to.the.relaxation.of.polymer.

5.8  SUMMARY

A.series.of.experiments.were.conducted.to.study.the.effects.of.moisture.on.electri-
cally.conductive.SMPs..Experimental.results.indicate.that.the.electrical.conductivity.
of.conductive.SMPs.is.improved.by.moisture..This.phenomenon.is.more.obvious.in.
SMPs.filled.with.lower.contents.of.carbon.powder..The.Tg.values.of.conductive.SMP.
composites.can.be.reduced.effectively.by.immersion.in.water..The.Tg.continuously.
drops.until.the.polymer.is.saturated..Furthermore,.the.change.in.Tg.is.reversible.upon.
heating.or.dehydration.because.the.removal.and.absorption.of.moisture.are.physical.
processes.

The.effects.of.carbon.nano.powder.and.moisture.on.the.Tg.of.conductive.SMP.
composites.were.separated.and.qualitatively. investigated.by.a.series.of.TGA.and.
cyclic.DSC.tests..The.relationship.of.Tg.versus.the.real.ratio.of.moisture.to.SMP.in.
weight.of.each.SMP.composite.was.obtained..The.added.carbon.powders.tended.to.
reduce.the.Tg..The.bound.water.in.the.SMP.material.reduced.the.Tg.dramatically.in.
a.linear.fashion,.while.the.influence.of.free.water.on.the.Tg.was.negligible..The.Tg.
in.the.real.dry.state.decreased.with.the.increase.of.carbon.nano.powder.in.the.mate-
rial..With.more.carbon.nano.powder,.the.Tg.of.SMP.became.less.sensitive.to.water..
Overall,.the.Tg.is.affected.by.the.presence.of.bound.water.more.than.the.loading.of.
carbon.nano.powder.

The.damping.capabilities.of.conductive.SMP.composites.worsen.upon.immersion.
in.water..Young’s.moduli.of.SMP.composites.in.the.glass.state.decrease.with.increases.
in.water.content..However,.little.change.in.Young’s.modulus.occurred.in.the.rubber.
state.upon.immersion.in.water..Upon.dehydration,.the.conductive.SMP.composites.
remarkably.regained.their.original.damping.capabilities.and.Young’s.moduli.

Conductive. SMP. composites. can. recover. pre-strain. by. immersion. in. room-.
temperature. water. based. on. a. decrease. of. their. Tg. values.. The. water-actuated.
recoverable.strain.decreases.with.the.increase.of.carbon.powder.content..However,.the.
carbon.powder.has.negligible.influence.on.the.maximum.stress.generated.by.water-
actuated.recovery.
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6 Magnetic	and	
Conductive	
Polyurethane	Shape	
Memory	Polymers

6.1  INTRODUCTION

It. is.well.known. that.heat.can.be.generated.when.an.alternative.magnetic.field. is.
applied. to. magnetic. particles.. This. heating. technique. is. called. inductive. heating..
According.to.Buckley.et.al..(2006),.the.Curie.temperature.Tc.of.a.magnetic.particle.
may.be.adjusted.by.changing. its.composition..Magnetic. implant.materials. treated.
with. this.heating. technique.have.been.used.for. interstitial.hyperthermia.(Shimizu.
and.Matsui.2003)..In.addition,.functionalized.magnetite.(Fe3O4).nano.particles.have.
great. potential. for. many. bioapplications. (Majewski. and. Thierry. 2007).. However,.
we.should.bear.in.mind.that.according.to.Keblinski.et.al..(2006),.a.certain.size.limit.
applies.to.such.nano.particles.for.effective.inductive.heating.

By. blending. thermo-responsive. shape. memory. polymer. (SMP). with. magnetic.
particles,.shape.recovery.can.be.triggered.by.inductive.heating.(Mohr.et.al..2006,.
Razzaq.et.al..2007)..An.additional.advantage.of.this.heating.technique.is. that. the.
maximum.temperature.can.be.controlled..This.is.important.because.magnetic.par-
ticles.lose.their.magnetic.properties.above.Tc.and.the.inductive.heating.process.stops.
(Aphesteguy.et.al..2009).

This. heating. technique. provides. an. alternative. for. achieving. real. remote. and.
wireless.actuation.of.thermo-responsive.SMPs.that.have.a.wide.range.of.applications,.
in.particular.in.biomedical.devices.for.minimally.invasive.surgery.(Buckley.et.al..
2006)..This.chapter.presents.a.systematic.study.of.the.influences.of.magnetic.par-
ticles.(Fe3O4.and.Ni).on.the.thermomechanical.properties.of.SMP–magnetic.particle.
composites..Furthermore,.we.explore.some.unconventional.applications.of.magnetic.
particles,.for.example,.to.alter.the.surface.roughness.and.morphology.and.enhance.
the.electrical.conductivity.of.SMPs..Unless.otherwise.stated,.the.polyurethane.SMP.
discussed.in.this.chapter.is.from.SMP.Technologies,.Japan.

6.2  IRON OXIDE MICRO PARTICLES

We. first. studied. the. influence. of. moisture. on. SMPs. filled. with. Fe3O4.micro. par-
ticles,.then.showed.how.to.form.Fe3O4.micro.particle.chains.inside.SMPs..Finally,.
the.feasibility.of.using.Fe3O4.micro.particles.for.surface.roughness.and.morphology.
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modification.was.demonstrated..The.iron.oxide.powder.(Fe3O4,.Sigma-Aldrich).used.
had.a.specific.density.of.5.0.g/cm3,.average.size.<5.µm,.and.purity.of.98%.

6.2.1  infLuence of moisture on tg
We.used.MM5520.pellets.(nominal.Tg:.55°C).in.this.study..The.specific.density.of.this.
SMP.is.1.25.g/cm3..A.Haake.Rheomix.600.mixer.controlled.by.a.Haake.Rheocord.
90.was.used.to.mix.SMP.and.iron.oxide.powder.at.200°C.at.a.rotor.speed.of.3.rpm.
for.20.minutes..Subsequently,.a.hot-press.machine.(Caver).was.used.to.compress.the.
mixture.at.200°C.into.0.5.mm.thickness.films..Samples.of.10.×.20.mm.were.cut.from.
the.thin.films.for.various.experiments.

Figure 6.1.shows.cryofracture.surfaces.of.samples.with.30.vol.%.and.5.vol.%.of.
iron.oxide.powder..At.5.vol.%.of.Fe3O4,.some.tiny.bright.areas.are.visible..They.are.
more.or.less.single.Fe3O4.particles.that.are.well.distributed..However,.at.30.vol.%.of.
Fe3O4,.instead.of.single.particles,.Fe3O4.appears.as.large.aggregates..We.can.even.see.
many.holes.indicating.poor.dispersion.of.Fe3O4.within.an.SMP.with.a.high.content.
of.Fe3O4.

For.simplicity,.we.assume.that.all.particles.are.of.the.same.size,.well.separated,.
and.uniformly.distributed..Consider.a.unit.cell.containing.particles.in.four.different.
types.of.configurations.as.illustrated.in.Figure 6.2.(top)..We.can.convert.them.into.a.
standard.morphology.for.easy.comparison.as.shown..The.2t.indicates.the.minimum.
distance.between.particles,.and.D.is.the.dimension.of.a.unit.cell..Figure 6.2.(bottom).
shows.the. t/D.versus.volume.fraction.of.particle.relationships..We.can.clearly.see.
that.in.all.configurations,.at.about.30.vol.%.of.particles,.t/D.is.about.1/10,.indicating.
that.the.particles.are.very.close.to.each.other.and.thus.aggregates.are.very.likely.to.
form.due.to.surface.tension.at.the.surfaces.of.the.particles,.in.particular.the.micron-.
and.nano-sized.particles..At.5.vol.%,.the.particles.are.distant.from.each.other..They.
may.be.well.separated.and.distributed.within.a.matrix.

The.experimental.procedure.and.characterization.results.are.as.follows..Samples.
were. immersed. in. room-temperature. water. (about. 22°C). for. specific.durations.of.
time,.ranging.from.0.to.720.hours..Cyclic.differential.scanning.calorimeter.(DSC).
testing.(TA.DSC.2920).was.conducted.at.a.heating.and.cooling.rate.of.20°C/minute..
Figure 6.3.shows.a.typical.DSC.result..Thermogravimetric.analysis.(TGA,.Perkin-
Elmer.TGA-7).was.also.conducted.at.the.same.20°C/minute.heating.rate.until.600°C.
was.reached.

Following.the.same.approach.as.in.Chapter.3,.we.calculated.the.Tgs.and.weight.
fractions.(WFs).of.absorbed.moisture.in.samples.after.different.hours.of.immersion.
into.water.as.seen.in.the.left.column.of.Figure 6.4..The.results.are.not.so.consistent,.
which.should.largely.be.attributed.to.the.possible.nonuniformity.of.Fe3O4,.particu-
larly.in.heavily.loaded.samples..The.general.trend.is.that.with.the.increase.of.Fe3O4.
content,.the.Tg.of.the.composite.decreases..On.the.other.hand,.as.expected,.with.an.
increase. in. immersion. time,.more.water. is.absorbed,.causing.a.decrease. in.Tg.. In.
the.right.column.of.Figure 6.4,.the.evolution.of.Tg.during.thermal.cycling.is.plotted.
for.all.samples..Despite.fluctuations,.we.can.see.clearly.the.general.trend.that.the.Tg.
increases.gradually.upon.thermal.cycling.around.125°C.and.above..Beyond.~180°C,.
the.Tg.returns.to.the.initial.value.(right.before.immersion)..In.comparison.with.carbon.
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(a)

(b)

FIGURE  6.1  Morphologies. of. SMPs. filled. with. iron. oxide. powders. at. 30. vol.%. (a). and.
5.vol.%.(b)..The.scale.bar.length.is.20.µm.
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black–filled.samples,.it.appears.that.the.moisture.absorption.ratio.in.Fe3O4.micro-
particle-filled.samples.is.far.less.

6.2.2  aLignment of iron oxiDe micro particLes

To.avoid.the.dispersion.problem.in.mixing.as.discussed.in.Section.6.2.1,.we.used.a.
polyurethane.(PU).resin.solution.(MS.5510.with.30%.solids.content.and.70%.dime-
thylformamide.[DMF].solution).to.investigate.the.feasibility.of.forming.Fe3O4.micro.
particle.chains..In.addition,.a.low.volume.fraction.of.Fe3O4.micro.particles.(5.vol.%.
or.less).was.applied.to.eliminate.the.aggregation.problem.

t
2t 2t 2t

D

(a) 1 element
in unit cell

0.8

0.7

0.6

0.5

0.4

Vo
lu

m
e F

ra
ct

io
n

0.3

0.2

0.1

0

–0.1
0 0.05 0.1 0.15 0.2 0.25

t/D
0.3

(a)
(b)
(c)
(d)

0.35 0.4 0.45 0.5

(b) 2 elements
in unit cell

(c) 3 elements
in unit cell

(d) 4 elements
in unit cell

D D2D

FIGURE 6.2  Relationship.of.t/D.versus.volume.fractions.of.particles.
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A.glass.slide.was.placed.on.the.top.of.two.pieces.of.square.magnetic.rods.that.
were.spaced.~5.mm.apart.to.generate.a.uniform.magnetic.field..SMP–DMF.solution.
was.mixed.with.different.volume.fractions.of.Fe3O4.micro.particles,.ultrasonically.
stirred.for.uniform.scattering..The.liquid.mixture.was.then.spread.on.the.top.surface.
of.the.glass.slide,.where.the.magnetic.field.was.uniform..After.different.periods.of.
holding.time,.the.glass.slide.was.heated.to.80°C.to.further.dry.the.thin.film.of.SMP.
mixture..The. thicknesses.of. the. thin.films.were.about.50.µm.as.determined.by.a.
Wyko.interferometer.

Figure 6.5. reveals. the.progress. in. the. formation.of.magnetic.particle.chains.at.
four.different.volume.fractions.of.Fe3O4.micro.particles..At.a.low.content.of.mag-
netic.particles,.i.e.,.0.2.vol.%,.the.chains.did.not.form.as.quickly.as.in.other.samples,.
and.they.are.discontinuous.even.after.2.days.(maximum.length.is.~150.µm,.width.is.
~1.µm)..In.all.cases,.the.chains.were.short.and.narrow.at.the.beginning.and.gradu-
ally.become.longer.and.wider..Long,.continuous.chains.were.seen.in.samples.with.1.
vol.%.or.more.of.magnetic.particles..Higher.magnetic.particle.content.requires.less.
time.to.form.continuous.chains.and.achieves.wider.chains.

Instead.of. forming.magnetic. chains.before. a. solution. is. dried,. an. alternative.
is. to.dry.and.cure. the.solution.first.and. then.form.magnetic.chains.at.high. tem-
peratures. (above. the. melting. temperature. of. SMP). and. apply. a. magnetic. field..
This.procedure.was.also.used.to.prepare.SMP.thin.films.with.different.magnetic.
particle.contents.atop.glass.slides..Because.no.magnetic.field.was.applied.during.
curing,. the.magnetic.particles.were.more.or. less. evenly.distributed. in. all.films..
Subsequently,.the.glass.slides.were.placed.atop.two.magnets.and.heated.to.200°C,.
which.is.above.the.melting.temperature.of.this.SMP..As.we.can.see.in.Figure 6.6,.
magnetic.chains.formed.gradually.more.or.less.similarly.to.the.manner.discussed.
above..Because.a.melted.SMP.is.more.viscous.than.an.SMP-DMF.solution,.it.takes.
more.time.for.chains.to.form.
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FIGURE 6.4  Tg.and.its.evolution.upon.thermal.cycling:.(a).5.vol.%;.(b).10.vol.%;.(c).18.vol.%;.
(d).25.vol.%;.(e).35.vol.%..Left:.immersion.time.versus.Tg.and.weight.fraction.(WF).of.mois-
ture.(%)..Right:.evolution.of.Tg.upon.thermal.cycling.
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Inspired. by. the. above. study,. we. heated. the. thin. film. samples. produced. in. the.
above.test. (samples.containing.magnetic.chains). to.200°C.again.but. the.magnetic.
field.direction.was.switched.by.90.degrees..Figure 6.7.shows.that.the.magnetic.chains.
also.switch.by.90.degrees.following.a.sequence.of.break-ups.of.existing.chains.and.
regrouping.into.new.chains..A.closer.look.reveals.that.the.higher.the.content.of.mag-
netic.particles,.the.longer.the.time.required.for.new.chains.to.form..In.addition,.the.
new.chains.are.shorter.and.of.lower.quality.than.the.original.chains..This.is.because.
the.original.chains.break.up.at.certain.intervals.and.form.new.ones..The.availability.
of.magnetic.particles.from.the.broken.chains.restricts.the.quality.of.new.chains.
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FIGURE 6.5  Formation.of.chains.in.SMP–DMF.solution.
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6.2.3  aLtering surface roughness anD morphoLogy

We. have. seen. the. mobility. of. magnetic. particles. above. the. melting. temperature.
of.SMP.material.when.a.magnetic.field. is.applied..We.now.demonstrate.a.simple.
approach. to.alter. the.surface.roughness.and.morphology.of. thin.film.SMPs.using.
magnetic.particles.

In.the.first.test,.pure.(MS5510).thin.SMP.films.~5.µm.thick.were.fabricated.atop.
a.glass.slide..After.curing,. the.surface.was.scanned.using.a.Wyko.interferometer..
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FIGURE 6.6  Formation.of.chains.by.heating.to.200°C.
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Figure  6.8a. reveals. the. typical. three-dimensional. surface. morphology. of. a. thin.
film..The.average.surface.roughness.(Ra).and.root.mean.square.surface.roughness.
(Rq).were.12.48.nm.and.17.23.nm,.respectively..Subsequently,.a.thin.layer.of.mag-
netic.particles.was.placed.atop.the.thin.film..After.heating.to.80°C.(above.the.Tg.of.
MS5510),.a.magnet.was.placed.beneath.the.glass.slide..After.1.hour.of.heating,.the.
thin.film.and.the.magnet.were.cooled.back.to.room.temperature..Figure 6.8b.reveals.
the.surface.after.modification..As.we.can.see,.both.Ra.and.Rq.almost.doubled.

In.the.second.test,.SMP.thin.films.(about.5.µm.thick).with.0.2.wt.%.of.magnetic.
particles.were.prepared.atop.a.glass.slide..The.top.surface.of.the.SMP.thin.film.was.
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FIGURE 6.7  Switching.of.chains.at.200°C.
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coated.with.a.thin.layer.of.gold.(about.20.nm).to.prevent.the.pull-out.of.the.mag-
netic.particles..Figure 6.9a.shows.the.morphology.of.one.peak.and.indicates.a.group.
of.magnetic.particles.beneath.the.peak.revealed.by.the.Wyko.interferometer..After.
heating.to.80°C,.a.magnetic.field.was.applied.to. the.glass.slide.along.the.vertical.
direction..After.10.minutes,. the.glass.slide.was.cooled.back.to.room.temperature..
Figure 6.9.reveals.that.the.height.of.the.peak.increased.to.~0.55.µm.from.the.original.
height.of.~0.46.µm..The.increase.in.height.results.from.the.magnetic.force.that.pulls.
the.magnetic.particles.upward.
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6.3  NICKEL MICRO AND NANO POWDERS

Fe3O4.particles.are.fully.biocompatible.and.are.thus.ideal.for.use.in.biomedical.appli-
cations..Although.Fe3O4.is.magnetic,.it.has.extremely.poor.electrical.conductivity..
Nickel,.however,. is.both.magnetic.and.electrically.conductive.and.can.be.used. to.
achieve.shape.recovery.of.thermo-responsive.SMPs.by.Joule.heating.

6.3.1  aLignment of ni powDer

The.same.polyurethane.SMP.solution.(MS5510).was.used..Both.micro-.and.nano-.
sized. nickel. particles. (Sigma-Aldrich). were. used.. The. average. sizes. of. the. micro.
Ni.particles.(99.8%.purity).ranged.from.3.to.7.µm;.the.average.size.of.the.nano.Ni.
particles.(99.0%.purity).was.50.nm.

Each.sample.was.prepared.according.to.a.specific.weight.ratio.of.Ni.particles.to.
SMP.solution..Micro-sized.Ni.particles.(weight.ratios.of.1,.3,.6,.and.15%).and.nano-.
sized.Ni.particles.(weight.ratios.of.1,.5,.and.15%).were.mixed.with.SMP.solution.to.
form.thin.films..Instead.of.spreading.the.SMP.solution.mixed.with.Ni.particles.on.a.
glass.slide,.aluminum.molds.with.central.cavities.measuring.30.×.30.×.5.mm.were.
used.as.containers..SMP.solution.(mixed.with.Ni.powder).was.poured.into.the.cavi-
ties,.which.allowed.good.dimensional.control.of.samples.

Permanent. magnets. 20. ×. 20. ×. 60. mm. in. size. (GSN-35,. Alniff. Industries,.
Singapore).were.used..A.pair.of.magnets.were.placed.20.mm.apart..A.mold.was.
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FIGURE 6.9  Morphology.of.peak..(a).Original.shape..(b).Shape.after.modification..Left:.
top.view..Right:.cross-sectional.view.
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placed.atop.each.pair.of.magnets..The.magnetic.flux.was.measured.at.1.35.×.10–4.Wb.
at.the.cavity..The.experimental.steps.were:

. 1..The.well-stirred.SMP.solution–Ni.powder.mixture.is.poured.into.the.mold.

. 2..The.mold.and.magnets.are.heated.to.80°C.for.4.hours.to.cure.the.SMP..No.
magnets.are.used.for.non-chained.samples.

. 3..A.transmitted.light.microscope.with.a.5×.magnification.lens.is.used.to.study.
the.chains.in.the.SMP.thin.films.

Figure 6.10.presents.microscope.images.of.chained.and.non-chained.samples.with.
four. different. weight. percentages. of. micro-sized. Ni. powder.. Figure  6.11. shows.
microscope.images.of.chained.and.non-chained.samples.with.three.different.weight.
percentages.of.nano-sized.Ni.powder.

For.the.samples.filled.with.micro-sized.particles,.most.chains.were.300.µm.long.
and. 10. µm. wide.. As. with. the. samples. filled. with. Fe3O4. powder,. the. lengths. and.
widths.of.the.Ni.chains.also.increased.with.the.weight.percentage.of.Ni.powder..As.
for.the.samples.with.nano-sized.particles,.at.low.Ni.content.(1.wt.%),.the.chain.width.
was. generally. thinner. than. that. of. samples. filled. with. micro-sized. Ni.. However,.
at.high.content.of.nano-sized.Ni.powder,.the.chains.were.wider..The.gap.between.
chains.was.smaller.in.the.sample.with.1.wt.%.of.nano-sized.Ni.in.comparison.with.
the.sample.of.the.same.Ni.content.in.micro.size..At.10.wt.%.of.nano-sized.Ni.pow-
der,.the.maximum.width.of.Ni.chains.was.~100.µm—more.than.double.the.width.
of.the.sample.with.15.wt.%.of.micro-sized.Ni.powder..This.should.be.the.result.of.
higher.surface.tension.in.nano-sized.Ni.powder,.which.causes.higher.attractive.force.
among.the.particles..In.samples.with.high.weight.fractions.of.Ni,.the.possible.maxi-
mum.distance.among.nano.particles.is.small.and.hence.aggregates.can.form.easily..
Consequently,.the.chains.are.wider..However,.at.very.low.Ni.content.(1.wt.%),.the.
nano-sized.particles.have.higher.mobility.and.are.separated.far.apart.after.thorough.
stirring,.which.results.in.thin.chains.

100 µm

(a) (b) (c) (d)

FIGURE 6.10  Magnetic.chains.formed.using.different.weight.ratios.of.micro-sized.Ni.pow-
der:.(a).1.wt.%.of.Ni;.(b).3.wt.%.of.Ni;.(c).6.wt.%.of.Ni;.(d).15.wt.%.of.Ni..Top.row:.non-
chained.samples.for.comparison.
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As. reported. by. Bansal. et. al.. (2005),. Kropka. et. al.. (2008),. and. Oh. and. Green.
(2009),.the.distribution.of.particles,.in.particular.nano-sized.ones,.can.have.signifi-
cant.influence.on.the.Tg values.of.polymer.composites..Figure 6.12.summarizes.Tg 
levels.of.all.types.of.samples.obtained.from.dynamic.mechanical.analysis.(DMA)..
Unlike. DSC,. DMA. testing. allowed. us. to. determine. the. Tg. of. a. sample. along. a.

(a) (b) (c)

100 µm

FIGURE 6.11  Magnetic.chains.formed.using.different.weight.ratios.of.nano-sized.Ni.powder:.(a).
1.wt.%.of.Ni;.(b).5.wt.%.of.Ni;.(c).10.wt.%.of.Ni..Top.row:.non-chained.samples.for.comparison.
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FIGURE 6.12  Weight.fraction.of.Ni.particles.versus.Tg.relationships.for.micro-.and.nano-.
sized.Ni.powders.
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particular.direction,.e.g.,.parallel.or.perpendicular.to.the.chain.direction..We.define.
Tg.as.the.peak.point.after.differentiating.the.DMA.curve.with.respect.to.the.tempera-
ture..Although.we.cannot.name.the.exact.trend.due.to.limited.testing,.it.is.clear.that.
the.Tgs.of.all.composites.were.lower.than.those.of.the.pure.SMPs.for.both.micro.and.
nano.Ni.powder-filled,.chained.or.non-chained.samples..Further.systematic.study.on.
this.issue.is.necessary.

DMF.was.used.to.bond.two.layers.of.chained.thin.films.with.20.wt.%.micro-sized.
Ni.particles.to.form.a.layered.composite..First,.a.thin.layer.of.DMF.was.spread.atop.
one.of.the.chained.thin.films..Subsequently,.another.piece.of.chained.thin.film.was.
placed. atop. it. with. the. chain. direction. 90. degrees. to. the. direction. of. the. bottom.
thin.film..The.pieces.were.then.dried.in.an.oven.at.80ºC.for.60.minutes..Figure 6.13.
reveals. the. resultant. double-layered. thin. film. that. may. exhibit. isotropic. electro-.
thermomechanical.properties.

6.3.2  verticaL chains

In.addition.to.forming.in-plane.chains,.one.can.produce.out-of-plane.vertical.chains.
in.a.similar.manner..Figure 6.14.illustrates.a.typical.experimental.setup.to.produce.
vertical.chains..The.magnet.dimensions.are.20.×.20.×.40.mm..The.gap.between.
the.magnet.and.the.Petri.dish.is.1.mm..The.strength.of.the.applied.magnetic.field.is.
0.4..±.0.05.T.within.the.area.of.the.Petri.dish.

We. used. a. few. different. low-volume. fractions. of. micro-sized. Ni. powder. in.
the. experiments.. After. drying,. vertical. chain. arrays. were. formed. as. shown. in.
Figure 6.15..Figure 6.16. is.a. top.view.revealing. that. the.vertical.chain. is.actually.
a.composite.formed.by.Ni.particles.bonded.with.SMP..Figure 6.17.summarizes.the.
relationships.of.the.dimensions.of.chains.(diameter.and.height;.separation.distance.
between.chains).and.volume.fractions.of.Ni.powder..We.can.see.that.the.diameters.
and.heights.of.the.chains.and.separation.distances.between.chains.all.increase.with.
the.increase.of.Ni.content..The.shape.memory.effect.in.these.vertical.chains.is.dem-
onstrated.in.Figure 6.18..A.single.vertical.chain.was.heated.to.a.high.temperature..
Subsequently,.a.magnet.was.placed.nearby.to.generate.a.magnetic.field..Because.the.
SMP.was.soft.at.high.temperatures,.the.magnetic.force.can.easily.bend.the.vertical.
chain..After.holding.the.magnet.and.cooling.the.chain.back.to.room.temperature,.the.
chain.became.hard.again,.but.was.still.curved.even.after.the.magnet.was.removed..
The.chain.returned.to.its.original.vertical.shape.after.it.was.reheated.to.the.high.tem-
peratures..This.experiment.indicates.that.controlling.the.temperature.and.magnetic.
fields.allows.control.of.surface.conditions.by.using.these.vertical.SMP.chains.

6.4  ELECTRICALLY CONDUCTIVE SMP

There.are. two.types.of.electrically.conductive.polymers..One.is. intrinsically.con-
ductive. polymers. (ICPs).. However,. commonly. used. ICPs. have. typical. conductiv-
ity.values. around.only.10–10.to.105S/m..Furthermore,. they. are.not. stable. in. terms.
of.mechanical. properties. and. are. expensive. and.difficult. to.process,. in.particular.
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through.polymerization.(Cotts.and.Reyes.1986,.Morgan.et.al..2001)..The.second.type.
is.a.polymer.doped.or.loaded.with.conductive.fillers,.such.as.graphite,.carbon.black,.
and.metallic.particles..Due.to.low.cost.and.convenience.in.fabrication,.the.second.
approach.is.more.popular.in.engineering.practice.(Jäger.et.al..2001,.Thommerel.et al..
2002,.Zheng.and.Wong.2003).

(a)

(b)

FIGURE 6.13  Double-layered. thin.film.. (a).Overall.view.. (b).Zoom-in.view..Area.size:.
650.×.550.µm.
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Electrically. conductive. SMPs. have. been. developed. by. blending. with. various.
types.of.conductive.fillers.such.as.carbon.nanotubes,.carbon.black,.and.carbon.fibers.
(Beloshenko.et.al..2005,.Cho.et.al..2005,.Li.et.al..2000,.Sahoo.et.al..2007,.Singh.
2005)..To.achieve.good.electrical. conductivity,. for. example,. for. Joule.heating. for.
thermally. induced. actuation. as. in. shape. memory. alloys. (Huang. 2002),. the. most.
effective.approach.is.to.align.the.particles.into.chains.to.form.conductive.channels.

SMP solution

Petri dish

S

8 
m

m

10
 m

m

N

Magnet

FIGURE 6.14  Typical.experimental.setup.for.producing.out-of-plane.vertical.chains.

500 µm

(a) 0.5% Ni

(c) 2% Ni (d) 3% Ni (e) 5% Ni

(b) 1% Ni

500 µm50 µm

500 µm500 µm500 µm

FIGURE 6.15  Typical.arrays.of.vertical.protrusive.chains.at.different.fractions.of.Ni.content.
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6.4.1  ni powDer

We. prepared. SMP. thin. films. with. different. volume. fractions. of. Ni. powder.
(Goodfellow.Co.)..We.used.the.polyurethane.SMP.solution.(MS5510).consisting.of.
30.wt.%.polyurethane.and.70.wt.%.DMF..The.Ni.powder.average.size.was.3.to.7.µm.
and.purity.was.99.8%.

10 µm

100 µm

FIGURE 6.16  Top.view.of.vertical.chains.(2%.Ni)..Inset:.zoom-in.view.
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FIGURE 6.17  Dimensions.of.vertical.chains.
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First,.Ni.powder.was.mixed.into.the.solution.and.stirred..Subsequently,.the.highly.
viscous.mixture.was.poured.into.a.Petri.dish.(40.mm.diameter).to.a.height.of.~1.5.
to.2.0.mm.(Figure 6.19a)..As.shown.in.the.figure,.the.Petri.dish.was.placed.12.mm.
above.two.magnets.(Neoflux®.Nd-Fe-B,.GSN-35,.Alniff.Industries,.Singapore).set.
60.mm.apart..The.Petri.dish.and.magnets.were.placed.in.an.air-tight.container.and.
kept.in.an.oven.at.80°C.for.24.hours.for.curing..To.remove.moisture,.the.resultant.
thin.films.(~0.5.to.0.7.mm.thick).were.kept.in.the.oven.at.160°C.for.more.than.
3.hours..Finally,.various.sized.samples.were.cut.from.the.films.for.testing.(chained.
samples)..For.comparison,.another.set.of.thin.films.were.prepared.without.applying.
the.magnetic.field,.so.that.Ni.particles.were.randomly.distributed.within.the.SMP.
matrix.(random.samples).

Scanning. electron. microscopy. (SEM). was. used. to. study. the. formation. of. Ni.
chains.in.the.chained.samples.with.different.Ni.contents..As.revealed.in.Figure 6.20,.
the.chains.start.to.form.even.at.only.1.vol.%.of.Ni..However,.with.10.vol.%.or.more.
Ni.content,.it.becomes.difficult.to.identify.individual.chains..At.20.vol.%.of.Ni,.the.
sample.is.virtually.fully.occupied.by.Ni.powder..DSC.results.from.chained.samples.
(Modulated.DSC-2920,.heating.rate.of.20°C/minute).are.presented.in.Figure 6.21..
With.the.increase.of.Ni.content,. the.glass.transition.shifts.slightly.toward.a.lower.
temperature.range,.indicating.a.slight.interaction.between.Ni.powder.and.polymer.

DMA.(DMA.2980,.TA.Instruments).was.conducted.on.both.random.samples.and.
chained.samples.(along.chained.direction).in.film.mode.at.a.heating.rate.of.5°C/min-
ute.and.a.constant.frequency.of.1.Hz..The.variation.of.storage.modulus.upon.heating.
in.all.samples.is.summarized.in.Figure 6.22..The.storage.modulus.(at.0°C).is.plotted.
against.the.volume.fraction.of.Ni.for.both.random.and.chained.samples,.as.shown.
in.Figure 6.23..As.expected,.at.a.low.Ni.content,.there.is.no.obvious.difference.for.
both.types.of.samples.because.the.amount.of.Ni.is.insufficient.to.produce.significant.
improvement.in.storage.modulus..However,.above.5.vol.%.of.Ni.powder,.the.storage.
moduli.of.the.chained.samples.were.higher.than.those.of.the.random.samples.for.the.
same.amount.of.Ni.content;.by.forming.chains,.Ni.powder.more.effectively.enhances.
strength.along.the.chain.direction.

The. glass. transition. in. polymers. actually. occurs. within. a. temperature. range..
Among. the. many. ways. to. define. Tg,. here. we. define. it. as. the. peak. point. after.

(a) Original

15kV ×220 100 µm 18  26  SE I

(b) After deformation (c) After heating

FIGURE 6.18  Shape.recovery.of.vertical.chain..(Reprinted.from Huang.WM,.Liu.N,.Lan.X.
et.al..Materials Science Forum,.614,.243–248,.2009..With.permission.)
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differentiating.the.DMA.curve.with.respect.to.temperature..As.shown.in.Figure 6.24,.
the.Tgs.of.both.random.and.chained.samples.decreased.in.a.similar.linear.fashion.
with.an. increase. in.Ni.content..At.20.vol.%.of.Ni—extremely.high—the.Tg drops.
by.about.15°C.to.35°C.only,.which.further.confirms.the.slight.chemical.interaction.
between.SMP.and.Ni.powder..The.electrical.resistivity.of.the.random.and.chained.
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FIGURE 6.19  (a).Sample.preparation..(b).Magnetic.flux.intensity.measured.by.Gauss.meter..
(Reprinted.from Lan.X,.Huang.WM,.Leng.JS.et.al..Rubber Fibers Plastics,.4,.84–88,.2009..
With.permission.)
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samples.was.determined..The.inset.of.Figure 6.25.illustrates.the.experimental.setup..
The.volumetric.electrical.resistivity,.ρ,.is.calculated.by:

.

ρ = RA
L .

(6.1)

where.R.is.the.measured.resistance,.A.is.the.cross-sectional.area.of.sample,.and.
L. is. the.distance.between. two.aluminum.electrodes..Note. that. in.chained.sam-
ples,.we.measured. the. resistance. in.both.chained.and. transverse.directions..As.
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15% 20%

FIGURE 6.20  SEM.images.showing.morphologies.of.samples.with.different.volume.frac-
tions.of.Ni.
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seen.in.Figure 6.25,.the.resistivity.of.the.chained.sample.in.the.chain.direction.
is.lower.than.that.of.random.sample.for.the.same.volume.fraction.of.Ni.content..
As.expected,.the.resistivity.of.the.chained.samples.in.the.transverse.direction.is.
the.highest.

With.10.vol.%.of.Ni,.the.chained.sample.(bottom.left.inset.shows.sample.dimen-
sions. and. temperature. distribution). can. be. Joule. heated. from. room. temperature.
(about.20°C). to.about.55°C.under.a.constant.voltage.of.6.V—sufficient. to. trigger.
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FIGURE  6.22  Storage. modulus. versus. temperature. relationships. of. (a). random. and. (b).
chained.samples..(Reprinted.from Lan.X,.Huang.WM,.Leng.JS.et.al..Rubber Fibers Plastics,.
4,.84–88,.2009..With.permission.)
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shape.recovery..Figure 6.26.shows.a.piece.of.pre-bent.sample.that.recovered.its.origi-
nal.straight.shape.in.90.seconds.when.20.V.current.was.applied..However,.for.the.
same.setup.and.configuration,.the.random.sample.is.unable.to.generate.heat.suffi-
cient.for.shape.recovery.

6.4.2  poLyurethane–carbon bLack with aDDitionaL nickeL powDer

Nickel.powder.is.not.an.ideal.filler.for.achieving.excellent.electrical.conductivity.because.
of.its.high.density.and.high.cost..On.the.other.hand,.carbon.black.(CB).has.been.widely.
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FIGURE  6.25  Electrical. resistivity. versus. volume. fraction. of. Ni. powder. relationships..
Right. inset:. setup. for. resistance.measurement.along.chained.direction..Bottom.left. inset:.
infrared. image. of. temperature. distribution. in. chained. sample. (10. vol.%. of. Ni,. 6. V)..
(Reprinted.from Leng.JS,.Lan.X,.Liu.YJ.et.al..Applied Physics Letters, 92,.014104,.2008..
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FIGURE 6.26  Shape.recovery.sequence.in.chained.sample..Sample.size.30.×.7.×.1.mm,.10.
vol.%.Ni,.20.V..(Reprinted.from Leng.JS,.Lan.X,.Liu.YJ.et.al..Applied Physics Letters,.92,.
014104,.2008..With.permission.)
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used.in.conductive.polymers.including.SMPs.(Chapters.4.and.5).due.to.low.cost..Instead.
of.using.only.Ni.powder,.we.propose.to.use.only.a.small.amount.of.Ni.powder.to.form.
chains.inside.the.polymers.with.randomly.distributed.CB.to.significantly.reduce.the.elec-
trical.resistivity,.while.the.polymer.composite.is.kept.mechanically.isotropic.

We.utilized. the. same.Ni.powder. and.polyurethane.SMP.solution. examined. in.
Section.6.4.1..The.CB.was.the.same.as.the.material.used.in.Chapter.4..The.amount.
of.Ni,.if.applicable,.was.only.0.5.vol.%..Three.types.of.thin.film.samples.were.fab-
ricated,.namely.SMP–CB–Ni.(chained),.SMP–CB–Ni.(random),.and.SMP–CB..For.
each.type.of.sample,.the.volume.fraction.of.CB.varied.from.4.to.10%..The.detailed.
steps.for.preparing.chained.samples.are:

. 1..CB. powder. and. Ni. powder. are. mixed. with. SMP–DMF. solution.. The.
mixture.is.stirred.for.uniform.dispersion.and.then.poured.into.a.50.mm.
diameter.Petri.dish.

(a) (b)

10 µm

50 µm 5 µm

(c)

100 µm

FIGURE 6.27  Dispersion.of.CB.and.Ni.powder.in.polyurethane.SMP.(SEM.image,.8.vol.%.
CB,.0.5.vol.%.Ni,. if. applicable).. (a).Without.Ni.. (b).With. randomly.distributed.Ni.. (c).With.
chained.Ni..Grey.dots.=.CB..White.dots.=.Ni..((a).and.(b).reprinted.from.Huang.WM,.Liu.N,.Lan.
X.et.al..Materials Science Forum,.614,.243–248,.2009..With.permission..(c).reprinted.from.Leng.
JS,.Huang.WM,.Lan.X,.et.al..Applied Physics Letters,.92,.204101,.2008..With.permission.)



Magnetic	and	Conductive	Polyurethane	Shape	Memory	Polymers	 141

. 2..The.Petri.dish.is.placed.above.two.magnets.(see.Figure 6.19.for.experimen-
tal.setup)..The.magnetic.flux.intensity.at. the.bottom.of.the.Petri.dish.is.
0.03.±.0.003T.(measured.by.a.Hirst.GM05.Gauss.meter).

. 3..The.whole.setup.is. then.placed.into.an.air-tight.container.and.kept. in.an.
oven.at.80°C.for.24.hours.for.curing.

The.resultant.SMP.samples.were.~0.6.to.1.mm.thick.with.Ni.chains.inside..The.
SMP–CB–Ni.(random).samples.were.prepared.in.the.same.way.but.without.appli-
cation.of.the.magnetic.field..The.SMP–CB.samples.contained.no.Ni.powder..SEM.
images. of. samples. containing. 8. vol.%. of. CB. are. presented. in. Figure  6.27.. The.
dispersion.of.CB. in. the.SMP–CB. is. seemingly.uniform. (a),. but. a. closer-look.at.
the.figure.reveals.that.the.CB.is.not.well.separated;.it.aggregates.because.the.size.
of.the.powder.was.about.30.nm..Ni.powder.was.also.distributed.more.or.less.ran-
domly.within.the.SMP–CB.(b)..Short,.parallel.Ni.particle.chains.~100.to.200.µm.
long,.with.typical.distances.between.adjacent.parallel.chains.~50.to.100.µm,.were.
observed. in. SMP–CB–Ni. (chained;. Figure  6.27c).. A. zoom-in. view. reveals. that.
the.chains.formed.by.packing.Ni.particles.one.after.another..The.sizes.of.the.Ni.
particles.were.~3.to.7.µm.and.the.aspect.ratios.were.~10.to.70,.comparable.to.those.
of.short.microfibers.

The.electrical. resistivities.of.samples.containing.different.amounts.of.CB.with.
and.without.0.5.vol.%.of.Ni.were.plotted.as.shown.in.Figure 6.28..It.is.apparent.that.
the.additional.0.5.vol.%.of.Ni,.if.distributed.randomly,.had.limited.effect.in.reduc-
ing.resistivity..However,.using.the.same.quantity.of.Ni.particles.aligned.into.chains.
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FIGURE 6.28  Resistivity.versus.volume.fraction.of.CB.with.and.without.0.5.vol.%.of.Ni.
powder..The. inset. shows.how. resistance.was.measured.. (Reprinted. from Leng. JS,.Huang.
WM,.Lan.X,.et.al..Applied Physics Letters,.92,.204101,.2008..With.permission.)
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significantly. reduced. electrical. resistivity. by. more. than. 10. times.. Obviously,. the.
remarkable.reduction.of.electrical.resistivity.is.a.result.of.the.conductive.Ni.chains.
that.serve.as.conductive.channels.to.bridge.the.small,.isolated.CB.aggregations..Such.
bridging. effect. is. more. significant. if. the. amount. of. CB. is. small. because. the. CB.
aggregates.are.relatively.small.and.more.isolated..The.resistance.measured.1.month.
later.for.the.same.samples.was.unchanged;.thus.their.resistivity.was.stable.

To. demonstrate. shape. recovery. by. Joule. heating,. three. samples. [SMP–CB–Ni.
(chained),.SMP–CB–Ni.(random),.and.SMP–CB],.all.with.10.vol.%.of.CB,.1.mm.
thick,.and.shaped.as.illustrated.in.Figure 6.29.(left.top.inset).were.bent.by.about.150.
degrees.at.80°C.and.then.cooled.to.room.temperature.(22°C).as.shown.in.the.left.
middle.inset.of.the.figure..Subsequently,.30.V.of.power.was.applied.(left.top.inset)..
An.infrared.video.camera.(AGEMA,.Thermo-vision.900).was.used.to.monitor.the.
temperature.distribution.and.shape.recovery.simultaneously.

Figure 6.29.(right).presents.four.snapshots.of.each.sample..We.can.see.clearly.
that.Sample. (a). [SMP–CB–Ni. (chained)]. reaches. the.highest. temperature. (about.
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FIGURE  6.29  Sequence. of. shape. recovery. and. temperature. distribution.. Top. left. inset:.
dimensions.of.sample..Middle.left.inset:.pre-bent.shape..Bottom.left.inset:.temperature.bar.
(°C)..Sample.(a).10.vol.%.of.CB,.0.5.vol.%.of.chained.Ni..Sample.(b).10.vol.%.of.CB,.0.5.
vol.%.of.randomly.distributed.Ni..Sample.(c).10.vol.%.of.CB.only..The.tests.were.repeated.
more.than.five.times.on.each.sample..(Reprinted.from Leng.JS,.Huang.WM,.Lan.X,.et.al..
Applied Physics Letters,.92,.204101,.2008..With.permission.)
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80°C.throughout—much.higher.than.the.Tg.of.the.SMP,.so.that.almost.full.recovery.
was.observed.within.120.seconds)..The.temperature.of.Sample.(c).[SMP–CB].was.
the.lowest.(only.~45°C,.slightly.higher.than.the.Tg.of.the.SMP;.hence,.the.shape.
recovery. was. not. obvious).. Sample. (b). [SMP–CB–Ni. (random)]. reached. ~65°C.
and.the.shape.recovery.was.not.complete.after.120.seconds..Power.consumption.
was.~1.2.W.for.Sample.(a)..We.also.investigated.the.evolution.of.resistivity.up.to.
20.shape.recovery.cycles.(20%.pre-strained)..Figure 6.30.reveals.that.the.degrada-
tion.of.electrical.conductivity.in.Sample.(c).is.relatively.more.significant.than.the.
degradation.of.the.others.

6.5  SUMMARY

This. chapter. presented. a. systematic. study. of. the. influences. of.magnetic. particles.
(Fe3O4.and.Ni).on.the.thermomechanical.properties.of.SMP–magnetic.particle.com-
posites.. We. explored. some. unconventional. applications. of. magnetic. particles,. for.
example,.to.alter.surface.roughness.and.morphology.and/or.enhance.the.electrical.
conductivity.of.SMPs.
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7 Shape	Memory	Polymer	
Nanocomposites

7.1  INTRODUCTION

Shape. memory. polymers. (SMPs). have. the. capability. of. recovering. their. original.
shapes.upon.application.of.external.stimuli.such.as.heat,.light,.and.chemical.action.
(Lendlein. and. Langer. 2002,. Lendlein. and. Kelch. 2002,. 2007,. Baer. et. al.. 2006,.
Lendlein.et.al..2005)..The.advantages.of.SMPs.over.other. shape.memory.materi-
als. (in. particular. shape. memory. alloys. or. SMAs). include. lower. cost,. lower. den-
sity,.higher.shape.recoverability.(up.to.400%),.and.easier.processability.(Behl.and.
Lendlein.2007,.Dietsch.and.Tong.2007,.Ratna.and.Karger-Kocsis.2008,.Gall.et.al..
2000,.2004a,.2004b,.Liu.et.al..2007).

The.disadvantages.of.SMPs.are.low.stiffness.and.strength.as.compared.to.SMAs..
Therefore,.many.studies.utilize.micro-.and.nano-sized.fillers.to.enhance.the.mechanical.
and.recovery.properties.of.SMPs.(Gunes.et.al..2008a,.2008b,.Gunes.and.Jana.2008,.
Gall.et.al..2005)..Polymer.composites,.in.particular.those.containing.nano-sized.fill-
ers.(nanocomposites),.are.advanced.materials.combining.polymer.matrices.[including.
poly(vinyl).alcohol,.styrene–butadiene.rubber,.epoxy.resin,.polyethylene,.polyurethane,.
polyamide,.polyimide,.and.others].etc..with.nano-sized.additives.(Chattopadhyay.and.
Raju,.2007).

Recently,.organic.or.inorganic.nanocomposites.have.attracted.significant.attention.
due. to. enhanced.performance. resulting. from. their.mechanical,.optical,. electrical,.
magnetic,.and.other.functional.properties.(Schmidt.et.al..2002,.Schmidt.and.Malwitz,.
2003,.Schmidt.2006,.Sanchez.et.al..2003,.Morgan.2006,.Utracki.2008,.Carrado.2000,.
Hussain.et.al..2006,.Carastan.and.Demarquette.2007)..Nanocomposites.exhibit.out-
standing.mechanical.properties.such.as.high.elastic.stiffness.and.high.strength.due.to.
large.surface.area-to-volume.ratios.of.nano.additives.when.compared.to.micro.and.
macro.additives. (Hussain.et.al..2006)..The.advantages.of.using.nano.scale.rather.
than.micro.scale.reinforcements.include.significant.surface.area.improvement,.larger.
polymer.chain.confinement,.higher.stiffness.and.tensile.strength,.and.better.tensile.
modulus.and.flexural.strength..Some.nanofillers.such.as.carbon.nanotubes.(CNTs).and.
clays.provide.nanoscale.zigzag.diffusion.paths.and.large.interfacial.areas,.creating.
enhanced.barriers.to.thermal,.gas,.or.moisture.penetration.(Khudyakov.et.al..2009)..
Generally,. building. blocks. of. nanocomposites. include. zero-dimensional. (spheri-
cal.nanoparticles),.one-dimensional.(clay.rods,.nanotubes,.fibers),.two-dimensional.
(layered. clay. minerals),. or. three-dimensional. (3-D. inorganic. networking. frames).
nanofillers.(Sanchez.et.al..2001,.Amalvy.et.al..2001).

Zero-dimensional.nanofillers. (Figure 7.1a.shows.an.example). such.as.nanopar-
ticles,.nanodots,.nanospheres,.quantum.dots.of.metals,.and.oxides.or.nitrides.range.
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in.diameter.from.a.few.nanometers.to.several.hundred.nanometers..Common.prob-
lems.associated.with.nanoparticles.are.oxidation,.agglomeration,.and.rapid.growth..
Normally,.an.organic.substance.is.incorporated.as.a.surface.treatment.agent.to.mod-
ify.a.nanoparticle.surface.to.improve.compatibility,.reduce.surface.energy,.and.pre-
vent.agglomeration.

Among.the.one-dimensional.nanomaterials,.CNTs.constitute.the.hottest.research.
topic.because.of.their.unique.nanostructures.that.display.remarkable.electronic.and.
mechanical.properties..An. ideal.CNT.can.be.visualized.as. a.hexagonal.network.
of.carbon.atoms.rolled.to.shape.a.hollow.cylinder.(Figure 7.1b)..The.density.of.a.

100 nm

(a)

0.2 µm

(b)

FIGURE 7.1  Typical.TEM.images.of.(a).nanoparticle.of.SiO2;.(b).CNT;.(c).nanoclay.rod;.(d).
clay.layers..(Reprinted.from.Xu.B,.Fu.YQ, Ahmad.M.et.al..Journal of Materials Chemistry,.
20,.3442–3448,.2010..With.permission.)
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single-wall.CNT.(SWCNT).is.~1.33.to.1.40.g/cm3—one-half.the.density.of.alumi-
num.(Thostenson.et.al..2001)..The.elastic.modulus.of.an.SWCNT.is.comparable.
to.that.of.a.diamond..The.tensile.strength.of.an.SWCNT.is.much.higher.than.that.
of.high-strength.steel,.and.its.significant.resilience.under.bending.to.large.angles.
and.then.restraightening.without.damage.is.dramatically.different.from.the.plas-
tic.deformations.of.common.metals.and.brittle.fractures.of.carbon.fibers.(Curtin.
and.Sheldon.2004)..The.electric-current-carrying.capability.of.an.SWCNT.is.esti-
mated.to.be.1.×.109.Amp/cm2,.whereas.copper.wires.burn.out.~1.×.106.Amp/cm2..

0.2 µm

(c)

0.2 µm
5 1/nm

(d)

FIGURE 7.1  (Continued).
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Thermal. conductivity. is. predicted. to. be. 6000. W/m. K. at. room. temperature,.
almost. double. the. 3320.W/m. K. thermal. conductivity. of. diamond. (Thostenson.
et.al..2001)..SWCNTs.are.stable.up.to.2800°C.in.vacuum.and.750°C.in.air..The.
outstanding. thermal.and.electrical.properties.along.with.high.specific. stiffness.
and. strength. and.very. large. aspect. ratios. stimulated. the.development.of. nano-
tube-reinforced.composites.for.structural.and.functional.applications.(Curtin.and.
Sheldon.2004).

Most.research.of.nanocomposites.with.two-dimensional.materials.is.based.on.poly-
mer–layered.silicate.composites.(Pavlidou.and.Papaspyrides.2008)..Attapulgite.is.a.
natural.hydrated.magnesium–aluminum.silicate.clay.[(Mg,Al)2Si4O10(OH)·4(H2O)].
consisting.of.a.network.of.densely.packed. layers.or. rods. (Alexandre.and.Dubois.
2000).that.normally.have.diameters.smaller.than.100.nm.and.length.ranging.from.
hundreds. of. nanometers. to. several. micrometers. (see. Figure  7.1c)..The. length. of.
each.fiber.varies.from.submicrometers.to.a.few.micrometers;.diameters.are.about.
tens.of.nanometers.

Pan.et.al..(2008).and.Xu.et.al..(2009).systematically.studied.the.properties.and.
stimulus-response.behaviors.of.polyurethane–attapulgite.nanocomposites.under.dif-
ferent. conditions.. Montmorillonite. (MMT).has. a. layered. clay. structure. (Carastan.
and.Demarquette.2007).and.received.a.great.deal.of.attention.recently.because.of.its.
potentially.high.aspect.ratio.(up.to.1000).and.its.unique.intercalation.and.exfoliation.
characteristics.(one.example.is.shown.in.Figure 7.1d)..Cao.and.Jana.(2007).investi-
gated.the.shape.memory.properties.of.nanoclay-tethered.polyurethane.nanocompos-
ites..The.shape.recovery.stress.was.found.to.increase.significantly.as.a.function.of.
exfoliated.nanoclay.content.

Typical.examples.of. three-dimensional.nanomaterials. in.hybrids.are.Y.zeolite.
and.Si.molecular.sieves..Spange.et.al..(2001).introduced.a.flexible.polymer.directly.
into.an.ordered.mesoporous.host.material.(Y.zeolite,.MCM-41),.after.dissolution.
of.the.hybrid.material.in.an.aqueous.potassium.hydroxide.solution..The.formation.
of.conjugated.sequences.of.poly(vinyl.ether).segments.inside.the.Y.zeolites.arose.
from. successive. ether. cleavage. along. the. encapsulated. polymer. chains. (Spange.
et.al..2001).

Significant.progress.has.been.made.in.recent.decades.in.designing,.synthesizing,.
characterizing,.and.applying.SMP.nanocomposites.by.adding.various.types.of.nano-
fillers..Consequently,.in.thermo-responsive.SMPs,.the.shape.memory.effect.(SME).
can. be. triggered. by. direct. application. of. heat. and. also. by. Joule. (electrical). heat-
ing.and.inductive.(magnetic.or.electromagnetic).heating..This.chapter.summarizes.
the.synthesis.techniques,.designs,.and.characterizations.that.focus.on.polyurethane.
SMP-based.nanocomposites.

7.2  SYNTHESIS TECHNIQUES OF SMP NANOCOMPOSITES

7.2.1  soLution mixing

In.the.solution.mixing.method,.nanoparticles.and.polymer.are.mixed.in.a.suitable.
solvent,.followed.by.precipitation.or.evaporation.of.the.solvent..The.advantages.of.
using.this.method.include.the.following.(Kirk.et.al..2003):.(1).nanometric.materials.
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are.obtained.first;.(2).the.influences.of.reaction.conditions.on.the.formation.of.inor-
ganic.structures.(a.serious.problem.via.traditional.methods).can.be.avoided;.and.(3).
the. fixed. inorganic. structure. benefits. the. characterization. of. the. final. composites..
Direct.mixing.usually.does.not.provide.uniform.solutions.because.of.the.aggrega-
tions.of.nanoparticles.or.CNTs..Agitation.with.ultrasonic,.magnetic,.and.shear.mix-
ing.methods.can.be.used.to.enhance.dispersion..However,.nanoparticles.and.CNTs.
are.not.well.dispersed.using.simple.solvent.mixing.methods.(Watts.and.Hsu.2003).

A.high-power.ultrasonication.process.is.more.effective.in.forming.a.good.disper-
sion.of.nanoparticles.or.CNTs..Ultrasonic.irradiation.has.been.extensively.used.in.
dispersing,.emulsifying,.crushing,.and.activating.the.particles.(Sahoo.et.al..2006)..
For.example,.by.taking.advantage.of.the.multiple.effects.of.ultrasound,.the.aggre-
gates. and. entanglements. of. CNTs. can. be. effectively. broken. down.. Cho. and. Lee.
(2004).and.Cho.et.al..(2005).successfully.prepared.polyurethane–multiwall.carbon.
nanotube.(MWCNT).composites.with.better.dispersion.of.CNTs.up.to.20 wt.%.in.
polyurethane. (Sahoo. et. al.. 2006)..Many.polymer.composites,. including.polyure-
thane–CNTs.(Chen.and.Tao.2005),.polystyrene–CNTs.(Kota.et.al..2007),.epoxy–
CNTs.(Song.and.Youn.2005),.poly(vinyl.alcohol)–CNTs.(Shaffer.and.Windle.1999),.
and.polyethylene–CNTs.(Bin.et.al..2003).have.been.fabricated.by.this.method.

In.solution.mixing,.the.sol–gel.process.is.convenient.and.versatile.for.preparing.
nanocomposites.at.ambient.conditions.and.it.allows.in situ.entrapment.of.inorganic.
nanoparticles.or.organic,.organometallic,.and.biological.molecules.within.micropo-
rous.networks.of.sol–gel-derived.matrices.(Wen.and.Wilkes.1996,.Chaudhury.and.
Gupta.2007)..In.general,.the.sol–gel.process.involves.the.transition.of.a.system.from.
a.liquid.sol.(mostly.colloidal).into.a.solid.gel.phase..Sol–gel.materials.have.control-
lable.surface.areas.of.nanoparticles.and.average.particle.or.pore.sizes..They.can.be.
miniaturized.to.micron.or.nano.sizes.and.allow.control.of.conductivity.via.a.choice.
of.metal.or.metal.oxide.(Díaz-García.and.Badía-Lamo.2005).

7.2.2  meLting mixing

Many.polymers.are.non-soluble.in.liquids,.and.melting.mixing.may.be.one.option..
Melt.mixing.is.a.common.and.simple.method.that.is.particularly.useful.for.thermo-
plastic.polymers..It.involves.the.melting.of.polymers.to.form.a.viscous.liquid,.then.
additives.are.included.for.shear.mixing,.followed.by.molding.or.extrusion.to.form.
samples.(Jin.et.al..2001)..Special.care.should.be.taken.as.thermal.processing.may.be.
detrimental.to.nanofillers.such.as.CNTs.or.cause.polymer.degradation.(Andrews.et.
al..2002,.Andrews.and.Weisenberger.2004)..This.approach.is.simple.and.compatible.
with.current.industrial.practices..The.large.shear.forces.can.be.applied.to.break.nano-
filler.aggregates.or.prevent.their.formation.

Zhang.et.al..(2004).prepared.nylon-6–MWCNT.composites.containing.1 wt.%.of.
MWCNT.via.a.melt.compounding.method.using.a.twin-screw.mixer..The.disadvan-
tage.was.that.the.dispersion.of.CNTs.in.the.polymer.matrix.was.poor.compared.to.
the.dispersion.achieved.by.solution.mixing,.along.with.other.potential.problems.such.
as.changes.of.nanofiller.properties.during.melting.and.high.viscosities.of.composites.
at.higher.loading.of.nanofillers.such.as.CNTs.
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7.2.3  In SItu or interactive poLymerization

This.method.is.crucial.for.preparing.composites.with.polymers.that.cannot.be.pro-
cessed.by.solution.or.melt.mixing,.e.g.,.insoluble.and.thermally.unstable.polymers..
In situ polymerization.can.be.applied.for.most.nanocomposites..This.section.focuses.
on.CNT-based.nanocomposites..Modification.may.involve.non-covalent.or.covalent.
bonding.between.CNT.and.polymer..Non-covalent.CNT.modification.applies.physi-
cal.adsorption.and/or.wrapping.of.polymer.molecules.to.the.surfaces.of.the.CNTs.
(Velasco-Santos. et. al.. 2003,. Cadek. et. al.. 2004). through. van. der. Waals. and. π–π.
interactions.. The. graphitic. sidewalls. of. CNTs. provide. possibilities. for. π-stacking.
interactions.with.conjugated.polymers.and.organic.polymers.containing.heteroatoms.
with. free. electron.pairs. (Sahoo.et. al.. 2007a,.2007b)..The.advantage. is. that.non-
covalent.functionalization.does.not.destroy.the.conjugated.system.of.CNT.sidewalls.
and.therefore.does.not.affect.the.final.structural.properties.of.the.nanocomposites.

Conductive.polymers.may.be.attached.to.CNT.surfaces.by.in situ polymerization.
to.improve.processability.and.also.electrical,.magnetic,.and.optical.properties.(An.
et.al..2004,.Yoo.et.al..2006,.Sahoo.et.al..2007a,.2007b)..For.example,.MWCNTs.
are.first.dispersed.in.poly(ε-caprolactone)diol.(PCL),.followed.by.adding.methylene.
bis(phenylisocyanate). (MDI). to. the.mixture..A.butanediol. (BD).chain.extender. is.
added. to. this.prepolymer,.and.finally.a.polyurethane–MWCNT.composite. is.syn-
thesized..Xia.and.Song.(2005,.2006).found.that.SWCNTs.are.not.dispersed.well.by.
this.method.compared.with.MWCNTs..Therefore,.they.synthesized.polyurethane–
SWCNT.nanocomposites.using.polyurethane-grafted.SWCNTs..This.improved.the.
dispersion.of.SWCNTs.in.the.polyurethane.matrix.and.strengthened.the.interfacial.
interaction.between.polyurethane.and.SWCNT.(Xia.and.Song.2005).

Guo. et. al.. (2006,. 2009). introduced. iron. oxide–polyurethane. nanocomposites.
based. on. surface. initiated. polymerization. that. may. improve. the. structural. integ-
rity. of. a. nanocomposite. through. better. chemical. bonding. between. nanoparticles.
and.polymer.matrix.with.a.uniform.particle.distribution..Jung.et.al..(2006).synthe-
sized.polyurethane–MWCNT.nanocomposites.following.a.two-step.process..In.the.
first.step,.a.pre-polymer.was.prepared.from.a.reaction.of.MDI.and.PCL.at.80°C.for.
90  minutes.. In. the. second. stage,. carboxylated. MWCNTs. were. added. to. the. pre-
polymer.at.110°C,.and.then.reacted.for.150 minutes.to.obtain.the.final.cross-linked.
polyurethane–MWCNT.nanocomposites.

In.brief,.incorporating.a.functional.group.is.an.effective.way.to.reduce.the.sur-
face.energies.of.nanofillers.and.improve.the.compatibility.of.the.organic.and.inor-
ganic. interfaces. (Cui. et. al.. 2004).. End. grafting. of. polymers. onto. a. solid. surface.
is.an.important.technique.in.many.areas.of.science.and.technology,.e.g.,.colloidal.
stabilization,. adhesion,. lubrication,. tribology,. and. rheology.. Recently,. new. tech-
niques.including.anionic.polymerization.(Zhou.et.al..2002),.cationic.polymerization.
(Rusa.et.al..2004),.and.atom.transfer. radical.polymerization.(ATRP).(Kotal.et.al..
2005,.Marutani.et.al..2004,.Werne.and.Patten.2001).were.proposed.and.successfully.
applied.to.surface-initiated.graft.polymerization.to.synthesize.nanocomposites.

Generally,.the.two.main.strategies.for.the.covalent.grafting.of.polymers.to.nano-
particles.are.“grafting.to”.and.“grafting.from”.(Coleman.et.al..2006)..The.“grafting.
to”.technique.is.based.on.the.attachment.of.preformed.end.functionalized.polymer.
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molecules.to.functional.groups.on.CNT.surfaces.by.chemical.reactions.(Rozenberg.
and.Tenne.2008)..In.the.“grafting.to”.method,.the.main.approaches.are.radical.or.
carbanion.additions.and.cycloaddition.reactions.to.the.CNT.double.bonds.

The.method.of.“grafting.to”.CNT.defect.sites.indicates.that.polymers.with.reac-
tive. end. groups. can. react. with. the. functional. groups. on. nanotube. surfaces.. An.
advantage.of.the.“grafting.to”.method.is.that.pre-formed.commercial.polymers.of.
controlled.molecular.weights.may.be.used..The.main.limitation.is.that.the.initial.
binding.of.polymer.chains.hinders. the.diffusion.of.additional.macromolecules. to.
the.CNT.surfaces,. leading.to.a.low.grafting.density.(Cui.et.al..2004)..Also,.only.
polymers.containing.reactive.functional.groups.can.be.used..The.“grafting.from”.
technique. involves. the. polymerization. of. monomers. from. surface-derived. initia-
tors. on. the. MWCNTs. or. SWCNTs.. These. initiators. are. covalently. attached. via.
various.functionalization.reactions.developed.for.small.molecules.including.acid-
defect.group.chemistry.and.sidewall.functionalization.of.CNTs.(Xie.et.al..2005)..
The. advantage. of. “grafting. from”. is. that. the. polymer. growth. is. not. limited. by.
steric. hindrance,. allowing. efficient. grafting. of. high-molecular-weight. polymers..
However,. this.method.requires.strict.control.of. the.amounts.of. initiator.and.sub-
strate. along. with. accurate. control. of. conditions. required. for. the. polymerization.
reaction.(Rozenberg.and.Tenne.2008).

7.2.4  eLectrospinning

Electrospinning.has.been.recognized.as.an.efficient.technique.for.fabricating.poly-
mer.nanofibers,.and.various.polymers.have.been.successfully.electrospun.into.ultra-
fine.fibers. for.use.as. reinforcements. in.nanocomposite.development. (Huang.et.al..
2003)..Many.research.groups.tried.to.incorporate.CNTs.into.polymer.nanofibers.by.
electrospinning.(Kim.and.Reneker.1999,.Hou.et.al..2005)...The.spinning.process.is.
expected.to.align.CNTs.or.their.bundles.along.the.fiber.direction.by.high.shear.forces.
induced.by.the.spinning.and.dielectrophoretic.forces.caused.by.a.dielectric.or.con-
ductivity.mismatch.between.CNTs.and. the.polymer.solution..Polymer.composites.
reinforced.with.electrospun.nanofibers.have.been.developed.mainly.for.good.physi-
cal.(optical.and.electrical).and.chemical.properties.while.maintaining.their.appropri-
ate.mechanical.performance.(Lau.and.Hui.2002).

7.2.5  techniques to enhance Dispersion of cnts

Several.techniques.such.as.physical.blending,.in situ polymerization,.and.chemical.
functionalization. improve. the. dispersion. of. CNTs. in. polymer. matrices. (Jordan.
et.al..2005,.Cadek.et.al..2004)..For.polymer–CNT.composites,.high-power.disper-
sion.methods.such.as.ultrasound.and.high-speed.shearing.are.the.simplest.and.most.
convenient.ways. to. improve. the.dispersion.of.CNTs.(Qian.et.al..2000,.Sandler.et.
al.. 1999,. 2003).. Surfactants. are. often. used. as. dispersing. agents. to. improve. CNT.
dispersion.in.processing.polymer–CNT.composites.(Gong.et.al..2000)..The.surfaces.
of.CNTs.can.be.chemically.functionalized.(including.grafting.copolymerization).to.
achieve.good.dispersion.in.composites.and.strong.interface.adhesion.between.sur-
rounding.polymer.chains.(Song.and.Xia.2006).
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CNTs.are.assembled.as.ropes.or.bundles.containing.many.defects.such.as.cata-
lyst.residuals,.bucky.onions,.spheroidal.fullerenes,.amorphous.carbon,.polyhedron.
graphite.nanoparticles,.and.other.forms.of.impurities.(Lin.et.al..2007)..Therefore,.
purification,.cutting,.or.disentanglement.and.activation.are.needed.before.chemical.
functionalization..The.popular.method.of.purifying.MWCNTs.is.based.on.oxidation..
The.MWCNTs.are.purified.by.burning.away.the.tube.ends,.defects,.and.amorphous.
carbon.at.a.temperature.above.700°C.in.air.or.oxygen.(Lin.et.al..2007)..However,.
the.yield.is.extremely.low.(<5%)..Hiura.et.al..(1995).purified.CNTs.by.a.mixture.of.
concentrated.sulfuric.acid.and.potassium.permanganate,.but.the.method.may.not.be.
suitable.for.large-scale.production.

Tohji.et.al..(1997).used.a.purification.method.that.included.hydrothermal.treat-
ment,.thermal.oxidation,.and.hydrochloric.acid.etching..To.prevent.the.destruction.of.
CNTs.during.purification,.Bonard.et.al..(1997).dispersed.the.CNTs.in.polar.solvents.
assisted.by.surfactants.such.as.sodium.dodecyl.sulfate,.followed.by.micro.filtration.
and.size.exclusion.chromatography..Yamamoto.et.al..(1998).used.AC.electrophoresis.
to.treat.the.CNTs.dispersed.in.isopropyl.alcohol.and.found.that.the.separation.from.
impurity.particles.depended.on.the.frequency.of.the.applied.field.

7.3  SHAPE MEMORY POLYMER NANOCOMPOSITES

7.3.1  nanocomposites for mechanicaL enhancement

Most.nanofillers.are.beneficial.for.enhancing.the.mechanical.properties.of.SMPs..The.
effects.of.the.nanoparticles.depend.on.many.variables,.especially.on.the.crystalline.
or.amorphous.nature.of.the.polymer.matrix.and.the.interaction.of.filler.and.matrix.
(Huang.et.al..2010,.Jordan.et.al..2005)..Good.dispersion.of.nanoparticles.can.also.
improve.the.fracture,.fatigue,.and.creep.resistance.of.the.nanocomposites.because.
they.can.restrict.the.slippage,.reorientation,.and.motion.of.the.polymer.chains.

7.3.1.1  Nanoparticle-Based SMP Nanocomposites
Nanoparticles.as.filler.materials.can.improve.the.elastic.moduli.of.SMPs.(Liu.et.al..
2004).. SMP. nanocomposites. with. SiC. and. Al2O3. additions. exhibit. higher. elastic.
moduli. and. are. capable. of. generating. higher. recovery. forces. in. comparison. with.
pure.SMPs..Xu.et.al.. (2010a,.2010b).confirmed. that. the.addition.of.nanofillers.of.
alumina.and.silica.can.significantly.enhance.the.hardness.of.polystyrene..Alumina.
nanoparticles.exhibited.better.enhancing.effects.than.SiC.due.to.their.high.intrinsic.
hardness.(see.Figure 7.2).

Gall.et.al..(2000,.2004a,.2004b).found.that.nanoparticulate.reinforcement.can.
increase.the.stiffness.and.recoverable.stress.levels.for.SMP.materials,.but.dete-
riorates.the.SME.of.SMPs.even.at.very.low.loading..Gunes.et.al..(2008a,.2008b,.
2009).also.observed.a.negative.effect.of.SiC.on.the.SMEs.of.polyurethane.SMPs..
They.ascribed. the. effect. to. the.dramatic.decrease.of. soft. segment. crystallinity.
by.the.addition.of.SiC..Cho.and.Lee.(2004).used.a.sol–gel.process.to.incorporate.
silica.from.tetraethoxysilane.(TEOS).into.a.shape.memory.polyurethane.matrix,.
and.the.maximum.fracture.stress.and.modulus.were.obtained.at.10.wt.%.of.TEOS.
content.



Shape	Memory	Polymer	Nanocomposites	 155

Silica. nanoparticles. interact. relatively. strongly. with. polyurethane. matrices..
Petrovic.et.al..(2000).found.that.the.tensile.strength.varied.a.little.between.the.com-
posites.made.of.micro-.and.nano-sized.particles,.up.to.a.filler.composition.of.20%.
weight.fraction..Above.20%,.the.tensile.strength.was.higher.for.the.nanocomposites.
than.for.the.pure.polyurethane.polymer..In.the.nanocomposites,.the.maximum.strain-
to-failure.increased.by.500%.over.the.pure.system..For.composites.with.micro-sized.
inclusions,. the. increase. was. only. 100%.. The. size. of. the. nanosilica. particles. may.
have. a. significant. influence. on. the.mechanical. property. enhancement.. Maximum.
effects.on.glass.transition.temperature,.tensile.properties,.and.wear.resistance.were.
obtained.at.a.particles.size.of.28.nm.(Chen.et.al..2005,.2006)..Solution.modifica-
tion.may.be.used.for.silica-based.nanocomposites.(Jang.et.al..2009),.in.which.the.
SMP.is.solubilized.in.an.organic.solvent.and.then.end-capped.with.glycidol..Silica.is.
exfoliated.in.the.solvent.and.functionalized.with.amino.groups..Upon.mixing.of.the.
silica.with.the.end-capped.polyurethane, the.amine.groups.on.the.silica.react.with.
the.epoxy.end.groups.in.the.polymer..Because.each.amine-functionalized.silica.par-
ticle.contains.more.than.two.amine.groups,.the.silica.nanoparticles.effectively.act.as.
multifunctional.cross-linkers.(Jang.et.al..2009)..A.detailed.review.of.the.preparation,.
characterization,.properties,.and.applications.of.the.polymer–silica.nanocomposites.
appears.in.Zou.et.al..(2008).

Celite.(World.Minerals).is.a.mined.product.composed.of.silica.and.alumina..It.has.
surface.hydroxyl.groups.that.may.be.coupled.with.shape.memory.polyurethane.chains..
Park. et. al.. (2008). fabricated. Celite–shape. memory. polyurethane. composites. with.
Celite.as.a.cross-linker.added.in.the.middle.of.polymerization..The.Celite.improved.
the.shape.memory.and.mechanical.properties.of.shape.memory.polyurethanes..The.
best.mechanical.properties.and.good.SME.were.obtained.at.0.2 wt.%.of.Celite.
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FIGURE 7.2  Comparison.of.mechanical.properties.of.SMP.nanocomposites:.Vickers.hard-
ness.results.with.25.g.load.and.20-second.load.time..(Reprinted.from.Xu.B,.Fu.YQ, Ahmad.
M.et.al..Journal of Materials Chemistry,.20,.3442–3448,.2010..With.permission.)
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7.3.1.2  Clay-Based SMP Nanocomposites
Montmorillonite,. saponite,. and.synthetic.mica.are.commonly.used.clay.materials..
Silicates.have.a.characteristic.distance.between.galleries.of.1.nm.and.the.basal.spac-
ing.of.a.gallery.is.also.about.1.nm.(Pavlidou.and.Papaspyrides.2008)..Inorganic.ions.
like.Na.between.galleries.hold.negatively.charged.galleries.together..The.replacement.
of.the.inorganic.ions.in.the.galleries.of.the.native.clay.by.alkylammonium.(onium).
salts.or.quaternary.amines.with.long.alkyl.substituents.(surfactants).leads.to.a.better.
compatibility.between.the.inorganic.clay.and.hydrophobic.polymer.matrix.(Pavlidou.
and.Papaspyrides.2008)..The.replacement.leads.to.an.increase.of.the.space.between.
galleries,.facilitating.intercalation.of.polymer.molecules.into.the.clay.

The.advantages.of.polymer-based.clay.nanocomposites. include. improved. stiff-
ness,.strength,.toughness,.and.thermal.stability.along.with.reduced.gas.permeability.
and. coefficient. of. thermal. expansion. (Alexandre. and. Dubois. 2000,. Carastan. and.
Demarquette. 2007).. The. improvement. in. elasticity. is. attributed. to. the. plasticiz-
ing.effects.of.onium.ions.that.contribute.to.dangling.chain.formation.in.the.matrix.
and. conformational. effects. on. the. polymer. at. the. clay–matrix. interface.. Loading.
5. to.10.wt.%.of. clay. into.polyurethane. results. in. a. twofold. to. threefold. improve-
ment.in.tensile.strength.(Wang.and.Pinnavaia.1998)..The.toughness.of.the.polymer.
also. improves.because. the.physical. linking.between.polymer.and.clay.nanofillers.
increases.the.fracture.strength.of.the.polymer.and.triggers.a.toughening.mechanism,.
via.multiple.crazing.and.shear.yielding.(Xu.et.al..2008).

For.clay.nanocomposites,.the.specific.choice.of.processing.steps.depends.on.the.
final.morphology.required.in.the.composite,.i.e.,.exfoliated.or.intercalated.form.(see.
Figure 7.3)..For.nanoclay,.realization.of.full.exfoliation.is.a.problem..Many.meth-
ods.increase.the.degree.of.the.exfoliation.ratio,.for.example,.in situ.polymerization,.
sonication,.and.high.shear.or.melting.intercalation.(Choi.et.al..2001)..In.the.inter-
calated.form,.matrix.polymer.molecules.are.introduced.between.the.ordered.layers.
of.clay,.resulting.in.an.increase.in.interlayer.spacing,.but.the.clay.still.maintains.the.
layer.order..In.the.exfoliated.form,.clay.layers.are.separated.and.distributed.within.
the.matrix. (see.Figure 7.3).. Intercalated.nanocomposites. are.generally. formed.by.
melt.mixing.or.by.in situ.polymerization.(Khudyakov.et.al..2009)..Exfoliation.level.
depends.on.the.nature.of.the.clay,.blending.process,.and.agents.used.for.curing..The.
final.structure.of.a.clay.composite.has.a.wide.range.of.variations,.depending.on.the.
degrees.of.intercalation.and.exfoliation.(Alexandre.and.Dubois.2000,.Carastan.and.
Demarquette.2007).

FIGURE 7.3  Top:.three.types.of.polymer.composites.with.clay..Bottom.left:.conventional.com-
posite..Bottom.center:.intercalated.nanocomposite..Bottom.right:.exfoliated.nanocomposite.
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Cao.and.Jana.(2007).systematically.studied.the.properties.of.nanoclay–polyure-
thane.nanocomposites. using.MDI,.BDO,. and.PCL.4000.as. soft. segments,. focus-
ing.on.the.shape.memory.property..They.fabricated.nanocomposites.with.nano.clay.
contents.of.1,.3,.and.5.wt.%.by.bulk.polymerization..The.results.showed.that.clay.
particles.exfoliated.well.in.the.matrix,.decreased.the.crystallinity.of.the.soft.segment.
phase,.and.promoted.phase.mixing.between.the.hard.and.soft.segments.(Cao.et.al..
2007)..A.20%.increase.in.the.magnitude.of.shape.recovery.stress.was.obtained.with.
the.addition.of.1.wt.%.nanoclay,.and.the.tensile.modulus.increased.with.clay.content.
at.temperatures.above.the.melting.point.of.the.soft.segment.crystals.

Mechanical.properties.of.the.attapulgite.clay-reinforced.polyurethane.shape.mem-
ory.nanocomposites.depend.strongly.on.pre-treatment.of.the.nano.clay.powder.(Xu.
et.al..2009)..After.the.clay.powders.were.heat.treated.at.800°C.for.2.hours,.the.loss.
of.moisture.and.most.surface.hydroxyl.groups.resulted.in.a.crystallized.and.bundled.
structure.(Xu.et.al..2009,.Pan.et.al..2008)..Improved.interfacial.bonding.between.the.
polymer.and.filler.enhanced. the.mechanical.properties.of. the.nanocomposites.. In.
comparison,.untreated.polyurethane–clay.nanocomposites.showed.decreases.in.both.
glass.transition.temperature.(Tg).and.strength.(Xu.et.al..2009).

Thermogravimetric.analysis.(TGA).results.for.the.original.and.treated.clay.pow-
ders.are.shown.in.Figure 7.4..Note.the.three-stage.weight.loss.of.the.original.clay.
during.heating.(Xu.et.al..2009)..The.first.stage.at.a.temperature.of.about.100°C.cor-
responds.to.the.loss.of.moisture.that.may.exist.in.attapulgite.powder.as.free.water..
The.second.stage.occurs.at.~200°C.when.the.zeolitic.tube.is.destroyed,.coinciding.
with.the.loss.of.hygroscopic.water.and.zeolitic.water.(Frost.and.Ding.2003)..The.
third. stage. beyond. 450°C. is. the. point. at. which. the. hydroxyl. group. is. gradually.
reduced.. The. total. weight. loss. approached. 15.84%.. Compared. with. the. original.
clay,. the.heat-treated.one. showed.no. significant.drop. in.weight;. re-adsorption.of.
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water.molecules.after.heat.treatment.was.negligible..The.results.confirm.that.ther-
mal. treatment. removes.water.molecules.and.most.hydroxyl.groups. in. the.natural.
clay.powder.

Figure 7.5.shows.microhardness.data.for.the.pure.polyurethane.and.treated.and.
untreated.clay.reinforced.composites.as.a.function.of.applied.normal.load.(Xu.et.al..
2009)..The.pure.polyurethane.sample.showed.the.most.significant.decrease.in.hard-
ness.as.a.function.of.normal.load.(Figure 7.5)..This.may.be.explained.by.the.apparent.
elastic.recovery.of.the.polyurethane.that.may.“artificially”.enhance.the.microhard-
ness.value.at.a.low.load.due.to.shrinkage.of.the.indentations..At.a.high.load,.this.
artificial.enhancing.is.not.significant.as.the.indention.is.quite.large..Figure 7.5.clearly.
shows.that.with.the.addition.of.heat-treated.clay.powder,.the.hardness.of.the.compos-
ites.significantly.increases.with.clay.powder.content..Conversely,.adding.untreated.
clay.powder.led.to.a.tremendous.decrease.in.the.hardness.of.the.nanocomposites—up.
to.nearly.85%.for.a.30.wt.%.content.of.untreated.clay.powder.

Figure 7.6a.shows.the.storage.moduli.of.the.composites.with.different.clay.con-
tents.based.on.dynamic.mechanical.thermal.analysis.(DMTA;.Xu.et.al..2010b)..The.
storage.modulus.has.a.maximum.value.for.the.SMP.nanocomposite.with.30.wt.%.of.
clay,.indicating.that.the.stiffness.of.the.30.wt.%.polyurethane–clay.nanocomposite.
was.the.highest.among.all.the.tested.samples..A.sharp.drop.in.modulus.was.observed.
above.Tg.within.a.narrow.temperature.range.due.to.the.softening.effects.of.the.poly-
mer.nanocomposites..The.tan.δ.curves.shown.in.Figure 7.6b.reveal.that.the.transition.
temperatures.of.the.nanocomposites.increase.with.clay.content..The.nanocomposite.
with.30.wt.%.of.clay.also.shows.the.highest.tan.δ.value,.revealing.the.best.energy.
absorption.capacity.among.these.samples.
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Figure 7.7.shows.the.thermal.cyclic.test.results.for.the.30.wt.%.polyurethane–clay.
composite. (Xu.et.al..2010b)..Good.shape.recovery. is.observed..The.recovery.rate.
was.99.2%. in. the.first. tensile.cycle.and.97%. in. the. second..The.maximum.stress.
decreased.by.8%,.probably.because.some.defects.were.generated.and.creep.occurred.
during.continuous.loading.at.an.air.temperature.of.60°C.

Thermal. annealing. (heat. treatment). of. attapulgite. clay. may. have. significantly.
influenced. the. transformation. temperatures.of.nanocomposites.as. seen. from.DSC.
results.in.Pan.et.al..(2008)..Figure 7.8a.shows.the.DSC.results.for.dry.polyurethane,.
a.polyurethane–non-treated.clay.(NTC).composite,.and.a.polyurethane–treated.clay.
(TC).composite.upon.heating.in.the.first.two.thermal.cycles..For.the.polyurethane.
sample,.Tg.increased.by.~17.5°C.from.22.93°C.in.the.first.cycle.to.40.61°C.in.the.sec-
ond..The.Tg.of.NTC10.was.14.47°C.in.the.first.cycle;.that.of.the.second.was.29.28°C.
(a.15°C.increase)..However,.for.NTC20.(with.20%.NTC).and.NTC30.(30%.NTC),.
the.Tg.values.in.the.first.cycle.were.below.0°C.(–8.92°C.and.–13.90°C,.respectively)..
After.one.cycle,.the.Tg.of.NTC20.was.14.47°C.(increase.of.23.5°C);.that.of.NTC30.
was.8.82°C.(increment.~22.5°C)..The.results.indicate.that.the.samples.were.not.com-
pletely.dry..The.moisture.in.the.dry.samples.should.have.been.absorbed.from.the.air.
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during.sample.preparation.and.storage.in.containers..NTC.content.greatly.influenced.
the.Tg.of.the.polyurethane–NTC.composite..The.more.NTC.in.the.composite,.the.
lower.the.Tg.

Figure 7.8b.shows.the.DSC.results.of.dry.polyurethane–TC.upon.heating.in.the.
first.two.cycles..The.results.of.polyurethane.are.also.plotted.for.comparison..The.Tgs.
of.all.composites.in.the.first.cycle.are.low..After.one.cycle,.they.are.about.the.same.
as.that.of.polyurethane,.indicating.the.negligible.influence.of.treated.clay.on.the.Tg 
of.polyurethane–TC.(Pan.et.al..2008)..A.lower.Tg. in. the.first.cycle.should.be.due.
largely.to.moisture.

Figures  7.8c. and. d. present. DSC. results. of. wet. polyurethane–NTC. and. poly-
urethane–TC..We.can.see.noticeable.differences.in.all.polyurethane–NTC.compos-
ites. in. the. first. cycle—two. apparent. troughs..The. first. trough. at. ~0°C. should. be.
the.result.of.the.phase.transformation.from.ice.to.water..The.bottom.of.the.second.
trough.is.well.above.the.Tg of.even.dry.polyurethane.and.spans.a.very.wide.tempera-
ture.range..On.the.other.hand,.the.results.of.the.second.cycle.return.to.normal—only.
one.trough.upon.heating..The.Tg is.much.higher.than.that.of.dry.polyurethane–NTC.
in.the.second.cycle,.in.particular.NTC10.(10%.NTC).exhibits.about.the.same.Tg as.
polyurethane.

In.brief,.NTC.exhibited.much.greater.water.absorption.ability.than.TC.in.polyure-
thane–TC.composites..However,.the.water.absorption.ability.of.wet.polyurethane–
NTC.composites.is.still.much.lower.than.that.of.pure.NTC.and.is.significantly.higher.
than.that.in.dry.polyurethane–NTC..It.appears.reasonable.to.say.that.high.internal.
stress.in.a.composite.can.result.from.expansion.of.NTCs.upon.wetting.(Pan.et.al..
2008)..On.the.other.hand,.this.high.internal.stress.can.prevent.further.water.absorp-
tion. in. NTCs.. If. it. exceeds. a. critical. point,. it. may. cause. permanent. deformation.
of.the.polyurethane,.in.particular.upon.cooling.to.sub-ambient.temperature.(due.to.
further.volume.expansion.during.the.transition.from.water.to.ice,.while.polyurethane.
is.in.the.hard.glass.state.at.low.temperature)..Subsequently,.the.significant.shrinkage.
of.NTC.upon.drying.may.cause.its.partial.detachment.from.the.polyurethane.(Pan.
et. al.. 2008)..The. contact. and. thus. the. interaction. of. polyurethane. and.NTC. then.
reduce.dramatically..Consequently,. the.Tg.of. the.polyurethane–NTC.composite. is.
largely.determined.by.that.of.polyurethane,.indicating.a.much.higher.Tg.than.the.dry.
polyurethane–NTC..The.highest.value.may.match.that.of.polyurethane.

7.3.1.3  CNT-Based Nanocomposites
The.excellent.electrical.and.mechanical.properties.of.carbon.nanotubes.have.aroused.
great. interest. in. the. fabrication. of. advanced. nanocomposites. (Geng. et. al.. 2002,.
Gunes.and.Jana.2008)..CNT-filled.polymer.composites.are.expected.to.improve.the.
mechanical. properties. of. the. matrix. polymer.. SMP–CNT. nanocomposites. show.
increased.storage.elastic.moduli,.improved.shape.memory.effects,.good.toughening,.
and.better.fatigue.strength.than.pure.SMPs.(Esawi.and.Farag.2007)..For.example,.the.
recovery.forces.of.SMP–CNT.nanocomposites.filled.with.3.3%.weight.fractions.of.
CNTs.improves.to.almost.twice.the.level.of.the.SMP.alone.(Gunes.and.Jana.2008).

For.the.best.performance.enhancement,.a.large.aspect.ratio,.sufficient.dispersion,.
good. alignment,. and. interfacial. stress. transfer. are. critical. (Coleman. et. al.. 2006)..
Alignment.of.CNTs.in.the.loading.direction.may.enhance.the.modulus.by.a.factor.of.
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five.or.more..The.interfacial.strength.of.the.CNT–polymer.is.a.critical.issue..CNTs.
in.nanocomposites.may.withstand.large.forces,.but.good.interfacial.strength.between.
CNT.and.polymer.matrix.is.a.pre-requisite,.so.that.the.force.can.be.transferred.to.the.
CNTs..With.an.increase.of.external.stress,.the.matrix.in.the.interface.or.the.matrix–
nanotube.bond.would.be.broken,.resulting.in.debonding;.the.strength.would.decrease.
substantially..Koerner.et.al..(2004,.2005).used.CNTs.to.reinforce.polyurethane.that.
showed.both.a. significant. increase. in. shape.fixity.and.almost.100%.shape. recov-
ery..For.comparison,.the.polyurethanes.reinforced.with.carbon.black.exhibited.only.
limited.shape. recovery. (30%)..The.difference. in. the.enhancing.effect.arises. from.
the. interactions.between. the.anisotropic.CNTs.and. the.crystallizing.polyurethane.
switching.segments.(Koerner.et.al..2004).

The.addition.of.carboxylated.MWCNTs.to.a.polyurethane.matrix.by.solvent.mix-
ing. improves. the. tensile. strength. and. modulus. of. the. matrix. (Sahoo. et. al.. 2006,.
2007b).. The. tensile. strength. of. a. composite. containing. 10  wt.%. of. carboxylated.
MWCNT.was.enhanced.by.108%.as.compared.to.pure.polyurethane..An.increase.
of.68%.was.achieved.by.incorporating.the.same.amount.of.raw.MWCNT.into.the.
polyurethane. matrix.. Tensile. strengths. and. moduli. of. nanocomposites. increased.
from. 7.6  MPa. in. pure. polyurethane. to. 21.3  MPa. (increase. of. 180%). and. 50. to.
420  MPa. (increase. of. 740%). in. the. composites,. respectively. (Sahoo. et. al.. 2005)..
The.hydrophilic.functional.groups.on.the.MWCNTs.help.improve.interactions.with.
–CONH–. groups. in. the. polyurethanes.. Therefore,. the. strong. interaction. between.
the. functionalized. MWCNTs. and. the. polyurethane. matrix. greatly. enhances. both.
dispersion.and.interfacial.adhesion,.thus.improving.the.mechanical.performance.of.
the.composite.(Sahoo.et.al..2005).

The. mechanical. properties. of. nanocomposites. also. depend. on. the. CNT. acid.
treatment. temperature.(Sahoo.et.al..2010)..Kuan.et.al.. (2005). incorporated.amino.
functionalized. MWCNTs. into. waterborne. polyurethane.. They. found. increases. in.
modulus.from.77 to.131 MPa.for.a.4%.MWCNT.composite.(increase.of.70%).and.in.
tensile.strength.from.5.1 to.18.9 MPa.(increase.of.270%).at.the.same.loading.level.

Covalent.bond.formation.between.amino.functionalized.MWCNTs.and.polyure-
thane.promote.increases.in.interfacial.strength.and.tensile.strength..MWCNTs.are.
more.effective.for. improving.modulus.and.SWCNTs.are.better.for.elongation.and.
tensile.strength.(Sahoo.et.al..2010)..The.different.reinforcing.effects.of.MWCNTs.
and.SWCNTs.on.polyurethane.are.attributed.to.the.shear.thinning.exponent.and.the.
shape.factor.of.a.CNT.in.a.polyol.dispersion.(Sahoo.et.al..2010)..Wang.and.Tseng.
(2007). found. that. adding. 1. to. 10  wt.%. polyurethane-functionalized. MWCNT. to.
polyurethane.increased.the.tensile.strength.by.63.to.210%..The.storage.modulus.and.
soft.segment.Tg.(from.tan δ).increased.with.increasing.polyurethane-functionalized.
MWCNT.in.the.polyurethane.(Kuan.et.al..2005,.Kwon.and.Kim.2005).

Polymer. grafting. is. effective. for. increasing. dispersion. and. mechanical. prop-
erties. of. composites. due. to. its. strong. chemical. bonding. of. polymer. and. CNT.
(Sahoo.et.al..2010,.Lin.et.al..2003)..McClory.et.al..(2007).reported.polyurethane–
MWCNT. nanocomposites. via. a. polymerization. reaction.. The. Young’s. modulus.
increased.by.97.and.561%.on.the.addition.of.0.1 and.1 wt.%.MWCNTs.in.the.poly-
urethane,.respectively,.whereas.ultimate.tensile.strength.increased.by.397%.when.
0.1.or.1 wt.%.of.MWCNTs.was.added.to.polyurethane..Xia.et.al..(2006).studied.
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polycaprolactone-based.polyurethane-grafted.SWCNTs. (SWCNT-g-polyurethane).
and.poly(propylene.glycol)-grafted.MWCNTs.into.polyurethane.by.in situ polym-
erization..The.incorporation.of.0.7 wt.%.SWCNT-g-polyurethane.into.polyurethane.
improved. the.Young’s.modulus.by.278.and.188%.compared. to. the.pure.polyure-
thane.and.ungrafted.pristine.polyurethane–SWCNT.composites,.respectively..The.
reasons.are.the.better.dispersion.of.SWCNT-grafted.polyurethane.and.MWCNT-
grafted.polyurethane.and.the.stronger.interfacial.interaction.between.the.CNTs.and.
polyurethane.(Xia.et.al..2006).

Improvement.of.the.mechanical.properties.was.reported.for.melt-processed.CNT–.
polyurethane. composite. fibers.. Sen. et. al.. (2004). studied. the. fabrication. of. mem-
branes.of.SWCNT-filled.polyurethane.by.the.electrospinning.technique..The.tensile.
strength.of. ester-functionalized.polyurethane–SWCNT.membranes.was. enhanced.
by.104%,.and. the. tangent.modulus. improved.by.250%.compared. to.polyurethane.
membranes..The.enhancements. in.mechanical.properties.may.be.attributed.to. the.
high.dispersion.of.CNTs.through.the.polymer.matrix.and.good.interfacial.interac-
tions.of.CNTs.and.polyurethane.

7.3.1.4  Carbon Nanofibers
The.dimensions.of.carbon.nanofibers.vary.from.5.to.100.microns.in.length.and.from.
5.to.100.nm.in.diameter..Conventional.fibers.have.Young’s.moduli.equal.to.0.9.TPa,.
depending.on.the.fabrication.processes.and.structure.designs..Due.to.the.exceptional.
mechanical.strength.with.high.elastic.modulus.and.high.aspect.ratio,.carbon.nanofi-
bers.(CNFs).are.effective.for.improving.the.mechanical.strength.and.shape.recovery.
stress.of.SMPs.(Meng.et.al..2007,.2008,.Meng.and.Hu.2009)..Some.benefits.from.
CNF.nanocomposites.include.the.following.(Lan.et.al..2009):

•. Lower.fiber.loadings
•. Easier.fabrication.and.processing
•. More.uniform.thermal.and.electrical.conductive.properties
•. Higher.ratio.of.length.to.diameter
•. Shorter.cycle.and.dispersion.times
•. Lower.specific.gravity.and.high.strength
•. Lower.cost

Gunes.et.al..(2008a,.2008b).fabricated.shape.memory.polyurethane–CNF.com-
posites.by.melt.mixing.after.the.chain.extension.of.a.Tm-type.shape.memory.poly-
urethane. (melting. transition. temperature. as. the. switch. temperature).. The. CNFs.
diminished.the.shape.memory.function.of.the.SMPs.and.the.change.was.ascribed.to.
the.interference.of.CNFs.on.the.crystallization.of.the.soft.segment.

Polyurethanes.filled.with.surface-oxidized.CNF.showed.better.dispersion,.crys-
tallinity,. tensile.properties,.and.shape. recovery. force. than. their.counterparts.con-
taining.untreated.CNFs.(Meng.and.Hu.2009)..Koerner.et.al..(2004).fabricated.shape.
memory.polyurethane–CNF.composites.by.solution.mixing.in.a.polar.solvent,.fol-
lowed.by. slow.evaporation.of. the. solvent..The.CNFs.had. an. average.diameter.of.
100 nm.and.length.above.10 μm..Anisotropically.distributed.CNFs.were.obtained,.
thus.increasing.the.rubber.modulus.by.a.factor.of.2.to.5.(see.Figure 7.9.for.an.example.
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of. enhancing. effect).. Shape. fixity. was. improved. via. the. enhanced. strain-induced.
crystallization..In.comparison.with.pure.SMPs,.shape.memory.composites.with.uni-
form.dispersions.of.1.to.5 vol.%.of.CNFs.produced.up.to.50%.more.recovery.stress..
Ni. et. al.. (2007). prepared. shape. memory. polyurethane–CNF. composites. by. solu-
tion.mixing.with.ultrasonic.distribution..The.CNFs.had.a.diameter.of.~150 nm.and.
lengths.of.10.to.20 μm..The.recovery.stress.of.the.composites.at.3.3 wt.%.of.CNF.
loading.increased.almost.twofold.over.pure.SMPs.

Leng.et.al..(2007,.2008a,.2008b,.2008c).fabricated.SMP–CNF.nanocomposites.
with. volume. fractions. of. 5,. 10,. 15,. and. 20%,. and. studied. the. effects. of. different.
concentrations.of.nanofibers.and.chopped.carbon.fibers.on.the.SME..As.the.nano-
fiber.concentrations. in. the.SMP.matrix. increased,. the.samples.showed. increasing.
strength.and.decreasing.damping.effect..When.the.samples.were.filled.with.the.same.
amounts.of.nanofibers.and.conventional.chopped.carbon.fibers.for.comparison,.the.
nanofiber-filled. sample. exhibited. relatively. higher. strength. than. the. sample. filled.
with.chopped.carbon.fiber.

Carbon-fiber-reinforced.composites.have.limits.on.achievable.properties.due.to.
the.low.modulus.and.strength.of.the.matrix.phase.compared.with.CNT-based.nano-
composites.(Gall.et.al..2000)..Modification.of.the.matrix.phase.with.carbon.nano-
tubes.on.a.lower.scale.of.dimensions.and.carbon.nanofibers.on.a.higher.dimensional.
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FIGURE 7.9  Pull-out.for.SMP–CNF.nanocomposite.showing.mechanical.enhancing.effect.
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scale.would.allow.significant. increases. in. the.modulus.and.strength.contributions.
of.the.matrix.to.the.overall.composite.properties..Leng.et.al..(2008a,.2008b,.2008c).
prepared. carbon. black. and. short. carbon. fiber. SMP. nanocomposites.. The. syner-
gic. effects.of.CB.and.CNF.networks. resulted. in. significant. improvement. in.both.
mechanical.and.electrical.properties..The.fibrous.filler.could.combine.well.with.par-
ticulate.filler.and.enhance.the.formation.of.a.conductive.network.

Lu.et.al..(2010).studied.the.synergistic.effects.of.carbon.nanofibers.and.carbon.
nanopaper.on. the.shape.recovery.of.SMP.nanocomposites..The.SMP.surface.was.
coated.with.carbon.nanopaper.to.achieve.good.electrical.resistive.heating,.and.CNF.
was.blended.into.the.SMP.to.improve.mechanical.and.thermal.conductivity..Esawi.
and.Farag.(2007).also.proposed.the.addition.of.carbon.nanotubes.in.small.quantities.
to.carbon-nanofiber-reinforced.nanocomposites.to.produce.components.with.much.
enhanced.performance.at.reduced.cost.

Another. good. method. to. reinforce. SMPs. is. using. high. modulus. inorganic. or.
organic. fillers.. Chopped. and. continuous. microfibers. and. fabrics. are. superior. to.
micro-.and.nano-sized.particles.to.improve.SMP.mechanical.strength..The.studies.
of. the. reinforcement. effect. of. chopped.glass.fibers,. unidirectional.Kevlar®.fibers,.
and.woven.fiberglass.on.thermoplastic.SMPs.indicated.that.fibers.and.fabrics.may.
significantly.increase.the.strength.and.stiffness.levels.of.SMPs.(Meng.and.Hu.2009,.
Ohki.et.al..2004,.Liang.et.al..1997).

For.the.thermo-responsive.SMP.components.of.biomedical.and.healthcare.devices,.
the.requirement.of.external.heat.for.actuation.may.severely.restrict.their.applications.
because.high.Tg.levels.of.SMPs.in.the.range.of.50.to.90°C.are.harmful.to.the.human.
body..To.solve.this.problem,.attempts.were.made.to.develop.novel.SMP.composites.
that.are.actuated.by.other.external.stimuli.such.as.light,.alternative.magnetic.field.
(AMF),. change. in. pH,. and. chemical. reactions. (Jang. et. al.. 2009,. Schmidt. 2006)..
Synthesis.of.such.SMP.composites.typically.involves.the.inclusion.of.molecules.or.
nanoparticles.that.are.sensitive.to.heat,.light,.and.AMF.into.the.polymer.matrices.
(Meng.and.Hu.2009)..The.next.sections. focus.on. these. functional.applications.of.
shape.memory.nanocomposites.

7.3.2  smp nanocomposites for eLectricaL actuation

A.polymer.is.normally.considered.a.non-conductive.material.because.of.its.extremely.
low.electrical.conductivity.(10−10.to.10−15 S/m)..Dispersing.conductive.particles.into.
a.non-conductive.matrix.can.form.conductive.composites..The.electrical.conductiv-
ity.of.a.composite.depends.strongly.on.the.volume.fraction.of.the.conductive.phase.
(Liu.et.al..2009)..At.low.volume.fractions,.the.conductivity.remains.very.close.to.the.
conductivity.of.the.pure.matrix.

With.the.increased.use.of.conductive.fillers,.the.conductivity.of.composites.dras-
tically. increased.by.many.orders.of.magnitude..Conductive.SMP.nanocomposites.
are.normally.mixed.with.fillers. such. as. carbon.nanotubes. (Cho.et. al.. 2005,.Paik.
et.al..2006),.carbon.nanoparticles.(Yang.et.al..2005a,.2005b),.conductive.fibers.(Leng.
et.al..2007),.and.metals.such.as.Au,.Ni,.and.nickel–zinc–ferrite.ferromagnetic.par-
ticles.(Schmidt.2006,.Leng.et.al..2008a,.2008b,.2008c)..For.example,.the.electrical.
conductivity.of.a.shape.memory.polyurethane.filled.with.30.wt.%.of.carbon.black.is.
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~1.to.10−1 S/cm.(Liu.et.al..2007)..Another.example.is.a.composite.SMP.incorporat-
ing.5 wt.%.of.surface-modified.MWCNTs.exhibiting.an.electrical.conductivity.as.
high.as.10−3 S/cm.(Cho.et.al..2005)..Paik.et.al..(2006).prepared.polyurethane.with.
MWCNTs,.and.the.electrical.conductivity.was.about.2.5 × 10−3 S/cm.

7.3.2.1  Carbon Nanoparticle-Based Nanocomposites
Nano-sized.carbon.black.(CB).is.much.cheaper.than.CNTs.or.CNFs.and.thus.inter-
esting.to.use.for.electrically.conductive.nanocomposites.(Meng.and.Hu.2009,.Li.
et.al..2000.and.2008).triggered.by.Joule.heating.(Koerner.et.al..2004)..However,.Paik.
et.al..(2006).found.that.CB.is.not.so.effective.in.improving.the.mechanical.strength.
and.shape.recovery.stress.of.SMPs.(Yang.et.al..2005a,.2005b,.2006)..Gunes.et.al..
(2008a,.2008b).prepared.polyurethane–CB.composites.by.melt.mixing.and.found.
that.the.soft-segment.crystallinity.decreased.due.to.the.constraining.effects.of.CBs.
on.the.mobility.of.soft.segments.during.crystallization.

Xu.et. al.. (2011). studied.polystyrene. (PS)-based.carbon.nanoparticle.nanocom-
posites. (Figure  7.10a).. Figure  7.10b. shows. the. measured. conductivity. versus. CB.

SEM HV: 10.00 kV
View field: 8.667 µm
SEM MAG: 41.67 kx

WD: 9.021 mm
Det: SE
Date(m/d/y): 06/09/10

LYRA/ TESCAN
2 µm

(a)

FIGURE  7.10  Surface. morphology. of. PS–CB. nanocomposite. (a). and. conductivity. of.
PS–CB.nanocomposites.versus.CB.content.(b)..(From Xu.B,.Zhang.L,.Tao.SW.et.al..(2011)..
Dielectric. property. of. thermo. electroactive. shape. memory. polymer. nanocomposites..
Submitted.)
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concentrations. at. room. temperature.. With. CB. content,. φCB,. increases. from. 1. to.
~3.wt.%,.the.measured.conductivity.dramatically.changes.from.1.×.10–8.to.10–2.S/
cm,.after.which.the.increase.rate.drops.with.a.CB.concentration.above.3.wt.%..At.
low.CB.concentrations,.the.conduction.is.dominated.by.hopping.among.the.fillers.
with.electrical.conductivity.closer.to.that.of.an.insulator..A.material.becomes.more.
conductive.as. the.filler.concentration. increases. to.a.critical.value,. the.percolation.
threshold.(φc),.which.is.affected.by.the.filler.properties.and.dispersion.in.the.matrix..
Figure 7.10b.clearly.shows.two.segments.with.different.slopes,.dominated.by.insu-
lative.behavior.at.φCB.<.3.wt.%.and.conductive.behavior.at.φCB.>.3.wt.%..The.con-
ductivity.and.dielectric.constants.change.dramatically.as.a. function.of. frequency,.
temperature,.and.CB.concentration..Measurement.of.dielectric.constant.and.dielec-
tric.loss.as.a.function.of.temperature.and.frequency.indicated.stable.thermal.electri-
cal.performance.from.room.temperature.to.100°C.(Xu.et.al..2011).

7.3.2.2  CNF- and CNT-Based Nanocomposites
CNFs.are.useful.for.reinforcement.applications,.as.electrically.conductive.fillers,.
and. as. catalyst. supports.. The. temperature. and. strain. significantly. influence. the.
electrical.resistivity.of.CNF-filled.SMPs..Gunes.et.al..(2009).studied.the.relation-
ship.between.electrical. resistivity. and. sample. temperatures.of.SMPs.filled.with.
CNFs,.oxidized.CNFs,.and.CBs..The.CNF-.and.CB-filled.SMPs.showed.pronounced.
positive.temperature.coefficients.of.resistivity..Although.fibrous.conductive.fillers.
can. significantly. improve. electrical. conductivity. and. enhance. the. stiffness. and.
strength.of.SMPs.in.comparison.with.CBs,. they.cause.lower.maximum.bending.
strain.in.comparison.with.conductive.particles..A.balance.must.be.achieved.among.
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filler.content,.filler.type,.mechanical.properties,.and.shape.memory.properties.for.
specific.applications..According.to.the.percolation.theory,.the.following.equation.
can.be.used:

. σc = A(V − Vc)β.. (7.1)

where.σc.represents.the.conductivity.of.the.composites,.V.is.the.CNF.or.CNT.volume.
fraction,.Vc.is.the.CNF.or.CNT.volume.fraction.at.the.percolation.threshold,.and.A.
and.β.are.fitted.constants.(Sahoo.et.al..2010)..Because.CNTs.have.tremendously.large.
aspect.ratios.(100.to.10,000),.many.researchers.observed.exceptionally.low.electri-
cal. percolation. thresholds. for. both.MWCNTs.and.SWCNTs. (Sandler. et. al.. 2003,.
Bryning.et.al..2005)..Depending.on.the.matrix,.processing.technique,.and.nanotube.
type.used,. percolation. thresholds. ranging. from.0.001  to.more. than.10 wt.%.have.
been.reported.(Li.et.al..2008,.Sandler.et.al..2003)..The.percolation.threshold.for.the.
electrical. conductivity. in.polymer–CNT.nanocomposites.depends. significantly.on.
polymer.type,.composite.processing.method,.disentanglement.of.CNT.agglomerates,.
uniform. spatial. distribution. of. individual. CNTs,. degree. of. alignment,. dispersion,.
alignment. (Choi. et. al.. 2003),. aspect. ratio,. and. degree. of. surface. modification. of.
CNTs.(Sahoo.et.al..2010).

Chemical.functionalization.may.disrupt.the.extended.π-conjugation.of.nanotubes.
and. hence. reduce. the. electrical. conductivity. of. functionalized. CNTs. (Sahoo. et. al..
2010)..Silane-functionalized.CNT–epoxy.nanocomposites.show.lower.electrical.con-
ductivity. than.untreated.CNT.composites. at. the. same.nanotube. content. (Ma.et. al..
2007,.Cho.et.al..2005)..This.is.attributed.to.the.increased.defects.in.the.lattice.struc-
tures.of.carbon–carbon.bonds.on.the.nanotube.surfaces.as.a.result.of.acid.treatment..
However,.Tamburri. et. al.. (2005). found. that. the. surface. functionalization. of. CNTs.
could.improve.the.electrical.conductivity.of.composites.

In.brief,. adding.different.electrically.conductive.components. into.a. thermo-re-
sponsive.SMP.matrix.can.achieve.Joule.heating.to.trigger.shape.recovery..Such.com-
posites.can.be.used.in.electronic.communication,.microelectromechanical.systems.
(MEMS),.and.electromagnetic.fields..For.example,.nanotube-filled.polymers.are.use-
ful.for.transparent.conductive.coatings,.electrostatic.dissipation,.electrostatic.paint-
ing,.and.electromagnetic.interference.shielding.applications.(Sahoo.et.al..2010).

7.3.2.3  Graphene-Based Nanocomposites
Graphene.is.composed.of.sp2-bonded.carbon.atoms.arranged.in.a.two-dimensional.
(2-D). honeycomb. lattice. consisting. of. two. interpenetrated. triangular. sub-lattices.
(Geim.2009,.Terrones.et.al..2010)..Graphene.sheets.have.unique.electrical.proper-
ties.and.are.extremely. strong. (Lee.et. al..2008)..Graphene. is. an. ideal.material. for.
electrochemistry.because.of.its.very.large.2-D.electrical.conductivity,.large.surface.
area,.and. low.cost;. it. is.also.a.good.material. for. fabricating.polymer-based.nano-
composites.(Zhang.et.al..2010).and.has.many.distinct.advantages.over.CNT-based.
nanocomposites.(Kim.et.al..2010,.Choi.et.al..2010).
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Graphene.is.a.biocompatible.material.with.few.metallic.impurities;.in.contrast,.
serious.toxicological.effects.were.reported.for.CNTs.mainly.because.they.contain.
metallic.impurities.

Graphene.can.be.fabricated.from.inexpensive.graphite..CNTs.are.synthesized.using.
nanoparticles.(NPs).as.templates.from.carbon-containing.gases;.graphene.is.prepared.
by. ‘‘peeling. off’’. highly. oriented. pyrolytic. graphite. (HOPG). or. grown. epitaxially.
on.silicon.wafers.(Cai.and.Song.2010)..Bulk.quantities.of.graphene.can.be.produced.
by.chemical.vapor.deposition.(CVD),.intercalation.of.small.molecules.in.a.graphite.
lattice.and.exfoliation.by.thermal.shock,.ultrasonication.or.‘‘unzipping’’.CNTs.via.
hypermanganate.chemical.oxidation,.or.plasma.etching.of.multi-walled.CNTs.(Patole.
et.al..2010,.Stankovich.et.al..2006)..However,.these.bulk-scale.production.methods.for.
graphene.produce.99%.of.the.material.as.multi-layer.graphene.nano.platelets.and.only.
about.1%.as.true.monolayer.graphene.sheets.

The.graphene.surface.is.rough.and.wrinkled.due.to.the.very.high.density.of.sur-
face.defects.resulting.from.the.thermal.exfoliation.process.used.to.manufacture.bulk.
quantities.of.platelets.from.graphite.(Rafiee.et.al..2009)..The.wrinkled.surfaces.inter-
lock.extremely.well.with.the.surrounding.polymer.material,.helping.to.enhance.the.
interfacial.load.transfer.between.graphene.and.polymer..Graphene.in.planar.sheets.
offers.considerably.more.contact.with.the.polymer.than.tube-shaped.CNTs.

When.microcracks.in.a.composite.structure.encounter.a.2-D.graphene.sheet,.they.
are.deflected.or.forced.to.tilt.and.twist.around.the.sheet..This.process.helps.absorb.
the.energy.responsible. for.propagating.cracks. (Rafiee.et.al..2009,.2010a,.2010b)..
Crack.deflection.processes.are.far.more.effective.for.2-D.sheets.with.high.aspect.
ratios.(e.g.,.grapheme).than.for.1-D.nanotubes..Therefore,.functionalized.graphene.
sheets.are.remarkably.effective.for.enhancing.fracture.toughness,.fracture.energy,.
stiffness,.strength,.and.fatigue.resistance.of.epoxy.polymers.at.significantly.lower.
nanofiller.loading.fractions.in.comparison.to.CNTs,.nanoparticles,.and.nanoclay.
additives..This.can.be.attributed.to.their.enhanced.specific.surface.area,.2-D.geom-
etry,.and.strong.nanofiller–matrix.adhesion.(Liang.et.al..2009,.Gong.et.al..2010).

Graphene. fillers. have. been. successfully. dispersed. in. poly(styrene),. poly-
(acrylonitrile),. and. poly(methyl. methacrylate). matrices. and. the. responses. of. their.
Young’s. moduli,. ultimate. tensile. strength,. and. glass. transition. temperatures. were.
characterized. by. Stankovich. et. al.. (2006).. They. synthesized. graphene–polymer.
composites. via. complete. exfoliation. of. graphite.and. molecular-level. dispersion. of.
individual,.chemically.modified.graphene.sheets.within.polymer.hosts..The.result-
ing.composite.exhibited.a.percolation.threshold.of.0.1 vol.%.for.room-temperature.
electrical.conductivity..PET–graphene.nanocomposites.prepared.by.melt.compound-
ing. exhibited. superior. electrical. conductivity. and. a. low. percolation. threshold. of.
0.47 vol.%.(Zhang.et.al..2010)..A.high.electrical.conductivity.of.2.11 S/m.of.PET.
nanocomposite.was.achieved.with.only.3.0 vol.%.of.graphene..The.low.percolation.
threshold.and.superior.electrical.conductivity.are.attributed.to.the.high.aspect.ratio,.
large.specific.surface.area,.and.uniform.dispersion.of.the.graphene.nanosheets.in.a.
PET.matrix.(Zhang.et.al..2010).

Ramanathan. et. al.. (2008). prepared. graphene–PS. nanocomposites. revealing. a.
modulus. increase.of.33%.and.a.percolation. threshold. for.conductivity.as. low.as.
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0.1.vol.%.of.graphene..A.significant.increase.(up.to.52%).in.critical.buckling.load.
was. also. observed. in. epoxy–graphene. nanocomposites. with. the. addition. of. only.
0.1%.weight.fraction.of.graphene.platelets.into.the.epoxy.matrix.(Rafiee.et.al..2010a,.
2010b)..The.significant.increase.in.buckling.load.suggests.a.significant.enhancement.
in.load.transfer.effectiveness.between.the.matrix.and.graphene.platelets.under.com-
pressive.load..Xiao.et.al..(2010).prepared.SMP.nanocomposites.using.free-standing.
nanolayer.graphene.by.a.microwave.CVD.method..The.graphene.could.be.directly.
used.as.nanofiller.without.pre-treatment..The.fabricated.nanocomposites.displayed.
significant.enhancement.in.modulus,.scratch.resistance,.and.thermal.healing.capa-
bility,.even.at.ultra-low.filler.concentrations.of.0.0025.and.0.0125.vol.%..Xiao.et.
al..(2010).attributed.the.improvement.to.the.good.separation.and.dispersion.of.nano-
graphene.and.sufficient.interfacial.adhesion.between.filler.and.polymer.matrix,.thus.
improving.load.transfer..The.good.in-plane.fracture.strength.of.individual.graphene.
sheets.was.one.possible.reason.for.the.enhancement.in.properties.

7.3.3  smp nanocomposites for magnetic fieLD actuation

Ferromagnetic.and.ferrite.nanoparticles.such.as.FeOx,.MgZnOx,.and.NiZnFeOx.can.
be.inductively.heated.up.to.~100°C.by.a.magnetic.field.(Kainuma.et.al..2006)..The.
electromagnetic.energy.from.the.external.high.frequency.field.is.transformed.to.heat.
via.a. relaxation.process. (Spinks.et.al..2006,.Ahir.and.Terentjev.2005,.Ahir.et.al..
2006)..The. incorporation.of.magnetic.nanoparticles.such.as.Fe3O4.with.a.shell.of.
oligo(e-caprolactone).into.SMP.material.may.result.in.the.heating.of.SMP.nanocom-
posites.in.the.presence.of.an.alternating.magnetic.field.(Mohr.et.al..2006).

Schmidt.(2006).and.Yakacki.et.al..(2009).used.a.magnetic.field.to.remotely.actu-
ate.SMP.composites. by. incorporating.nano. iron. (II,. III). oxide.nanoparticles. into.
thermoplastics.and.thermoset.SMPs..To.improve.particle.dispersion.in.the.matrix,.
the.iron.(III).oxide.nanoparticles.were.coated.with.silica.(Weigel.et.al..2009)..By.
selecting. a. ferromagnetic. particle. material. with. a. Curie. temperature. within. safe.
medical.limits,.overheating.can.be.avoided.because.the.material.heating.is.induced.
only.by.a.magnetic.hysteresis.loss.mechanism.instead.of.an.eddy.current.mechanism..
Complex.shapes.are.also.applicable.because.this.method.produces.uniform.heating.
for.any.type.of.device.geometry..Selective.heating.of.specific.areas.is.also.possible..
Remote.actuation.allows.the.actuation.of.embedded.devices.by.an.externally.applied.
magnetic.field.(Meng.and.Hu.2009,.Zhang.et.al..2007),. thus.eliminating.connec-
tion.wires,.power.transmission.lines,.and.fiber.optics.(Buckley.et.al..2006)..Medical.
devices.such.as.expandable.stents.and.intravascular.microactuators.of.SMP.nano-
composites.have.utilized.magnetic.actuation.(Buckley.et.al..2006).

7.3.4  smp nanocomposites for opticaL anD photovoLtaic actuation

Both.SWCNTs.and.MWCNTs.have.been.used.for.photonic.devices.to.control.light.
frequency.and. intensity. in.a.predictable.manner. (Yu.and. Ikeda.2005)..Goh.et.al..
(2003).found.that.an.aqueous.MWCNT.suspension.showed.only.a.weak.optical.limit.
toward.a.laser.at.532 nm.operating.at.20 Hz,.but.its.mixture.with.double-C60.end-
capped.poly(ethylene.oxide).(FPEOF).solution.displayed.enhanced.optical.limiting.
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responses. at. 532. and. 1064  nm.. Polymer–CNT. composites. may. be. useful. for. eye.
protection,.optical.elements,.optical.sensors,.and.optical.switching.

CNTs. are. also. widely. used. in. organic. photovoltaic. devices. (Xie. et. al.. 2005)..
Doping.with.6 wt.%.of.chemically.functionalized.MWCNTs.by.grafting.dodecylam-
ine.chains.increased.the.photosensitivity.of.oxotitanium.phthalocyanine.(TiOPc).five.
times.that.of.undoped.TiOPc.when.exposed.to.570.nm.wavelength.(Cao.et.al..2003)..
It. is.beneficial.to.design.photoconductive.devices.with.highly.efficient.charge.car-
rier. generation,. and. polymer–CNT. nanocomposites. represent. an. alternative. class.
of.organic.semi-conducting.materials..They.are.promising.for.organic.photovoltaic.
cells.and.devices.requiring.improved.performance.(Kymakis.and.Amaratunga.2002,.
Kymakis.et.al..2003).

Noble.metal.(Au.and.Ag).nanoparticles.have.strong.surface.plasmon.resonance.
(SPR).with.distinctive.absorption.wavelengths..This.characteristic. is.widely.uti-
lized. in. biotechnology. for. biomarker. monitoring,. controlled. drug. release,. and.
hyperthermia.therapy.(Pitsillides.et.al..2003)..Impregnation.of.such.nanoparticles.
in. a. medium. increases. its. ability. to. absorb. light. and. convert. most. of. the. light.
into.localized.“heat”.with.a.small.portion.converted.into.photoluminescence..The.
absorption.efficiency.and.SPR.frequency.strongly.depend.on.the.sizes,.shapes,.and.
concentrations.of.the.nanoparticles..The.resonant.frequency.may.shift.from.deep.
UV.to.near.IR.light;.smaller.nanoparticles.absorb.short-wavelength.light.and.larger.
ones.absorb.longer.wavelengths..Au-Au2S.nanoparticles.of.~20.nm,.consisting.of.
an.Au2S.dielectric.core.encapsulated.by.a.thin.gold.shell,.were.reported.to.reach.
absorption.peak.at.near-IR. light.and.demonstrated.controlled.drug. release. (Ren.
and.Chow.2003).

7.3.5  thermaL properties of smp nanocomposites

The.organic.nature.of.SMPs.allows.them.to.function.as.thermal.insulators.with.ther-
mal.conductivities.usually.below.0.30 W/m K..Rapid.heating. to.release.and.rapid.
cooling.to.fix.a.deformed.SMP.is.a.challenge..Fillers,.such.as.alumina,.fused.silica,.
SiC,.boron.nitride.(BN),.and.glass.fibers,.can.be.used.to.increase.the.thermal.con-
ductivities.of.SMPs.

Razzaq.and.Frormann.(2007).used.aluminum.nitride.fillers.to.increase.the.thermal.
conductivities.of.SMPs..An.addition.of.40.wt.%.of.AlN.particles.increased.the.ther-
mal.conductivity.by.~50%.at.room.temperature..The.addition.of.CNTs.may.increase.
the.glass.transition,.melting,.and.thermal.decomposition.temperatures.of.the.poly-
mer.matrix.due.to.their.constraint.effects.on.the.polymer.segments.and.chains..For.
example,.adding.1 wt.%.of.CNTs.to.epoxy.increased.the.glass.transition.temperature.
from.63.to.88°C.(Haddad.and.Lichtenhan.1996)..The.incorporation.of.CNTs.may.
improve.the.thermal.transport.properties.of.polymer.composites.due.to.their.excel-
lent.thermal.conductivity..Polymer–CNT.composites.can.be.used.in.printed.circuit.
boards,.connectors,.thermal.interface.materials,.heat.sinks,.lids.and.housings,.and.
high-performance.thermal.management.devices,.from.complex.satellite.structures.to.
simple.electronic.device.packaging.(Meng.and.Hu.2009).

Polymer-based.clay.nanocomposites.exhibit.good.thermal.stability.and.reduced.
gas.permeability.and.coefficients.of.thermal.expansion.(Carastan.and.Demarquette.
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2007)..The. thermal. stability,.fire. resistance,. and.gas.barrier. properties.of. poly-
mer–clay.nanocomposites.may.be.enhanced. through. the.addition.of.nanometer-
scale. clay. reinforcement. (Cao. and. Jana. 2007).. Yao. et. al.. 2002. found. that. the.
thermal.conductivity.of.PU–layered.clay.nanocomposites.decreased.slightly.with.
an. increase. in. clay. loading..Clay-based.PU.nanocomposites. also. showed.a.dra-
matically.improved.permeability.for.water.vapor.when.compared.to.the.PU.poly-
mer.(Xu.et.al..2003)..Adding.~3.to.5.wt.%.of.nanodispersed.clay.may.reduce.heat.
release.rate.up.to.70%,.significantly.improving.the.fire.resistance.of.the.polymer.
(Zhu.et.al..2001).

7.4  SUMMARY

Significant.progress.has.been.made.recently.in.the.design,.synthesis,.characteriza-
tion,.and.application.of.SMP.nanocomposites. to.enhance. the.mechanical,. electri-
cal,.magnetic,.optical,.and.thermal.properties.of.polyurethanes..Zero-dimensional.
(spherical.nanoparticles),.one-dimensional.(clay.rods,.nanotubes,.fibers),.two-dimen-
sional.(layered.clay.minerals),.and.three-dimensional.(inorganic.networking.frames).
types.of.nanofillers.have.been.used..Shape.recovery.can.be.triggered.thermally,.elec-
trically,.magnetically,.and.even.electromagnetically..Some.critical. issues. in. shape.
memory. nanocomposites. (Tonge. and. Tighe. 2001,. Spitalsky. et. al.. 2010,. Tamburi.
et al..2005).are

•. Uncertainty.in.theoretical.modeling.and.experimental.characterization.of.
nanocomposites,.particularly.nanotube-based.composites.

•. Lack.of.understanding.of.the.interfacial.bonding.between.reinforcements.
and.matrix.materials..Adding.nanofillers.may.change.the.microstructure.or.
crystallinity.of.the.polymer,.thus.producing.a.negative.effect.(Gunes.et.al..
2008a,.2008b).

•. Difficulty.in.dispersion.or.alignment.of.nanoparticles.and.nanotubes.against.
their.agglomerations.along.with.exfoliation.of.clay.and.graphene.layers.

•. Lack. of. cost-effectiveness. and. efficiency. in. high-volume. production. of.
nanocomposites.

•. New. functions. and.new.challenges. such.as. the.SME. in. cyclic. actuation,.
multiple.SMEs.(Bellin.et.al..2007,.Chung.et.al..2008),.and.multiple.stimuli.
in.activation.
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8 Porous	Polyurethane	
Shape	Memory	Polymers

8.1  INTRODUCTION

Porous.polymers.are.very.important.in.many.fields,.for.example,.in.tissue.engi-
neering.they.can.be.applied.as.scaffolds.for.cellular.attachments.and.tissue.devel-
opment. (Thompson. et. al.. 2000).. Traditionally,. many. approaches. can. develop.
pores. in. a. polymer.. Typical. methods. include. solvent. casting,. particulate. leach-
ing,.phase.separation,.emulsion.freezing,.carbon.dioxide.expansion,.and.combina-
tions.of.these.methods..However,.the.common.agents.used.to.develop.the.porous.
or. foaming. structures. in. polyurethanes. are. organic. solvents. that. may. remain.
in. the. pores.. The. residues. of. these. agents. may. be. harmful. to. cells. and. tissues.
(Mooney.et.al..1996)..Therefore,.these.foams.may.not.be.appropriate.for.biomedi-
cal.applications.

As. discussed. in. Chapters. 3. and. 5,. moisture. exerts. a. great. influence. on. poly-
urethane.shape.memory.polymers.(SMPs)..Their.glass.transition.temperatures.can.
be. reduced. dramatically. after. immersion. in. water. (Yang. et. al.. 2004).. This. phe-
nomenon. allows. the. development. of. SMP. devices. that. can. be. actuated. by. water.
(moisture-responsive).instead.of.by.heat.(thermo-responsive)..Furthermore,.recovery.
of.a.piece.of.SMP.follows.a.pre-determined.sequence;.the.material.is.programmable.
(Huang.et.al..2005)..Water.absorbed.in.polyurethane.SMPs.may.cause.bubbles.dur-
ing.hot.molding.or.upon.further.heating.to.higher.temperatures..The.bubbles.are.not.
necessarily.problems..In.fact,.they.may.be.used.as.a.simple.approach.for.producing.
SMP.foams..From.an.application.view,.we.must.ensure.the.sizes.of.the.bubbles.and/
or.their.porosities.under.control.or.eliminate.the.bubbles.if.they.are.unwanted.

In. the.production.of.open.cellular.polyurethane.SMP.foams,.a.concept.known.
as.cold.hibernated.elastic.memory. (CHEM).was.proposed. for.space-bound.struc-
tural.applications.(Sokolowski.et.al..1999;.Figure 8.1)..As.shown.in.Figure 8.2,.up.
to.400%.inelastic.strain.may.be.recovered.upon.heating..These.foams.are.intended.
to.deploy.structures.in.a.simple.manner.at.extremely.low.cost.and.require.far.less.
stowage.space.in.comparison.with.other.deployment.mechanisms.(Sokolowski.and.
Tan.2007).

We.may.extend.the.CHEM.concept.into.a.variety.of.new.applications,.for.example,.
a.foldable.vehicle.that.has.two.shapes..The.vehicle.is.shaped.for.packing.to.reduce.
the.occupied.space,.then.assumes.full.size.during.operation,.just.like.a.Transformers.
toy..Figure 8.3.reveals.the.shape.recovery.sequence.of.a.compacted.toy.car.inside.a.
hot.chamber..After.cooling.back.to.room.temperature.(below.the.Tg.of.the.SMP),.the.
foam.becomes.stiff.and.strong.enough.to.carry.a.load..Passing.an.electrical.current.
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through.the.embedded.high-resistance.wires.inside.the.SMP.foam.is.an.alternative.
to.heating.it.(Watt.et.al..2001).

Significant. shape. recovery. also. allows. quick. molding. into. a. particular. shape.
(Huang.et.al..2006)..Thus,.an.SMP.foam.easily.takes.on.the.shape,.for.example,.of.
the.ear.canal.of.a.patient.as.an.aid.to.shaping.a.hearing.aid..Another.potential.appli-
cation.of.SMP.foam.is.tagging..Tags.made.of.SMP.foam,.if.strong.enough,.should.be.
better.than.those.made.of.SMP.solids,.because.SMP.foam.can.be.easily.compressed.
by.90%.and.fits.compactly.into.objects.of.various.dimensions..(Huang.et.al..2006)

The.polyurethane.SMP.foam.from.SMP.Technologies,.Japan,.is.biocompatible.as.
reported.by.Sokolowski.et.al..(2007)..According.to.Nardo.et.al..(2009),.plasma.ster-
ilization.is.applicable.to.this.polyurethane.SMP.foam..Based.on.the.CHEM.concept,.
such.materials.have.been.used.for.aneurysm.treatment.(Ortega.et.al..2007,.Nardo.
et.al..2009),.endovascular.interventions.(Metcalfe.et.al..2003),.and.other.minimally.
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FIGURE 8.1  CHEM.processing.cycle..(Reprinted.from.Tey.SJ,.Huang.WM,.and.Sokolowski.
WM..Smart Materials and Structures,.10,.321–325,.2001..With.permission.)

FIGURE 8.2  Left:.83%.compressed.polyurethane.SMP.foam..Right:.foam.after.shape.recov-
ery.by.heating..(Reprinted.from.Huang.WM..In.Shape-Memory Polymers and Multifunctional 
Composites,.Taylor.&.Francis,.Boca.Raton,.2010,.pp..333–363..With.permission.)



Porous	Polyurethane	Shape	Memory	Polymers	 187

invasive.surgical.procedures..Laser.heating.SMP.foam.to.treat.stroke.patients.was.
also.proposed.(Maitland.et.al..2007,.Small.et.al..2009)..Open-cell.polyurethane-based.
SMP.foams.have.been.produced.with.conventional.Poisson’s.and.auxetic.(negative.
Poisson’s).ratios.as.reported.by.Bianchi.et.al..(2010).

Organoclay. fillers. have. been. added. to. porous. SMP. foams. to. improve. their.
mechanical. properties. (Simkevitz. and. Naguib. 2010).. Inductive. heating. has. been.
proposed.to.remotely.activate.nano.magnetite-reinforced.SMP.foams.(Buckley.et.al..
2006,.Vialle.et.al..2009).

Recently,.thermomechanical.studies.have.been.conducted.on.various.types.of.
SMP.foams.(Chung.and.Park.2010,.Domeier.et.al..2010,.Di.Prima.et.al..2007,.2010a,.
2010b)..However,.the.pioneer.work.on.systematic.characterization.of.polyurethane.

FIGURE 8.3  Shape.recovery.of.compacted.toy.car.inside.hot.chamber.
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SMP. foams.under.various. conditions. should.be. attributed. to.Prof..H..Tobushi’s.
group. (Tobushi. et. al.. 2000,. 2001b,. 2004)..Watt. et. al.. (2001). reported. results. of.
their.testing.the.work.capability.and.maximum.actuation.forces.of.polyurethane.
CHEM.foams..Models.of.strain.recovery.of.SMP.foam.under.different.tempera-
ture.and.stress.conditions.were.also.proposed..Di.Prima.et.al..(2010a,.2010c).used.
macro-.and.meso-scale.constitutive.models.to.simulate.the.deformation.of.epoxy.
SMP.foam.

However,.most.investigations.and.simulations.target.instant.performance.without.
considering.storage.factors..In.real.engineering.applications,.CHEM.foam.will.be.
packed.and. later.heated. to. recover. its. shape..To.be.of. real.commercial. interest,.a.
foam.must.be.subjected.to.thorough.investigation.of.the.effects.of.long-term.storage.
below.its.glass.transition.temperature.Tg.(cold.hibernation).

This.chapter.first.presents.a.systematic.investigation.of.the.formation.and.control.
of.the.bubbles.generated.by.hot.molding.or.heat.treatment.of.polyurethane.SMPs..We.
then.study.the.thermomechanical.behavior.of.SMP.foam,.including.the.influences.
of.long-term.storage..Unless.otherwise.stated,.the.SMPs.discussed.hereinafter.were.
obtained.from.SMP.Technologies,.Japan.

8.2  WATER AS FOAMING AGENT FOR POROUS SMPs

Chemical,. water,. or. gas. blowing. agents. (Lee. et. al.. 2007,. Maitland. et. al.. 2007,.
Domeier.et.al..2010,.Simkevitz.and.Naguib.2010).and.microballoons.(Li.and.John.
2008).are.conventional.steps.used.to.produce.polymer.foams..It.is.well.known.that.
moisture. may. cause. trapping. of. air. bubbles. inside. polymers. during. production..
Traditionally,.this.was.considered.a.problem,.but.this.phenomenon.now.serves.as.a.
novel.non-toxic.technique.for.mass.production.of.porous.SMPs.with.adjustable.pore.
sizes.and.porosities.

FIGURE 8.3  (Continued)
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8.2.1  materiaLs anD sampLe preparation

Ether-based.polyurethane.SMP.(MM5530,.Tg.about.55°C).in.pellet.form.was.used.
in.this.study..For.good.quality.control,.the.SMP.pellets.were.pre-dried.in.a.vacuum.
oven.at.80°C.for.12.hours..Two.different.processes.were.used.to.prepare.two.differ-
ent.types.of.materials.

Pure SMP — Two.trays.were.placed.inside.a.controllable.humidifier.at.a.high.
relative.humidity.(RH).of.about.80%.at.21.±.1°C..Each.tray.contained.250.g.of.SMP.
pellets..The.weight.of.one.tray.was.tracked.to.determine.the.exact.amount.of.mois-
ture.absorption.and.the.SMP.in.the.other.tray.was.used.in.the.real.fabrication.

With sodium chloride — As.in.Haugen.et.al..(2004),.sodium.chloride.powder.
(98.5%.purity,.~50.µm.diameter).was.used..The.powder.was.pre-dried.in.a.vacuum.
oven.at.80°C.for.12.hours.for.moisture.removal..After.that,.SMP.pellets.were.mixed.
with.the.powder.at.different.weight.fractions.and.then.extruded.into.wires.of.5.mm.
diameter. by. a. Haake. Rheocord. 90. (with. five. heating. channels).. Table  8.1. shows.
setup.details.of.the.extruder.for.the.mixing.process..Subsequently,.the.SMP.wires.
filled.with.sodium.chloride.were.cut.into.~3.mm.long.pellets.using.Pelletizer.Postex..
The.pellets.were.returned.to.the.humidifier.following.the.same.procedure.used.to.
prepare.pure.SMPs.for.moisture.absorption..SMP.sheets.~1.0.mm.thick.were.fabri-
cated.from.different.pellets.by.hot.pressure.molding.at.200°C.for.15.minutes.using.
Teflon.molds.

8.2.2  resuLts anD Discussion

As.an.example,.the.increment.in.weight.(percent).of.a.sample.without.sodium.chlo-
ride.against. storage. time. is. shown. in.Figure 8.4,. revealing.an.approximate. linear.
relationship.after.storage.for.3.hours.or.more.(Table 8.2)..After.140.hours.in.a.humid-
ifier,.the.weight.increased.by.2.5%.

The.morphologies.of.SMP.sheets.were.obtained.using.a.digital.camera.(CV-M50IR,.
JAI.Corporation)..Image.processing.software.(Aphelion).was.used.for.threshold.seg-
mentation.and.subsequent.analysis..Figure 8.5.presents.typical.images.of.SMP.sheets.
without.sodium.chloride..Generally.speaking,.bubbles.at.the.millimeter.scale.did.not.
develop. evenly. but. their. distribution. is. reasonably. uniform.. Figure  8.6. shows. two.
typical.images.of.SMP.sheets.containing.sodium.chloride..No.remarkable.differences.
in.porosity.are. revealed.between.samples.filled.with.10.and.20%.(weight. fraction).
sodium.chloride..Furthermore,.the.bubbles.are.~0.3.to.0.4.mm.in.diameter—much.
smaller. than. those. without. sodium. chloride,. but. they. are. more. evenly. developed..
The.porosities.and.mean.diameters.of.bubbles.in.the.samples.without.sodium.chlo-
ride.were.plotted.against.storage.time.as.shown.in.Figures 8.7.and.8.8,.respectively..

TABLE 8.1
Processing Configuration of Haake Extruder

Channel 1 2 3 4 5 RPM

Temperature.(°C) 165 175 185 195 205 20
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Figure 8.7.reveals.the.relationship.between.porosity.and.storage.time.and.indicates.
that. the. influence.of.moisture. absorption.on.porosity. is.not. significant..Figure 8.8.
reveals.that.bubble.sizes.decrease.slightly.with.the.increase.in.storage.time,.indicating.
that.the.influence.of.moisture.fraction.on.bubble.size.was.small..These.results.dem-
onstrate.the.simplicity.but.not-so-precise.nature.of.this.technique.in.terms.of.porosity.
and.pore.size..However,.excellent.shape.recovery.was.noted.in.all.samples..We.should.
bear.these.factors.in.mind.in.real.applications.

8.3  FORMATION OF BUBBLES BY HEAT TREATMENT

According.to.Huang.et.al..(2005),.moisture.absorbed.in.this.polyurethane.SMP.is.
in.the.form.of.free.water.and.bound.water..The.ratios.of.the.free,.bound,.and.total.
absorbed.water.were.calculated.as.functions.of.immersion.time.in.room-temperature.
water.(refer.to.Chapter.3.for.details)..As.reported,.bound.water.significantly.reduced.
the. Tg. in. an. almost. linear. manner,. while. the. effect. of. free. water. was. negligible..

16012080
Time (hour)

400
0

0.5

2.5

W
ei

gh
t I

nc
re

m
en

t (
%)

1

1.5

2

FIGURE 8.4  Relationship.of.weight.increment.versus.storage.time.in.sample.without.sodium.
chloride..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science Research 
Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)

TABLE 8.2
Effects of Storage on Porosity and Pore Diameter

Storage Time (Hours) Porosity (%) Pore Diameter (mm)

3 15 2.00

30 21 2.54

49 23 2.87
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(a)

FIGURE 8.5  Typical.images.of.SMP.sheets.without.sodium.chloride..Top:.images.of.digital.
camera.(gray);.bottom:.after.processing.(monochrome)..(a).3.hours:.porosity.15%;.pore.diameter.
2.0.mm..(Reprinted from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science Research 
Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)



192	 Polyurethane	Shape	Memory	Polymers

(b)

FIGURE 8.5  (b).30.hours:.porosity.21%;.pore.diameter.2.54.mm.
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(c)

FIGURE 8.5  (c).49.hours:.porosity.23%;.pore.diameter.2.87.mm.
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(a)

FIGURE 8.6  Typical.images.of.SMP.sheets.with.(a).10%.sodium.chloride..Top:.images.of.
digital.camera.(gray);.bottom:.after.processing.(monochrome)..(Reprinted.from.Huang.WM,.
Yang.B,.Wooi.LH.et.al..In.Materials Science Research Horizons,.Nova.Science.Publishers, 
New.York,.2007,.pp..235–250..With.permission.)
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(b)

FIGURE 8.6  (b).20%..sodium.chloride.
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Further.investigation.revealed.that.all.free.water.may.be.eliminated.upon.heating.to.
120°C;.the.bound.water.remains.until.the.material.is.heated.to.a.higher.temperature..
The.high.water.absorption.ability.of.this.SMP.indicates.that.one.can.heat.a.piece.
of. soaked.SMP.over.100°C. to.produce.bubbles—heat. treatment. as. an. alternative.
approach.for.bubble.generation.
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FIGURE 8.7  Porosity.versus.storage.time.relationship.of.SMP.sheets.without.sodium.chlo-
ride..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science Research 
Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)
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FIGURE 8.8  Mean.diameter.of.bubbles.versus.storage.time.relationship.of.SMP.sheets.with-
out.sodium.chloride..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science 
Research Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)
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8.3.1  sampLe preparation anD bubbLe formation

The.same.SMP.pellets.described.in.Section.8.2.1.were.used..We.followed.the.pro-
cedure.suggested.by.SMP.Technologies.to.prepare.SMP.sheets.about.1.mm.thick.by.
hot.pressing.at.200°C.using.Teflon.molds..Figure 8.9.is.an.optical.microscope.image.
of.the.morphology.of.a.typical.as-fabricated.sample..At.this.scale,.no.bubbles.can.
be.observed..Subsequently,.the.SMP.sheets.were.immersed.into.room-temperature.
water.(about.22°C).for.different.durations..After.that,.two.types.of.tests.were.carried.
out.to.study.the.influence.of.heating.temperature.and.immersion.times.

In.the.first.type.of.test,.the.immersion.time.in.water.was.fixed.at.2.hours..After.
soaking,.SMP.samples.were.heated. to.five. temperatures. (110,. 120,. 130,. 140,. and.
150°C). for. 3. minutes,. followed. by. quenching. in. room-temperature. water.. The.
quenching. is. intended. to. prevent. significant. shape. recovery. and. maintain. bubble.
size..Figure 8.10.reveals.many.closed-cell.bubbles.in.the.samples..It.is.clear.that.with.
increases.in.heating.temperature,.the.size.of.bubbles.increase.remarkably,.particu-
larly.above.120°C,.resulting.from.the.evaporation.of.bound.water.above.120°C.and.
further.softening.of.the.SMP.above.120°C.

In.the.second.type.of.test,.the.SMP.samples.were.immersed.into.room-tempera-
ture.water.for.1,.2,.6,.12,.24,.and.48.hours,.then.heated.to.120°C.for.3.minutes,.fol-
lowed.by.quenching.in.room-temperature.water..Because.most.bound.water.remains.
at.120°C,.free.water.and.its.evaporation.are.the.only.players.behind.these.bubbles..
The.morphologies.of.the.tested.samples.presented.in.Figure 8.11.reveal.that.at.a.lower.

FIGURE 8.9  Optical.microscope.image.of.an.as-fabricated.sample..Scale.bar.unit.=.µm..
(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science Research Horizons,.
Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)
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(a)

(b)

FIGURE 8.10  Morphologies.of.samples.soaked.in.water.for.2.hours,.then.heated.to.(a).110°C,.
(b). 120°C,. (c). 130°C,. (d). 140°C,. (e). 150°C,. followed. by. room-temperature. water. quench-
ing..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al.. In.Materials Science Research 
Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)
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(c)

(d)

FIGURE 8.10  (Continued)
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water.absorption.ratio.(shorter.immersion.time.in.water),.bubble.size.is.smaller..A.
prolonged.immersion.results.in.bigger.bubbles.and.eventually.semi-open.bubbles.

In.addition. to. these. tests,.we.conducted. two.more. tests. to. study. the.effects.of.
heating.speed..After.2.hours.of.immersion.in.room-temperature.water,.one.piece.of.
sample.was.heated.to.120°C.for.less.than.3.minutes.and.another.was.heated.gradu-
ally.(for.1.hour).to.the.same.temperature..Bubbles.appeared.in.the.quickly.heated.
sample. (Figure  8.12a). and. few. bubbles. appeared. in. the. gradually. heated. sample.
(Figure 8.12b)..When.heated.at.a.low.speed,.water.evaporates.slowly.and.manages.
to.pass.through.the.nano-sized.channels.or.gaps.inside.the.polymer.to.escape..As.a.
result,.no.bubbles.can.be.formed..We.can.see.that.both.water.content.and.heating.
procedure.are.important.parameters.for.controlling.bubble.formation.and.size.

8.3.2  tuning bubbLe sizes

A.series.of.tests.were.performed.to.investigate.possible.approaches.to.alter.the.size.
of.bubbles.by.means.of.heat.treatment.after.formation.

8.3.2.1  Bubble Size Adjustment
A.piece.of.SMP.sample.was.soaked. in. room-temperature.water. for.2.hours,. then.
heated.to.105°C.for.3.minutes.and.quenched.in.room-temperature.water..As.expected,.
many. bubbles. formed,. as. shown. in. Figure  8.13a.. We. focus. on. the. three. bubbles.
circled.in.Figure 8.13..In.the.next.step,.the.sample.was.instantly.heated.to.110,.120,.
and.150°C.in.a.step-by-step.manner..Figure 8.13b.shows.no.apparent.change.in.these.
bubbles.after.heating.to.110°C..However,.they.were.significantly.bigger.after.heating.

(e)

FIGURE 8.10  (Continued)
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(a)

(b)

FIGURE 8.11  Morphologies.of.samples.after.soaking.for.1.hour.(a),.2.hours.(b),.6.hours.(c),.12.
hours.(d),.24.hours.(e),.and.48.hours.(f).followed.by.heating.to.120°C.and.quenching.in.room-.
temperature.water..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science 
Research Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)



202	 Polyurethane	Shape	Memory	Polymers

(c)

(d)

FIGURE 8.11  (Continued)
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(e)

(f)

FIGURE 8.11  (Continued)
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(a)

(b)

FIGURE 8.12  Heating.to.120°C.(a).instantly.(<3.minutes);.(b).gradually.(1.hour)..(Reprinted 
from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.Materials Science Research Horizons,.Nova.
Science.Publishers, New.York,.2007,.pp..235–250..With.permission.)
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(a)

(b)

FIGURE 8.13  Evolution.of.bubbles.from.soaking.in.water.for.2.hours.and.heating.to.105°C.
(a),.110°C.(b),.120°C.(c),.and.150°C.(d)..(Reprinted from.Huang.WM,.Yang.B,.Wooi.LH.
et.al..In.Materials Science Research Horizons,.Nova.Science.Publishers, New.York,.2007,.
pp..235–250..With.permission.)



206	 Polyurethane	Shape	Memory	Polymers

to.120°C..Upon.further.heating.to.150°C,.bubble.size.did.not.change.significantly..
Thus,.120°C.appears. to.be.a. critical. temperature. that,.based.on.a.previous. study.
(Chapter. 3),. distinguishes. the. evaporation. of. free. and. bound. water.. Clearly,. the.
increase.in.bubble.size.upon.heating.over.120°C.is.largely.due.to.bound.water.

We.also.studied.the.effects.of.water.absorption–heating.cycles..A.piece.of.sample.
was.soaked.in.room-temperature.water.for.1.hour.and.then.heated.to.120°C.for.initial.

(c)

(d)

FIGURE 8.13  (Continued)
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bubble.generation..After.re-soaking.in.room-temperature.water.for.1.hour.and.re-
heating.to.120°C,.no.apparent.change.in.bubble.size.can.be.observed..In.another.test,.
the.sample.was.re-soaked.in.water.for.48.hours.and.then.heated.to.120°C..Again,.no.
dramatic.size.or.shape.variations.of.bubbles.were.noted..In.the.last.test,.the.heating.
temperature.was.increased.to.150°C.in.the.second.round.of.the.absorption–heating.
cycle.(re-soaking.time.=.1.hour)..Figure 8.14.reveals.a.significant.increase.in.bubble.
size.

(a)

(b)

FIGURE 8.14  (a).Initial.bubbles.formed.at.120°C.after.soaking.1.hour..(b).Same.sample.
re-soaked.1.hour.before.heating.to.150°C..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.
et.al..In.Materials Science Research Horizons,.Nova.Science.Publishers, New.York,.2007,.
pp..235–250..With.permission.)
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8.3.2.2  Reversible Bubbles
SMPs. have. a. characteristic. ability. to. recover. large. and. seemingly. plastic. defor-
mations..This.ability.may.be.utilized.to.produce.bubbles.that.reduce.their.sizes..If.
proven.feasible,.this.reversible.bubble.phenomenon.may.be.used.for.drug.release.as.
reported.by.Gall.et.al..(2004),.but.via.a.much.simpler.and.more.cost-effective.fabri-
cation.process.

As. in.earlier.studies,.a.piece.of.SMP.sample.was.soaked. in. room-temperature.
water.for.2.hours,.heated.quickly.to.105°C,.and.then.quenched.in.room-temperature.
water.for.bubble.generation.(Figure 8.15a)..Subsequently,.the.same.sample.was.heated.
to. 80°C—well. above. its. Tg.. As. we. can. see. in. Figure  8.15b,. the. bubble. becomes.
smaller..A.laser.beam.has.the.ability.to.heat.a.small,.well-defined.area,.and.we.used.
one.to.heat.a.piece.of.soaked.SMP.to.generate.a.single.bubble.at.a.specific.location..
As.revealed.in.Figure 8.16,.the.bubble.generated.by.laser.heating.shrank.upon.heat-
ing.to.80°C..

8.4  THERMOMECHANICAL BEHAVIORS OF SMP FOAMS

A.number.of.SMP.foams.are.commercially.available.at.present..The.most.success-
fully.marketed.forms.may.be.the.polyurethane.SMP.foam.series.developed.by.Dr..S..
Hayashi.(formerly.with.Mitsubishi.Heavy.Industries,.now.with.SMP.Technologies,.
Japan)..These.foams.have.a.Tg.range.from.–70°C.to.70°C..Experimental.investiga-
tion,. although. limited. to.date,. focused.on.characterizing. their. thermomechanical.
behaviors..Tobushi.et.al..(2004).investigated.the.influence.of.shape-holding.condi-
tions.on.the.shape.recovery.of.MF5520.

This.section.discussed.the.results.of.four.types.of.tests:.compression,.free.recov-
ery.constrained.cooling,.and.gripping,.using.the.same.SMP.foam.(MF5520).Tobushi.
et.al..(2004).studied.

Thermogravimetric. analysis. (TGA). results. for. MF5520. at. a. heating. speed. of.
10°C/minute.are.presented. in.Figure 8.17..The.decomposition. temperature.of. this.
SMP.foam.is.200°C.and.above..Cyclic.differential.scanning.calorimetryr.(DSC).was.
also.conducted.at.10°C/minute.between.0.and.120°C..Results.are.reported.in.Section.
8.6.1..Note.that.unless.otherwise.stated,.the.strain.and.stress.cited.are.engineering.
strain.and.engineering.stress,.respectively.

8.4.1  sampLe preparation anD experimentaL setup

Samples.were.cut.to.30.×.30.×.45.mm.or.30.×.30.×.15.mm.size.for.testing..Uniaxial.
compression.testing.is.more.conventional.than.uniaxial.tensile.testing.for.character-
izing. foam.because. foam. is.more. likely. to.carry.compressive. loading. rather. than.
tensile.loading..For.shape.memory.foam,.two.scenarios.are.of.practical.interest..One.
is.recovery.without.constraint.i.e.,.the.free.recovery.test.in.which.the.shape.recovery.
ratio. is. the.key.concern..The.other.scenario. is.recovery.with.fixed.sample.height..
This.is.the.constrained.recovery.test.for.analyzing.recovery.stress.

An. Instron.5569. instrument. with. a. temperature. control. chamber. was.used. for.
the. compression,. constrained. cooling,. and. gripping. tests.. An. aluminum. rod. was.
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(a)

(b)

FIGURE 8.15  (a).Sample.soaked.2.hours.initially,.heated.to.102°C.for.bubble.generation..
(b).Subsequently.heated.to.80°C..(Reprinted.from.Huang.WM,.Yang.B,.Wooi.LH.et.al..In.
Materials Science Research Horizons,.Nova.Science.Publishers, New.York,.2007,.pp..235–
250..With.permission.)
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extended. into. the. temperature-controlled. chamber. to. compress. the. SMP. foam. as.
shown.in.Figure 8.18..An.ESPEC.SH-240.temperature.and.humidity.chamber.was.
used.for.the.free.recovery.test..The.deformation.of.the.SMP.foam.was.measured.by.
a.Keyence.VH-6300.high-resolution.digital.microscope..For.convenience,.the.details.
of.the.gripping.test.will.be.discussed.later.

8.4.2  experiments anD resuLts

8.4.2.1  Compression Test
The.SMP.samples.(45.mm.in.height).were.heated.to.83°C,.about.20°C.above.their.
nominal.Tg,.and.held.for.5.minutes.to.achieve.uniform.temperature.distribution..The.
samples.were.then.compressed.to.50,.75,.80,.and.93.4%.strain.at.a.strain.rate.of.3.7.×.
10–3/s..Figure 8.19.shows.compression.to.50%.and.93.4%.and.cooling.back.to.room.
temperature.(about.20°C).

FIGURE 8.16  Single.bubble.generated.by.laser.(a).and.its.shrinkage.after.heating.(b).
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FIGURE 8.17  TGA.result.for.MF5520.
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(a)

(b)

FIGURE  8.18  Experimental. setup.. (a). Overall. view.. (b). Zoom-in. view.. (Reprinted from.
Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material Systems and Structures,.
17,.753–760,.2006..With.permission.)
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(a)

(b)

(c)

FIGURE  8.19  Compression. of. SMP. foam. at. 83°C. and. after. cooling. back. to. room. tem-
perature.. (a). At. 50%. compression.. (b). At. 93.4%. compression.. (c). Compressed. sample..
(Reprinted.from.Huang.WM,.Lee.CW,.and.Teo.HP,.Journal of Intelligent Material Systems 
and Structures,.17,.753–760,.2006..With.permission.)
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FIGURE  8.20  Force-versus-compression. ratio. relationships.. (a). At. 50%. compression..
(b).At.93.4%.compression..(Reprinted.from.Huang.WM,.Lee.CW,.and.Teo.HP..Journal of 
Intelligent Material Systems and Structures,.17,.753–760,.2006..With.permission.)
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Figure  8.20. shows. the. load-versus-compression. ratio. relationships. at. maximum.
compressions.of.50.and.93.4%,. respectively..Except. for.an.apparent.kink. shown. in.
Figure 8.20b.around.25.N,.the.curves.are.reasonably.smooth..However,.a.closer.look.
at.Figure 8.19.reveals.that.even.at.50%.compression.the.sample.is.already.in.an.arrow-
head.(<).shape.due.to.buckling—an.issue.that.will.be.discussed.in.Section.8.5.

8.4.2.2  Free Recovery Test
Each.sample.(45.mm.in.height).was.heated.to.83°C.and.held.for.10.minutes..The.
samples.were.then.subjected.to.a.constant.load.(dead.weight).of.20.N,.corresponding.
to.~83%.compression.(Figure 8.20b)..Subsequently,.the.samples.were.air.cooled.for.
a.day.under.a.dead.weight.

In. the. free. recovery. test,. the. dead. weight. was. removed. and. the. samples. were.
heated. to.eight.different. temperatures. (40,.50,.53,.55,.58,.60,.63,.and.70°C)..The.
exact.temperature.(measured.by.a.thermocouple).and.height.(in.percent.of.original.
sample.height).against.time.are.plotted.in.Figure 8.21..In.Figure 8.22,.the.final.height.
against.setup.temperature.is.summarized.for.comparison..Below.~53°C,.no.visible.
shape.recovery.occurs..Shape.recovery.appears.between.53.and.62°C..Also,.around.
57°C,.the.shape.recovery.exceeded.95%.and.a.full.recovery.was.seen.at.65°C.and.
above.

8.4.2.3  Constrained Cooling Test
This.test.determines.the.evolution.of.the.recovery.force.and.stress.in.pre-compressed.
SMP.samples.resulting.from.constrained.cooling..The.testing.procedure.(Huang.
et.al..2006).is

. 1..Heat.sample.to.83°C.

. 2..Compress.sample.to.50,.75,.80,.90,.or.93.4%.

. 3..Hold.until.recovery.force.is.stabilized.

. 4..Re-set.chamber.temperature.to.27°C.and.record.recovery.stress.and.tem-
perature.during.cooling.

Figure 8.23.shows.the.evolution.of.the.recovery.stress.upon.cooling.at.different.
compressive.pre-strains..As.shown,.the.recovery.force.decreases.upon.cooling.in.a.
monotonic.manner.in.all.samples..It.is.gradual.above.55°C,.sharp.from.55.to.~.35°C,.
and.then.stable.below.~35°C..Based.on.Figures 8.22.and.8.23,.we.can.conclude.that,.
similar.to.shape.memory.alloys.(SMAs),.this.SMP.exhibits.a.hysteresis.of.~15°C.but.
we.cannot.clearly.see.any.hysteresis.in.the.DSC.result.(see.Section.8.6.1).

Figure  8.24. shows. the. maximum. (at. 80°C). and. minimum. (at. 27°C). recovery.
stresses. against. the. compression. ratios.. Figure  8.25. shows. the. percent. decrease.
of. recovery.stress.plotted.against. the.compression. ratio. relationship,. in.which. the.
maximum.stress.(at.80°C).of.each.sample.is.taken.as.the.reference.for.calculation..
According. to.Figure 8.24,. the. recovery. stress.does.not. increase.proportionally. to.
the.compression.ratio..The.maximum.recovery.stress.starts.to.increase.dramatically.
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FIGURE 8.21  Results.of.free.recovery.test..(a).Time.versus.temperature..(b).Time.versus.
height..(Reprinted.from.Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material 
Systems and Structures,.17,.753–760,.2006..With.permission.)
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FIGURE 8.22  Temperature-versus-height.relationship.in.free.recovery.test..(Reprinted.from.
Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material Systems and Structures,.
17,.753–760,.2006..With.permission.)
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at.a.pre-compression.over.80%,.similar.to.the.trend.revealed.by.the.stress-against-
compression.ratio.curve.in.Figure 8.20b..Furthermore,.the.minimum.recovery.stress.
becomes.stable.when.the.compression.ratio.is.over.90%.

As. for. the.decrease. in.percentage. in. the. recovery. stress.upon.cooling,.we.can.
see.that.the.decrease.is.between.30.and.60%..The.remaining.compressive.stress.is.
not.insignificant,.although.the.final.temperature.is.very.close.to.room.temperature..
Tobushi.et.al..(2001a,.2001b).reported.that.in.an.80%.compressed.sample.(compa-
rable. to. our. pre-compression. ratio),. the. compressive. stress. eventually. diminished.
after.cooling.back.to.room.temperature..The.possible.reasons.are.(1).the.samples.we.
tested.were.bent.into.arrowhead.(<).shapes.during.compression;.and.(2).the.actual.Tg 
values.of.our.samples.were.lower.due.to.moisture.effects.

8.4.2.4  Gripping and Shape Recovery Test
Cracks.may.appear.after.severe.impact.loading.and.cause.a.significant.decrease.in.
strength..Embedded.shape.memory.alloy.wires.can.be.utilized.for.self-healing.of.
materials.mainly.by.means.of. crack. closure. (Files. and.Olson.1997,.Kirkby.et. al..
2008)..Recently,.SMPs,.particularly.foams,.have.also.been.proposed.for.self-healing.
and.also.for.shape.recovery.(Li.and.John.2008).

We.conducted.gripping.and.shape.recovery.tests.for.two.reasons..One.was.to.find.
the.gripping.forces.of.SMP.foams.and.rods.of.three.different.diameters.(6,.8,.and.
10.mm)..Gripping.force.is.a.measure.of.wear.during.cyclic.penetration.of.a.rod..The.
second.reason.was.to.determine.the.shape.recovery.ability.of.the.SMP.foam.after.
quasi-static.penetration.loading..The.real-life.application.is.achieving.self-healing.or.
closure.of.holes.produced.by.the.penetration.of.a.sharp.object..Figure 8.26.presents.
the.details.of.the.testing.rigs.

For.the.gripping.tests,.a.rod.was.pre-penetrated.half-way.through.the.SMP.foam.
at.90°C.(Figure 8.27a)..After.that,.a.pushing.force.was.applied.to.the.flat.end.of.the.
rod.at.a.speed.of.10.mm/minute.to.a.maximum.displacement.of.15.mm.(Figure 8.27b.
shows.the.experimental.setup)..The.displacement.and.pushing.force.were.recorded.
for.further.analysis..The.same.test.was.repeated.12.times.on.the.same.sample.through.
the.same.hole.

Figure 8.28.presents.the.gripping.force.versus.displacement.(up.to.1.mm).curves.of.
three.rods.in.the.first,.second,.third,.and.twelfth.tests..In.all.tests,.the.initial.gripping.
force.increased.almost.linearly.with.displacement.before.a.peak.was.reached..After.
that,. the.gripping.force.dropped.and.gradually.became.stable..The.peak.indicates.
the.transition.point.of.friction.from.static.to.dynamic..For.a.better.view,.Figure 8.29.
shows.the.relationships.between.maximum.gripping.force.and.the.number.of.tests:

•. A.larger.rod.is.always.associated.with.a.higher.gripping.force.
•. The.maximum.gripping.force.drops.dramatically.in.the.second.test,. then.

gradually.becomes.stable.upon.further.testing.due.to.wear.caused.by.the.
contact.between.foam.surface.and.rod.

•. The. gripping. force. in. the. 10. mm. rod. case. decreases. continuously. even.
in. the. twelfth. test.. In. contrast,. the.gripping. force. in. the.other. two.cases.
became.stable.after.only.a.few.tests.
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FIGURE  8.26  Rigs. for. gripping. test.. (a). Testing. rigs.. (b). Details. of. dimensions. (mm)..
(Reprinted from.Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material Systems 
and Structures,.17,.753–760,.2006..With.permission.)
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(a)

(b)

FIGURE 8.27  Samples.with. rods.before.gripping. test. (a). and. setup.of. gripping. test. (b)..
(Reprinted.from.Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material Systems 
and Structures,.17,.753–760,.2006..With.permission.)



Porous	Polyurethane	Shape	Memory	Polymers	 221

The.friction.causes.foam.to.gradually.flake.off.as.evidenced.by.the.permanent.defor-
mation.shown.in.Figure 8.30..Tearing.is.more.significant.when.a.larger-sized.rod.is.
used..Figure 8.31.shows.displacement.corresponding.to.the.maximum.gripping.force.
in.each.test.against.the.testing.number..Despite.fluctuations,.the.general.trend.is.that.
the.displacement.at.the.maximum.gripping.force.depends.only.on.the.diameter.of.the.
rod..A.larger.diameter.is.accompanied.by.a.larger.displacement.at.the.point.where.
maximum.gripping.force.occurs..While.the.displacements.in.the.6.and.8.mm.rods.
are.very.close.(between.0.1.and.0.2.mm),.the.displacement.in.the.10.mm.rod.case.is.
higher.at.0.2.to.0.3.mm.
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FIGURE 8.28  Gripping.force.versus.displacement.curves.for.(a).6.mm.rod,.(b).8.mm.rod,.
and.(c).10.mm.rod..(Reprinted.from.Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent 
Material Systems and Structures,.17,.753–760,.2006..With.permission.)
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8.5  YIELD SURFACE OF FOAM

Although. foam. is. mainly. intended. for. compression. loading. due. to. its. great. con-
traction.ability,. it. is.often.deformed.under.multiaxial. loading,.for. instance,.due.to.
boundary.constraints. in.panels.made.of.foam..Thus,.understanding.the.yield.start.
point.(yield.surface).of.foam.in.a.multiaxial.stress.state.is.important.in.engineering.
applications.(Evans.et.al..1998,.Gibson.2000)..Well-documented.experiments.in.the.
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FIGURE 8.29  Maximum.gripping.force.versus.testing.number.relationship..(Reprinted.from.
Huang.WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material Systems and Structures,.
17,.753–760,.2006..With.permission.)
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(a)

(b)

FIGURE 8.30  Recovered.shape.(a).after.1.test.and.(b).after.12.tests..(Reprinted from.Huang.
WM,.Lee.CW,.and.Teo.HP..Journal of Intelligent Material Systems and Structures,.17,.753–
760,.2006..With.permission.)
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literature.reveal. that,.based.on.content,.production.method,.and.relative.density,.a.
foam.may.yield.or.fail.via.three.mechanisms:.elastic.buckling,.plastic.yielding,.and.
brittle.crushing.or.fracture.(Triantafillou.et.al..1989)..These.mechanisms.apply.to.
SMP.foams.at.high.or.low.temperatures.

The.three.major.foam.types.are.honeycomb,.open.cell,.and.closed.cell..We.focus.
on. the. open-. and. closed-cell. types. because. current. SMP. foams. are. of. these. two.
types..For.simplicity,.we.assume.that.the.original.foam.is.uniform.and.isotropic,.i.e.,.
non-textured..Both.theoretical.and.phenomenological.approaches.have.been.used.to.
determine.the.yield.surface.of.foam..The.theoretical.approach.is.extremely.tedious..
The.phenomenological.approach.requires.significant.experimental.effort.before.data.
fitting..As.an.example,.the.model.proposed.by.Gibson.et.al..(1989).requires.many.
parameters.that.are.difficult.to.obtain.from.non-honeycomb.foam..A.simple,.practi-
cal,.and.applicable.approach.to.estimating.the.failure.surface.of.a.non-textured.foam.
is.badly.needed.

8.5.1  framework

Huang.(1999).proposed.a.framework.to.determine.the.yield.surfaces.of.non-textured.
polycrystal.shape.memory.alloys.in.which.the.yield.(phase.transformation.start).cri-
terion.for.a.single.crystal.can.be.expressed.as:

.

Max
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l
p KΣΣ εε: . (8.1)

where.K,.the.driving.force,.is.a.constant.. ΣΣ .and.εεl
p l m( )= …1 2, , .are.the.applied.stress.

and.strain.associated.with.the.phase.transformation,.respectively;.m.is.the.total.number.
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ship.. (Reprinted. from.Huang.WM,.Lee.CW,. and.Teo.HP..Journal of Intelligent Material 
Systems and Structures,.17,.753–760,.2006..With.permission.)
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of.possible.transformation.(yield).systems..We.consider.yield.of.foam.due.to.a.particu-
lar.type.of.mechanism.as.transformation.as.well..For.convenience,.we.normalize.the.
yield.stress.by.the.yield.stress.of.uniaxial.tension..Given.a.polycrystal.with.n.grains,.the.
transformation.strain.of.grain.k.in.the.global.coordinate.system.is:

.
Ekl

p
k
T

l
p

k k , , n= = …R Rεε ; ( )1 2 . (8.2)

R k . is. the. rotation. matrix. for. the. transition. from. the. local. coordinate. system.
attached.by.the.austenite.lattice.structure.of.grain k .to.the.global.coordinate.sys-
tem..Two.schemes.have.been.proposed. to.find. the.corresponding.yield. surface.
(Huang.1999)..For.a.given.stress.state ΣΣ0 .in.the.first.scheme,.the.yield.stress. ΣΣMax

p .
relative.to.that.of.uniaxial.tension.is.expressed.as:
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ΣΣtension. stands. for. the. stress. state.of.uniaxial. tension..This. is. a.maximum.scheme.
because. the.start.of.yield.depends.only.on.one.grain. that.produces. the.maximum.
K,. which. is. analogous. to. having. all. grains. in. series.. Interaction. among. grains. is.
ignored..We.can.prove.that.the.yield.criterion.of.the.maximum.scheme.(Huang.and.
Zhu.2002).is.equivalent.to:

.
σ ε σ ε σ ε1 1 2 2 3 3

p p p K+ + = . (8.7)

where. σ σ1 2, ,.and. σ3. ( )σ σ σ1 2 3≥ ≥ .are. the.principal.stresses.and ε ε1 2
p p, ,.and. ε3

p

( )ε ε ε1 2 3
p p p≥ ≥ .are.the.principal.transformation.strains..The.resulting.yield.surface.is.

shown.in.Figure 8.32..As.pointed.out.in.Huang.and.Gao.(2004),.any.strain.with.the.
principal.strain.in.a.format.of.α.(1,.0,.–1),.where.α.is.a.constant,.results.in.the.exact.
Tresca.yield.surface.
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In.the.second.scheme,.the.interaction.among.grains.is.counted.by.means.of.simple.
averaging.over.all.grains:

.
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(8.8)
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FIGURE 8.32  Apex.(a).and.yield.surface.in.(σ1.− σ2,.σ3.= 0).plane.(b).resulting.from.maxi-
mum.scheme..(Reprinted.from.Huang.WM.and.Zhu.JJ..Mechanics of Materials,.34,.547–561,.
2002..With.permission.)
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This.is.analogous.to.putting.all.grains.in.parallel..Note.that.if.R k . is.expressed.
by.three.Euler.angles.( 1,.φ,.and. 2),.the.orientation.element.dg.(Bunge.1982).is.
given.by

.
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(8.10)

Thus,.Equation.(8.9).may.be.rewritten.as
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Following.the.second.(average).scheme,.Huang.and.Gao.(2004).studied.the.strains.
that. precisely. produce. the. von. Mises. surface.. Figure  8.33. shows. these. principal.
strains.in.the.(ε ε εxx yy zz, , ).space..As.we.can.see,.not.all.strains.with.a.principal.strain.
in.the.format.of.α.(1,.0,.–1).result.in.the.exact.Tresca.yield.surface..In.the.(ε ε εxx yy zz, , ).
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FIGURE 8.33  Strain.meeting.von.Mises.criterion.in.(εxx,.εyy,.εzz).space..(a).Overall.view..(b).
Details.in.zones.I.and.II..(Reprinted.from.Huang.WM.and.Gao.XY..Philosophical Magazine 
Letters,.84,.625–629,.2004..With.permission.
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space,.these.strains.form.a.continuous.flower-like.curve.plus.a.separate.single.point.at.the.
center..However,.they.are.discontinuous.in.the.(ε ε ε ε ε εxx yy zz xy yz zx, , , , , ).space.(Huang.
and.Gao.2004).

This.framework.can.be.naturally.extended.to.non-crystalline.materials,.in.partic-
ular.to.non-textured.ones..For.estimation,.it.may.be.reasonably.accurate.to.consider.
“plastic”.strain.in.principal.strain.format.for.any.non-crystalline.material..Assume.
that.we.have.the.following.normalized.typical.principal.“plastic”.strains:
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(8.12)

where.− < <1 1a ,.− < <1 1b ,.and.− < <1 1c ..We.may.call.them.shearing,.tension,.and.
compression.mechanisms,. respectively;. if. a ≈ 0,. the.first.one. is.pure. shearing;.while.
in.the.second.and.third,.the.dominant.strains.are.1.and.–1,.respectively..The.real.strain.
differs.from.the.normalized.strain.by.a.scale.factor.H..In.real.materials,.multiple.fail-
ure. mechanisms. may. co-exist.. Hence,. the. real. failure. surface. of. a. material. may. be.
obtained.by.superposition..However,.the.size.of.each.failure.surface.must.be.re-scaled.
accordingly.

One.case.in.which.the.three.mechanisms.co-exist.is.schematically.illustrated.in.
Figure 8.34..The.real.failure.surface.may.be.somewhere.between.the.thick.solid.line.
(maximum.scheme).and.the.thick.dashed.line.(average.scheme),.i.e.,.a-b-c-d-e-b-a.
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FIGURE  8.34  Combinations. of. different. mechanisms.. (Reprinted. from. Huang. WM..
International Journal of Mechanical Sciences,.45,.1531–1540,.2003..With.permission.)
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and.a-b’-c’-d-e’-b’-a..Ideally,.the.actual.size.of.each.surface.can.be.decided.by.only.
one.test.if.the.principal.plastic.strain.is.known.

8.5.2  appLications in foams

Foam.may.be.treated.as.a.particular.type.of.non-crystalline.material..Elastic.buckling.
and.brittle.crushing.may.be.considered.similar. to.compression.mechanisms,.plastic.
yielding.as.a.shearing.mechanism,.and.brittle.fracture.as.a.tension.mechanism..Many.
experiments.(Gibson.et.al..1989,.Triantafillou.et.al..1989,.Gioux.et.al..2000).noted.that.
the.failure.surfaces.of.many.foams.can.be.estimated.by.straight.lines.in.some.specified.
stress.planes..Consequently,.as.an.approximation,.it.should.be.reasonable.to.consider.
only.the.maximum.scheme.for.foams.in.these.particular.planes.

Figure  8.35. illustrates. the. possible. failure. surfaces. upon. biaxial. loading. in.
the. [σ σ1 2− ,.σ3 0= ]. plane. and. axisymmetric. triaxial. loading. in. the. [ S T− ]. or.
[σ σ σ1 2 3− =( ) ]. plane. due. to. shearing,. tension,. and. compression. mechanisms.. In.
Figure 8.36,.the.failure.surfaces.of.two.polymer.foams.(H100.and.H200).in.the.
( S T− ).plane.are.estimated.against.those.of.the.experimental.results.of.Deshpande.
and.Fleck.(2000)..In.Triantafillou.et.al..(1989).and.Gibson.et.al..(1989),.the.principal.
stress.criterion.was.used.for.polymer.foam..This. is.similar. to. the.case. if.we. take.
a b c= = = 0 .in.the.normalized.typical.principal.“plastic”.strains.in.Equation.(8.12)..
Because.the.failure.of.foam.most.likely.initializes.from.a.small.local.area—from.one.
or.a.few.cells—the.situation.is.the.same.as.the.maximum.scheme,.thus.the.applica-
tion.of.the.maximum.scheme.for.foam.may.be.justified.

For.verification.purposes,.we.should.obtain.the.failure.surface.in.one.plane.by.
data.fitting.and.then.use.the.parameters.from.data.fitting.to.predict.the.yield.surface.
in.another.plane..This.is.the.best.way.to.check.whether.a.proposed.approach.is.reli-
able.and.applicable.in.real.engineering.practice..Gioux.et.al..(2000).reported.both.
failure. surfaces. of. an. aluminum. foam. in. the. (σ σ1 2− ,. σ3 0= ). plane. and. (S T− ).
plane..Figure 8.37a.presents.the.fitted.failure.surface.data.for.the.( S T− ).plane.using.
the.above.three.failure.mechanisms..Subsequently,. the.identical.set.of.parameters.
in.the.normalized.typical.principal.“plastic”.strains.was.used.to.predict.the.failure.
surface.in.the.(σ σ1 2− ,.σ3 0= ).plane..The.results.are.shown.in.Figure 8.37b.along.
with.experimental.results.for.comparison..Good.agreement.is.observed,.proving.the.
reliability.of.this.approach.and.verifying.its.feasibility.in.real.engineering.practice.

Because.we.have.used.the.simplest.plastic.strains.for.all.mechanisms,.in.which.
a b c= = = 0,. three. specified. tests.are. required. to.determine. the. size.of.each. sur-
face,. after.which. the.complete. failure. surface.of. a. foam.can.be.constructed..The.
recommended. testing. stress. states. are. σ σ σ1 2 3 0= = > ,. σ σ σ1 2 3 0= = < ,. and.
σ σ σ1 2 3= − = − .(or.σ σ σ1 2 3 0= − =, ).for.tension,.compression,.and.shearing.mech-
anisms,.respectively.

The. failure. surface. of. foam. in. the. 3-D. principal. stress. space. is. illustrated.
in. Figure  8.38.. Clearly,. the. 3-D. failure. surface. is. a. slanted. hexagonal. prism.
(Tresca.yield.surface.associated.with.shearing.mechanism).with.two.triangular.
pyramids. at. the. ends,. representing. failure.due. to. the. tension. and. compression.
mechanisms.
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8.6  INFLUENCE OF STORAGE ON POLYURETHANE SMP FOAMS

Tobushi. et. al.. (2006). investigated. the. influence. of. strain-holding. conditions. on.
shape.recovery.and.secondary-shape.forming.in.a.0.25.mm.thick.thin-film.poly-
urethane.SMP.(MM6520)..Tobushi.et.al..(2004).also.studied.the.influence.of.shape-
holding.conditions.on.the.shape.recovery.of.polyurethane.SMP.foam.(MF5520)..
From.an.engineering.view,.it. is.necessary.to.characterize.the.thermomechanical.
behavior.of.SMP.foams.after.hibernation. to. investigate. their. long-term.stability.
and. reliability. in. real. engineering. applications,. for. instance,. in. space. missions.
(Sokolowski.and.Tan.2007).

The. effects. of. long-term. room-temperature. storage. on. the. maximum. recovery.
force.in.constrained.recovery.and.strain.recovery.against.a.constant.load.were.inves-
tigated. on. an. open-cell. polyurethane. SMP. foam. (MF5520).. The. same. foam. was.
tested.by.Watt.AM,.Pellegrino.S,.and.Sokolowski.WM.[(2001)..Thermomechanical.
properties.of.a.shape.memory.polymer.foam.(unpublished.data)].and.Tobushi.et.al..
(2004)..An.Instron.5500R.with.a.temperature-controlled.chamber.was.used.for.char-
acterization..All.specimens.were.prepared.in.the.same.size.(30.×.30.×.50.mm)..The.
in situ.temperature.of.the.foam.was.monitored.by.a.built-in.probe..As.described.in.
Section.8.4.2,.two.aluminum.rods.were.extended.into.the.hot.chamber.to.apply.pres-
sure.along.the.longitudinal.direction.of.the.foam..Each.sample.was.tested.following.
compression,.hibernation,.and.recovery.
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8.6.1  pre-compression anD hibernation

First,.the.foam.was.heated.to.83°C.(~30°C.above.its.Tg).in.a.hot.chamber.and.held.for.
10.minutes.at.83°C.for.temperature.stabilization..After.that,.the.foam.with.original.
length.of.50.mm.was.compressed.along.the.longitudinal.direction.at.a.strain.rate.of.
3.3.×.10–3/s.to.final.lengths.of.10.mm.and.3.3.mm,.corresponding.to.compressive.
strains.of.80.and.93.4%,.respectively..A.typical.strain-versus-stress.relationship.(to.
80%.strain).is.shown.in.Figure 8.39.

If.pre-compressed.foam.was.stored.at.about.30°C.without.constraints,.it.would.return.
to.its.original.length.in.~4.days.as.opposed.to.the.time.reported.by.Hayashi.et.al..(1995)..
However,.Watt.AM,.Pellegrino.S,.and.Sokolowski.WM.[(2001)..Thermomechanical.
properties.of.a.shape.memory.polymer.foam.(unpublished.data)].noted.that.the.Tg.of.
the.MF5520.they.used.was.only.40.to.50°C..Cyclic.DSC.results.for.our.MF5520.foam.
shown.in.Figure 8.40.reveal. that. the.actual.Tg.of. the.foam.in.heating.shifts. toward.
higher.temperatures.during.thermal.cycling..This.is.apparently.the.result.of.moisture.
as.discussed.in.Chapter.3..For.convenience,.mechanical.constraints.to.prevent.shape.
recovery.during.hibernation.for.periods.up.to.2.months.were.applied.

8.6.2  recovery tests

After.different.periods.of.hibernation,.SMP.foam.was.placed.between.two.alumi-
num.rods.for.two.types.of.recovery.tests.

8.6.2.1  Constrained Recovery
In.constrained.recovery.testing,.the.length.of.pre-compressed.foam.was.fixed.dur-
ing.gradual.heating.to.83°C.in.a.hot.chamber..The.exact.temperatures.and.recovery.

Compression

Shearing

Tension

FIGURE 8.38  Yield. surfaces.of. foams. (3-D.view). in.principal. stress. space.. (Reprinted.
from. Huang. WM.. International Journal of Mechanical Sciences,. 45,. 1531–1540,. 2003..
With.permission.)
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forces.were.recorded.against.time..Due.to.the.highly.non-uniform.nature.of.the.foam.
in.heating,.it.is.more.reasonable.to.present.the.experimental.results.in.terms.of.test-
ing.time.against.recovery.stress.for.comparison..Figure 8.41.shows.the.relationships.
of. recovery. stress. and. testing. time. for. different. hibernation. periods. after. 80. and.
93.4%.pre-strains.
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(Reprinted.from.Tey.SJ,.Huang.WM,.and.Sokolowski.WM..Smart Materials and Structures,.
10,.321–325,.2001..With.permission.)
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8.6.2.2  Recovery against Constant Load
Pre-compressed.foam.was.placed.atop.the.lower.aluminum.rod..The.position.of.the.
upper.rod.was.adjusted.to.apply.a.fixed.initial.(constant).load..After.that,.the.speci-
men.was.heated.to.83°C.while.the.applied.load.was.automatically.adjusted.to.hold.
the. constant. load.. The. temperature. and. expansion. during. heating. were. recorded.
against.testing.time..For.the.reason.stated.above,.we.plotted.recovery.stress.against.
testing.time.instead.of.temperature.
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FIGURE  8.41  Comparison. of. testing. time. versus. recovery. stress. relationships. of. SMP.
foam.after.different.hibernation.periods.with.(a).80%.and.(b).93.4%.pre-compression.strains..
(Reprinted.from.Tey.SJ,.Huang.WM,.and.Sokolowski.WM..Smart Materials and Structures,.
10,.321–325,.2001..With.permission.)
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Figure  8.42. shows. the. extension-versus-testing. time. relationships. for. different.
hibernation.periods.after.80.and.93.4%.pre-strains..The.applied.constant.load.was.1.
N..Note.that.the.maximum.recovery.stress.in.80%.pre-strained.foam.varied.from.6.
to.10.kPa.after.different.hibernation.periods..Based.on.these.pre-strain.and.storage.
conditions,.the.SMP.foam.can.expand.in.length.from.10.mm.to.~38.mm.upon.heat-
ing..This.is.equivalent.to.a.380%.expansion.against.a.constant.load.of.1.N..For.the.
foam.with.93.4%.pre-strain.and.up.to.1.month.of.hibernation,.the.maximum.recovery.
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FIGURE  8.42  Comparison. of. extension-versus-testing. time. relationships. of. SMP. foam.
after. different. hibernation. periods. with. (a). 80%. and. (b). 93.4%. pre-compression. strains..
(Reprinted.from.Tey.SJ,.Huang.WM,.and.Sokolowski.WM..Smart Materials and Structures,.
10,.321–325,.2001..With.permission.)
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stress.ranged.from.32.5.to.40.kPa—a.few.times.higher.than.that.achieved.in.the.80%.
pre-strained.foam..These.samples.can.expand.from.3.3.to.~42.mm—equivalent.to.a.
1273%.expansion.against.a.constant.force.of.1.N..Figure 8.43.shows.the.extension-
versus-testing.time.curves.of.80%.pre-compressed.foams.upon.heating.without.hiber-
nation.against.different.constant.loads..After.another.round.of.heating.without.any.
constraint.(free.recovery.test),.complete.shape.recovery.was.observed.in.all.samples.

We.can.conclude.that.the.MF5520.polyurethane.SMP.foam.can.maintain.its.shape.
memory.effect.even.after. storage. in.a.compacted.state.up. to.2.months..Complete.
strain.recovery.is.achievable.after.hibernation.up.to.2.months.

8.7  SUMMARY

In.the.first.part.of.this.chapter,.two.approaches.are.presented.to.produce.porous.SMPs.
using.water.as.a.non-harmful.agent..We.demonstrated.the.possibility.of.controlling.
sizes.and.numbers.of.pores.by.varying.moisture.ratios.and.heating.procedures..It.is.
possible.to.further.modify.(increase.or.decrease).the.size.of.pores..Shrinkable.pores.
that.utilize.the.shape.memory.features.of.SMPs.are.more.attractive.because.they.can.
be.used.for.resizable.micro.bubbles.and.even.channels..Lasers.are.useful.for.achiev-
ing.a.single.pore.with.controlled.geometric.dimensions.and.properties.

In.the.second.part.of.this.chapter,.we.studied.the.thermomechanical.behaviors.of.
polyurethane.SMP.foam.(MF5520).under.various.conditions.relevant.to.engineering.
applications,. including. the. influence. of. long-term. storage,. which. is. an. important.
concern..The.moisture.effect.in.this.foam.was.also.investigated..We.also.discussed.a.
possible.approach.to.obtain.the.yield.surface.of.a.foam.under.a.complex.stress.state.
that.serves.as.a.useful.tool.for.mechanical.modeling.of.SMP.foam.
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9 Shape	Memory	Effects	at	
Micro	and	Nano	Scales

9.1  INTRODUCTION

Shape. memory. polymers. (SMPs). have. the. ability. to. recover. from. a. significant.
pre-deformation.(on.the.order.of.100%.strain).upon.exposure.to.the.right.stimulus.
(Mather.et.al..2009,.Huang.et.al..2010a)..A.variety.of.applications.of.SMPs.have.
been.explored,.from.morphing.wings.in.aerospace.engineering.to.micro.devices.for.
minimally.invasive.surgery.in.the.biomedical.field.(Leng.and.Du.2010)..Figure 9.1.
shows. the.formation.of.micro-sized.dimples.or.protrusions.arrayed.atop. the.wing.
of.a.toy.airplane.made.of.SMP..Such.surface-patterned.wings.can.reduce.drag,.in.
particular.for.unmanned.aircraft.(Mahmood.et.al..2001)..In.comparison.with.their.
metallic.shape.memory.alloy.(SMA).counterparts.(Miyazaki.et.al..2009,.Fu.et.al..
2004,.Huang.2002),.SMPs.exhibit.higher.levels.of.recoverable.strain.and.are.much.
easier.to.produce.into.different.sizes.and.shapes.by.traditional.polymer.processing.
techniques.at.a.much.lower.cost.(Gunes.and.Jana.2008).

Thermo-responsive.SMPs,.particularly.polyurethane-based.materials,.have.been.
investigated. extensively. for. many. years. (Mather. et. al.. 2009,. Leng. and. Du. 2010,.
Gunes. and. Jana. 2008).. The. thermoplastic. polyurethane. SMP. originally. invented.
by.Dr..S..Hayashi.(1990).is.both.thermo-responsive.as.originally.designed.and.also.
moisture-responsive.(Yang.et.al..2004,.Huang.et.al..2010b)..The.moisture-responsive.
feature. is. induced.by. the.moisture.absorbed.by. the.polymer. that.causes. the.glass.
transition.temperature.Tg.(also.the.shape.recovery.temperature).to.drop.significantly.

(Yang.et.al..2006).
The.shape.memory.effect.(SME).at.nano.scale.in.thermo-responsive.bulk.SMPs.

has.been.demonstrated.(Nelson.et.al..2005,.Wornyo.et.al..2007).and.proposed.for.data.
storage.(Altebaeumer.et.al..2008),.tunable.nanowrinkles.(Fu.et.al..2009),.and.other.
uses..SMP.nano.fibers,.nano.thin.films,.and.nano.protrusions.have.been.produced.by.
electrospinning,.water.float.casting.(Sun.and.Huang.2010),.and.indentation–polishing–
heating. (IPH;. Liu. et. al.. 2007a)..Yang. et. al.. (2005). revealed. that. within. a. certain.
range. of. particle. sizes,. the. shape. of. a. nanoparticle. becomes. naturally. ellipsoidal.
and.assumes.a.significant.aspect.ratio..These.studies.shed.light.on.the.possible.uses.
of.SMPs.to.make.micro.devices.and.micro.machines..Such.tiny.machines.could.be.
designed.for.in situ testing.and.characterization.of.micro.and.nano.structures.such.as.
studying.the.molecular.forces,.mechano-transitions,.and.other.fundamental.biologi-
cal.processes.of.DNA.in.living.cells.(Liedl.et.al..2010).

Tiny.machines.made.of.SMP.have.additional.advantages..They.can.be.packed.
into. compact. size. and. then. delivered. into. microbes. and. even. cells. via. surgery,.
after.which.they.recover.their.original.shape..The.procedure.is.very.similar.to.the.
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minimally.invasive.surgery.in.common.use.now,.but.at.a.far.smaller.level..We.may.
eventually. realize. the. idea. that. “the.material. is. the.machine”. (Bhattacharya.and.
James.2005).

To. realize. such. targets,.we.must. know. the. sizes. and. constraints. of.SMPs. that.
will.allow.them.to.maintain.their.SMEs..This.chapter.presents.a.systematic.study.of.
SME.dynamics.in.micro-.and.nano-scaled.polyurethane.SMPs.and.micro.and.nano.
patterning.atop.SMPs.

9.2  SMP THIN WIRES

The.SMPs.used.in.this.study.were.MM5520.pellets.from.SMP.Technologies,.Japan..
The. fabrication. procedure. (Figure  9.2). is. as. follows:. (1). melt. about. 50. pieces. of.
MM5520.pellets;.(2).gently.draw.a.fine.thread.from.a.melting.SMP.using.a.pair.of.
forceps.until.the.thread.breaks;.(3).note.the.small.spring.found.at.the.end.of.the.bro-
ken.thread..Depending.on.the.pulling.speed.and.temperature,.differently.sized.and.
right-.and. left-hand.springs.have.been. fabricated. (Huang.et.al..2010c)..Figure 9.3.
presents.a.typical.spring.with.a.coil.diameter.~100.µm.and.a.wire.diameter.~25.µm..
Half.of.the.spring.is.right-handed.and.the.other.half.is.left-handed.

The.spiral-shaped. thread. (spring).may.result. from.buckling.at. the.moment. the.
thread.breaks..As.we.know,.during.pulling.a.temperature.gradient.is.present.across.
the.cross-sectional.area.of.the.thread..For.a.thinner.thread,.the.gradient.is.larger,.in.
particular.in.polymers.that.are.poor.thermal.conductors..The.surface.of.the.thread.is.
in.direct.contact.with.the.air.and.at.a.relatively.lower.temperature..It.thus.becomes.
cold.and.stiff.(forming.a.kind.of.elastic.layer),.while.the.core.of.the.thread.remains.
hot. and. soft. (as. a. substrate).. While. the. core. can. easily. deform. in. a. quasi-plastic.
manner,.the.surface.layer.is.more.elastically.stretched..Immediately.after.the.thread.
breaks,.the.core.material.contracts.less.than.the.surface.and.the.surface.(elastic.layer).
buckles.when.a.critical.condition.is.reached..Such.buckling.may.appear.as.wrinkles.

(a)
(i)

(ii) SMP

(iii)

(iv)

(b)

(c)

(d)

(e)

FIGURE 9.1  Formation.of.arrays.of.dimples.(i.to.iv).and.protrusions.(a.to.e).atop.wing.made.
of.SMP.
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only.on.the.surface.area.(Chapter.10.covers.details.about.this.topic)..Under.signifi-
cant.contraction.force,.the.thread.twists.and.a.spiral.spring.forms..SMP.springs.are.
elastic.at.room.temperature..According.to.Wahl.(1963),.when.stretched.within.the.
linear.elastic.range,.the.extension.of.a.linear.elastic.spring.δ.can.be.estimated.from

.
δ = 4 3

4

R n
a G

P . (9.1)

where.n.is.the.number.of.coils,.a.is.the.radius.of.the.spring.wire,.and.R.is.the.mean.
coil.radius.

For.a.more.precise.analysis,.we.must.consider.the.pitch.angle.γ ,.the.curvature.
of.the.spring,.and.tension–torsion.coupling..In.practice,.no.spiral.spring.can.twist.

SMP spring
Melting SMP

SM
P t

hin
 w

ire

(a) (b)

FIGURE 9.2  Procedure.for.producing.micro-sized.polyurethane.SMP.spring.

50 um

FIGURE 9.3  Typical.micro-sized.SMP.spring..Length.of.scale.bar.is.50.μm.
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freely.upon.uniaxial.stretching.due.to.the.constraint.from.clamps.and/or.holding.
points.

As.a.classic.solution.by.Ancker.and.Goodier.(1958),.the.total.wrap-up.angle.Φ.
and.the.total.extension.δ.under.a.torsional.moment.about.the.spring.axis.M.and.a.
tension–compression.load.along.the.spring.axis.P.can.be.expressed.as

. Φ = +a M a P11 12 . .(9.2)

. δ = +a M a P21 22 . (9.3)

where
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Because.E G= +2 1( )υ ,.where.E.is.the.Young’s.modulus,.G.is.the.shear.modulus,.and.
n is.Possion’s.ratio,.the.other.two.coefficients.are

.
a a

R n
a E

p21 12

2

4

8= = ν . (9.6)

In.Equations.(9.4).through.(9.6),.p.is.the.spring.pitch.[= tan( )γ ],.a.can.be.considered.a.
constant,.and.p.and.R.can.be.calculated.based.on.the.assumption.that.the.wire.length.
is.always.constant:

.
R p C2 21( )+ = . (9.7)

and

.
( ) ( )2 42 2 2π δ πR h n C+ + = . (9.8)

where.C.is.a.constant,.and

.
h R= 2π γtan( ) . (9.9)

where.a.macron.sign.(¯).over.a.component.denotes.the.initial.value.of.a.freestanding.
spring..If.rotation.is.relatively.small.and.can.be.ignored,.i.e.,.Φ = 0:

.
M

a

a
p= − 12

11

. (9.10)
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The.total.elongation.can.be.expressed:

.
δ = − +









a a

a
a P12 21

11
22 . (9.11)

Substituting.a11,.a12,.a21,.and.a22.into.Equation.(9.11).results.in

.
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Note.that.ξ1.is.the.contribution.of.the.spring.or.coil.geometry.and.ξ2.is.caused.by.M,.
the.torsional.moment.due.to.constraints.at.the.ends..Although.the.above.equations.
are.classical,. they.are.very.precise.even.for.nano-sized.springs.such.as.the.spiral-
shaped.multi-wall.carbon.nanotubes.studied.by.Huang.(2005).as.long.as.the.material.
remains.within.its.linear.elastic.range.

The. SME. of. a. micro. spring. is. demonstrated. in. Figure  9.4.. The. spring. was.
pre-stretched. at. 90°C,. well. above. its. Tg. glass. transition. temperature. of. ~55°C..
Figure 9.4a.shows.a. freestanding.spring.after.cooling.back. to. room.temperature.
(~22°C). with. the. stretched. length. held. during. cooling.. Subsequently,. the. pre-
stretched.freestanding.spring.was.placed.atop.a.hotplate.for.thermally.induced.free.
recovery..As.shown.in.Figure 9.4.(b.through.h),.upon.heating,.the.spring.gradually.
recovers.its.original.spiral.shape.

9.3  SMP MICRO BEADS

As-received. MM5520. pellets. (SMP. Technologies,. Japan). were. dissolved. in.
dimethylformamide.(DMF).to.achieve.an.SMP.concentration.of.20.wt.%.in.a.Petri.
dish. at. room. temperature. (To,. ~23°C)..A. single. string. of. carbon. fiber. ~7. µm. in.
diameter.(Figure 9.5,.left.inset).was.extracted.from.a.carbon.fiber.bundle.and.placed.
into.the.solution.with.both.ends.attached.to.copper.connectors..The.length.of.fiber.
between. the. connectors. was. fixed. at. 40. mm.. Subsequently,. a. constant. DC. volt-
age.of.23.V.and.current.of.0.0027.A.were.applied.on.the.carbon.fiber.through.the.
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connectors. for. different. time.periods..Finally,. the. carbon.fiber.was. removed. and.
dried.in.air.at.room.temperature.

Figure  9.5. presents. one. typical. experimental. result:. many. micro. beads. are.
formed.on.the.string.of.carbon.fiber..A.zoom-in.view.reveals. that.a.bead.has.a.
maximum.wall.thickness.of.~2.7.µm..Figure 9.6a.shows.that.upon.Joule.heating.
the. bead. grows. bigger. and. longer. and. eventually. becomes. a. wire. after. a. pro-
longed. heating. time.. For. a. better. view,. we. plot. the. geometrical. dimensions. of.
beads.against.heating.time.in.Figure 9.6b..Standard.deviations.are.also.indicated..
Figure 9.6c.defines. the.geometrical. dimensions. (length. and.diameter)..Clearly,.
the. sizes. and. shapes. of. the. beads. can. be. determined. by. controlling. the. Joule.
heating.time..The.variations.in.geometrical.dimensions.at.the.same.heating.times.
were.small.

It.is.difficult.to.measure.the.exact.temperature.of.a.string.of.carbon.fiber.during.
Joule.heating.because.the.string.is.very.thin..However,.it.is.not.difficult.to.estimate.

(a) (b) (c) (d)

(e) (f) (g) (h)

FIGURE 9.4  Shape.recovery.of.micro.SMP.spring.upon.heating.

20 µm

5 µm

10 kV X2,300 40 27 SEI10 µm
X550

X3,000 31 28 SEI

10 kV

10 kV

FIGURE 9.5  SEM.images.of.single.string.of.carbon.fiber.(left.inset),.SMP.micro.beads.on.
carbon.fiber.string.(middle),.and.zoom-in.view.of.micro.bead.(right.inset)..The.wall.thickness.
of.the.bead.in.the.right.inset.is.~2.7.µm..(Reprinted.from.Sun.L.and.Huang.WM..Materials 
and Design,.31,.2684–2689,.2010..With.permission.)
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temperature. by. applying. a. classic. solution.. Consider. a. piece. of. conductive. wire.
(length.L,. radius.r,. thermal.conductivity.k). that. is.Joule.heated.by.passing.a.con-
stant.electrical.current.of. I. The. temperature.distribution.within. the. length.direc-
tion.of.thin.wire.at.a.steady.state.can.be.obtained.by.solving.the.following.equation.
(Carslaw.and.Jaeger.1959):

.
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∂
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with.boundary.conditions:

.
T T L To( ) ( )0 = = . (9.16)

A.is.the.cross-sectional.area.of.the.wire,.l.is.the.perimeter.of.the.cross-section,.V.is.
its.volume,.R.is.its.resistance,.and.h.is.the.conventional.heat-transfer.coefficient..If.a.
wire.is.very.long (L >.1000.r),.the.temperature.within.the.wire.(except.the.parts.near.
the.ends).is.almost.uniform,.and.can.be.calculated.(An.et.al..2008).as
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FIGURE 9.6  Evolution.of.geometrical.dimensions.of.micro.beads.at.different.Joule.heat-
ing.times..(a).Superimposition.of.typical.beads.(and.eventually.wire).produced.at.different.
heating.times.for.easy.comparison..(b).Geometrical.dimensions.against.heating.time.relation-
ships..(c).Geometrical.dimensions.
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where

.
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= 2 . (9.18)

and
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2 2π
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The.d.represents.the.diameter.of.the.wire..Figure 9.7.shows.the.T.versus.h.relation-
ship.of. the.current.case..A.carbon.fiber. (40.mm.long.and.7.µm. in.diameter).was.
Joule.heated.by.passing.an.electrical.current.of.0.0027.A..Although.we.do.not.have.
the.exact.value.of.h.of.the.polyurethane.SMP–DMF.solution,.we.know.that.the.h.of.
water.ranges.from.500.to.1000.W/m°C.(Carslaw.and.Jaeger.1959)..We.can.expect.the.
exact.value.of.the.solution.to.be.close.to.the.lower.limit.of.water,.if.not.lower..Hence,.
given.that.To.is.~23°C,.the.carbon.wire.should.be.over.80°C.upon.Joule.heating..As.
reported.(Leng.et.al..2008a,.2008b),.a.standard.procedure.for.curing.this.polyure-
thane.SMP.from.its.DMF.solution.is.to.heat.the.solution.at.80°C.for.24.hours..Thus,.
in.our.Joule-heating.case,.only.the.part.of.the.solution.very.near.the.carbon.fiber.was.
heated.for.solidification,.while.the.rest.was.still.in.liquid.form.

Because. the. temperature.of. the.middle.part.of. the.carbon.fiber. is.more.or. less.
uniform,.beads. form.first. instead.of.a.uniform.wire. (tube).because.of. the.surface.
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FIGURE 9.7  Heating.temperature.as.function.of.heat.transfer.coefficient.of.solution..(k.of.
carbon.fiber.is.125.W/m°C,.resistivity.of.carbon.fiber.is.14.16.×.10–5.Ω.m.[measured]).
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tension.among.semi-solid.SMP.and.the.solid.carbon.fibers.in.the.liquid.SMP–DMF.
solution..The.observed.SMP.beads.were.similar.to.the.droplets.used.in.the.micro-
bond.pull-out.technique.to.measure.the.fiber–resin.interfacial.shear.strength.(Miller.
et.al..1991)..Droplet-shaped.resin.on.fiber.is.also.the.result.of.surface.tension.among.
the.semi-solid.resin,.solid.fiber,.and.the.air,.without.Joule.heating,.so.that.the.exact.
shapes.and.sizes.of.droplets.are.not.easily.controllable.unless.the.materials.used.in.
the.experiment.are.pre-determined.

The.SMEs.of.micro.beads.and.wires.were.characterized..Figure 9.8a.shows.a.
micro. bead. after. pre-compression. (flattening)..As. we. can. see,. the. flattened. bead.
is. 41. µm. long. and. has. a. diameter. (maximum. width). of. 19. µm.. After. heating.
(Figure 9.8b),.the.bead.length.is.40.µm.and.15.5.µm.is.the.maximum.width..The.
change.in.width.is.significant.(over.20%.reduction)..Because.the.string.of.carbon.
fiber.is.7.µm.in.diameter,.the.wall.thickness.of.the.original.bead.is.only.4.25.µm.in.
this.particular.bead..After.excluding.the.width.of.carbon.fiber,.the.reduction.of.SMP.
wall.thickness.is.over.40%.

Figure 9.9.demonstrates.the.shape.recovery.of.a.100.µm.diameter.SMP.wire..The.
original.wire.was.slightly.curved..At.70°C,.the.wire.was.straightened.and.cooled.for.
5.minutes.in.a.refrigerator..After.removal.from.the.refrigerator,.it.was.left.in.the.air.

30 µm

(a) (b)

30 µm

FIGURE 9.8  SME.of.micro.bead.(optical.microscope.images)..(a).After.compression.(flat-
tened)..(b).After.heating.for.shape.recovery..Length.of.scale.bar.is.30.µm.

(d) After heating (70°C)(c) Left in air

(b) At 70°C straightened and cooled
in fridge for 5 minutes

(a) Original shape

SMP (Ø = 100 µm)

SMP

After 1 minute After 45 minutes

FIGURE 9.9  Demonstration.of.shape.memory.phenomenon.of.100.µm.diameter.SMP.wire.
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for.45.minutes.and.no.visible.shape.change.was.observed..Upon.heating.to.70°C,.
the.wire.instantly.curved..It.was.also.observed.that.the.shape.recovery.temperature.
can.be.reduced.after.immersing.the.wire.in.room-temperature.water.for.45.minutes..
Shape.recovery.could.be.achieved.by.heating.to.37°C—18°C.lower.than.the.original.
Tg.of.this.SMP.(Sun.and.Huang.2010)..The.decrease.in.shape.recovery.temperature.is.
largely.due.to.water.absorbed.upon.immersion.of.the.wire.into.water.(Yang.et.al..
2006).. This. confirms. the. moisture-responsive. (in. addition. to. thermo-responsive).
character.of.the.material.and.also.the.possibility.of.a.gradient.Tg.for.programmed.
shape.recovery.(Huang.et.al..2005a).

9.4  SMP THIN AND ULTRATHIN FILMS

In.this.section,.we.present.two.techniques,.namely.water.float.casting.and.spin.coat-
ing,.to.fabricate.thin.and.ultrathin.polyurethane.SMP.films..The.SMEs.of.the.films.
resulting.from.heating.are.also.demonstrated.

9.4.1  water fLoat casting

The.spread.phenomenon.and.subsequent.formation.of.thin.films.on.water.surfaces.
are.combined.as.a.standard.technique.known.as.the.water.float.casting.to.fabricate.
thin.and.ultrathin.films.(Adamson.and.Gast.1997)..Two.grams.of.MM5520.pellets.
were.added.to.50.mL.of.DMF.(corresponding.to.a.4.0.wt.%.concentration.of.SMP).
and.continuously.stirred.until.the.pellets.were.completely.dissolved..After.a.drop.of.
SMP.solution.(Figure 9.10a).was.deposited.on.the.water.surface,.it.spread.quickly.
and.spontaneously..After.the.DMF.solvent.completely.evaporated,.a.thin.film.was.
left.on.the.water.surface.(Figure 9.10b).

The. spreading.of. the.SMP.solution.on. the.water. surface. can.be. explained..The.
surface.tension.of.DMF.is.37.10.mN/m.(at.22°C),.significantly.lower.than.that.of.water.
(72.80.mN/m.at.22°C)..The.difference.in.surface.tension.is.large.enough.to.overcome.
the.interfacial.tension.between.the.two.liquids,.giving.rise.to.spontaneous.spreading.of.
the.SMP..In.addition,.DMF.is.a.water-miscible.solvent..During.spreading,.the.two.liq-
uid.phases.are.in.contact.to.form.an.interfacial.layer,.hence.mutual.diffusion.between.
water.and.the.solvent.in.the.polymer.solution.occurs..As.the.polymer.solution.spreads.
on. the. surface. of. the. water,. a. quick. solvent–non-solvent. exchange. occurs. between.
DMF.and.water,. and. the.polymer.chains.aggregate.and. then.precipitate.during. the.
phase-inversion.process,. resulting. in. the.formation.of.a. thin.film..The.main.factors.
affecting.the.thickness.and.uniformity.of.the.resultant.polymer.films.include

•. Viscosity.of.polymer.solution
•. Solubility of.polymer.in.solvent
•. Surface.thermodynamic properties.(e.g.,.surface.tension).of.solvent
•. Miscibility.of.solvent.and.non-solvent.(e.g.,.water)
•. Densities.of.spreading.solution.and.water

Polyurethane.SMP. thin.films.up. to.300.nm. thick.have.been. fabricated.using. this.
method..Figure 9.11.reveals.the.shape.recovery.process.of.a.piece.of.300.nm.thick.
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SMP.film.upon.heating.and.straightening.from.its.curved.shape..Full.shape.recovery.
was.observed.

9.4.2  spin coating

Spin.coating.is.a.procedure.to.fabricate.uniform.polymer.thin.films.atop.a.flat.sub-
strate..This.traditional.technique.has.been.used.for.decades..Standard.spin.coating.
steps.are

•. A.certain. amount.of. solution. (polymer.dissolved. in. solvent). is.deposited.
atop.the.center.of.a.flat.substrate.

(a)

(b)

FIGURE 9.10  Deposition.of.droplet.atop.water.surface.(a).and.formation.of.thin.film.(b).
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•. The.substrate.is.spun.at.a.certain.speed.for.a.specific.period.
•. The.solution.is.spread.over.the.substrate.by.the.centrifugal.force.of.spinning.

When.the.solvent.is.completely.evaporated,.a.polymer.thin.film.is.left.atop.the.substrate.
Many.factors.affect.the.thickness.and.quality.of.the.resultant.thin.films.including.the.
nature.of.the.polymer.(viscosity,.evaporation.speed,.concentration,.surface.tension,.
etc.).and.spin-coating.parameters.(spin.speed,.acceleration,.fume.exhaust,.spin.time,.
deceleration,. and. amount.of.polymer.deposited)..We.dissolved.MM5520. in.DMF.
with.a. concentration.of.1.wt.%..After. adding.MM5520.pellets. into. a.glass.bottle.
containing.DMF.solvent,.the.bottle.was.put.into.an.orbital.shaking.bath.at.a.shaking.
speed.of.150.rpm.and.60°C.for.24.hours.to.achieve.a.homogeneous.solution..Spin.
coating.was.done.atop.a.piece.of.flat.silicon.wafer.(N.doped,.100.mm.diameter,.
450.µm.thick).with.different.processing.parameters.

Figure 9.12.plots.the.average.film.thickness.against.the.average.surface.roughness.
of.the.obtained.SMP.films..Despite.an.average.thickness.close.to.50.nm,.the.surface.
roughness.of.these.films.was.still.unsatisfactory..More.efforts.are.required.to.achieve.
a.smooth.ultrathin.film.

A.closer.look.reveals.a.number.of.protrusions.atop.the.films.(Figure 9.13),.which.
cause.the.film.surface.to.appear.uneven;.high.surface.roughness.was.observed.

.We.carried.out.an.instrumented.indentation.(micro.hardness).test.with.a.flat.coni-
cal.diamond. tip.(200.µm.in.diameter). to.flatten.a.protrusion.at. room.temperature.
(Figure 9.14a.and.b)..The.applied.loading.and.unloading.rate.was.1600.mN/minute,.
approach.speed.was.50%/minute,.pause.time.was.60.0.seconds,.and.maximum.force.
was. 800. mN.. After. heating. to. 100°C. for. 5. minutes,. the. protrusion. recovered. its.
original.shape.(Figure 9.14c)..A.careful.comparison.of.the.cross-sections.at.different.
stages.reveals.that.a.cone-shaped.protrusion.(about.210.nm.high.and.5.µm.in.diam-
eter.at.the.base).had.an.excellent.SME.

(a) (b) (c)

(d) (e) (f)

FIGURE 9.11  Shape.recovery.in.a.300.nm.thick.SMP.film.upon.heating..(Reprinted.from.
Huang.WM,.Yang.B,.Zhao.Y.et.al..Journal of Materials Chemistry,.20,.3367–3381,.2010..
With.permission.)



Shape	Memory	Effects	at	Micro	and	Nano	Scales	 253

To.verify. the.SME. in.ultrathin.films,. a.pyramid-shaped.Berkovich. indenter.
was. used. to. test. instrumented. indentation. at. a. loading. and. unloading. rate. of.
1000.mN/min,.approach.speed.of.50%/minute,.pause.time.of.60.0.seconds,.and.
maximum. force. of. 500. mN.. After. indentation,. the. thin. film. was. placed. into.
a. hot. chamber. at. 100°C. for. 5. minutes. for. thermally. induced. shape. recovery..
Figure 9.15.presents.the.experimental.results.atop.a.170.nm.thick.SMP.ultrathin.
film..After.indentation,.an.indent.~70.nm.deep.was.obtained..Bear.in.mind.that.
the.thickness.of.the.film.is.only.170.nm..After.heating,.we.can.barely.see.a.hint.

15001200900
Average Surface Roughness (nm)

Av
er

ag
e �

ic
kn

es
s (

nm
)

6003000
0

100

200

300

400

500

600

FIGURE 9.12  Average.surface.roughness.versus.average.thickness.of.ultrathin.SMP.films.

10

0

5

15

25

35

–100
50

200
350

Z (nm)

Y (µm)

45

20
X (µm)

30

40

FIGURE 9.13  Typical.protrusions.atop.a.piece.of.spin-coated.SMP.thin.film.



254	 Polyurethane	Shape	Memory	Polymers

12

Be
fo

re
 in

de
nt

at
io

n
A

fte
r i

nd
en

ta
tio

n
A

fte
r s

ha
pe

 re
co

ve
ry

10
8

6
x 

(µ
m

)

(c
) A

fte
r s

ha
pe

 re
co

ve
ry

(b
) A

fte
r i

nd
en

ta
tio

n
(a

) B
ef

or
e i

nd
en

ta
tio

n

40
0

25
0

10
0

–5
0 0

5
10

15
20

x (
µm

)

0
5

10
1520 y (µm)

z (
nm

)

40
0

25
0

10
0

–5
0 0

5
10

15
20

x (
µm

)

0
5

10
1520

y (µm)

z (
nm

)

40
0

25
0

10
0

–5
0 0

5
10

15
20

x (
µm

)

0
5

10
15

20
y (µm)

z (
nm

)

4
2

0
–1

00–5
05010
0

y (nm)

15
0

20
0

25
0 0

FI
G

U
R

E 
9.

14
 

SM
E

.
de

m
on

st
ra

te
d.

by
.

in
de

nt
at

io
n.

te
st

.
(u

si
ng

.
fla

t-
en

d.
in

de
nt

er
).

.
To

p:
.

th
re

e-
di

m
en

si
on

al
.

su
rf

ac
e.

sc
an

ni
ng

.
im

ag
es

..
B

ot
to

m
: c

ro
ss

-.s
ec

tio
na

l v
ie

w
.



Shape	Memory	Effects	at	Micro	and	Nano	Scales	 255

of. the. indent.atop. the.ultrathin.film..The.excellent.SME.of. this.SMP.ultrathin.
film.was.confirmed.

9.5  SURFACE PATTERNING ATOP SHAPE MEMORY POLYMERS

In. nature,. many. types. of. surface. features. at. micro. and. nano. scales. significantly.
enhance.surface-related.properties.of.biological.organisms..Inspired.by.these.prop-
erties,. artificial. micro-. and. nano-scale. surface. features. have. been. developed. and.
applied.in.engineering.applications.for.self-cleaning,.reduced.friction.and.drag,.and.
other.functions..This.section.demonstrates.a.few.techniques.for.micro-.and.nano-.
sized.patterning.atop.SMPs..Instead.of.using.polyurethane.SMPs,.we.used.a.polysty-
rene.polymer.from.Cornerstone.Research.Group.(CRG).for.this.study.

The.as-received.SMP.sheet.was.about.4.mm.thick..Long.rectangular.or.square.
samples.were.cut.from.the.sheet.for.various.tests..The.samples.were.carefully.pol-
ished. to. an. average. surface. roughness. of. about. 26. nm. (Ra).. Figure  9.16. presents.
the.results.of.differential.scanning.calorimetry.(DSC),. thermogravimetry.analysis.
(TGA),.and.dynamic.mechanical.analysis.(DMA)..DSC.with.a.Perkin-Elmer.sub-
ambient.instrument.was.conducted.between.20.and.200°C.at.a.heating.and.cooling.

1210

(b) After indentation(a) Before indentation (c) After shape recovery
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FIGURE 9.15  SME.demonstrated.by.indentation.test.(using.Berkovich.diamond.indenter).
in.170.nm.thick.ultrathin.film..Top:. three-.and. two-dimensional.surface.scanning. images..
Bottom:.cross-sectional.view..(Reprinted.from.Huang.WM,.Ding.Z,.Wang.CC.et.al..Materials 
Today,.13,.54–61,.2010..With.permission.)
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rate.of.10°C/minute..As.shown.in.Figure 9.16a,. the.Tg.of. this.polymer. is.at.about.
64°C,.very.close.to.the.value.stated.by.CRG.(62°C)..TGA.testing.(TGA.2950,.TA.
Instruments).was.conducted.from.room.temperature.(~20°C).to.600°C.at.a.heating.
rate.of.10°C/minute..Figure 9.16b.reveals.that.the.decomposition.temperature.of.this.
polymer. is. around.300°C..The.DMA.result. (Figure 9.16c,.Perkin-Elmer.DMA-7).
shows.that.upon.heating,.its.storage.modulus.decreased.sharply.until.the.temperature.
exceeded.100°C.

.Figure 9.17.presents.a. typical. stress-versus-strain.curve.of.a. long. rectangular-
shaped.sample.in.uniaxial.(in-plane).stretching.at.80°C,.followed.by.unloading.after.
cooling.back.to.room.temperature.(23°C)..Figure 9.18.shows.the.typical.stress-ver-
sus-strain.curves.of.square-shaped.samples.in.compression.(out.of.plane).at.80.and.
23°C,. respectively.. Similarly,. the. tests. were. carried. out. at. 80°C. and. the. samples.
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were.cooled.down.to.room.temperature.and.unloaded..In.all.experiments,.the.applied.
strain.rate.was.10–3/second.

9.5.1  butterfLy-Like feature

Incidentally,. surface. scanning.using. a.WYKO. interferometer.on. a.50%.stretched.
(at.80°C).sample.revealed.that.there.were.many.butterfly-like.features.on.the.pre-
polished.surface.(Liu.et.al..2007b)..The.body.of.the.butterfly.was.a.protrusion.(peak).
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and.the.two.wings.were.troughs..Interestingly,.the.bodies.of.all.butterflies.were.more.
or.less.parallel.to.the.direction.of.pre-stretching..Further.observation.reveals.that.all.
bodies.were.apparently.split.into.two.parts,.suggesting.that.something.underneath.
was.broken.so.that.a.sharp.valley.resulted.

Subsequently,. the. sample. was. slightly. polished. and. then. heated. to. 100°C. for.
1 minute.in.a.laboratory.oven.(Grieve)..Butterfly-like.features.still.can.be.observed.
everywhere,.as.shown.in.Figure 9.19..Body.protrusions.and.wing.troughs.are.shown..
A.closer.look.reveals.that.the.butterfly.bodies.are.more.or.less.perpendicular.to.the.
direction.of.pre-stretching,.a.90-degree.switch.from.the.previous.position.

The. sizes.of.butterflies. (in-plane). ranged. from.about.6. to.90.mm..Figure 9.20.
reveals.the.approximate.relationship.between.butterfly.size.and.total.height.(height.of.
peak.plus.depth.of.trough)..As.butterfly.size.increases,.the.total.height.also.increases.
in.a.somewhat.linear.fashion.

An.underlying.mechanism.modified.from.the.one.proposed.in.Liu.et.al..(2007b).
is.discussed.below..Refer.to.Figure 1.4.in.Chapter.1..SMPs.are.made.of.elastic.and.
transition.segments..While.the.elastic.segment.is.always.hard.within.the.temperature.
range.of.our.interest,.the.transition.segment.becomes.soft.in.the.presence.of.the.right.
stimulus.(heat.in.the.case.of.thermo-responsive.SMPs)..Based.on.the.size.ranges.of.
these.micro.butterflies,.the.activity.should.be.at.micro.scale,.well.above.the.size.of.a.
single.molecular.chain.of.an.elastic.segment.

According.to.both.DSC.and.DMA.results.(Figure 9.16a.and.c),.at.80°C,.this.SMP.
is.not.yet.fully.in.its.rubber-like.state.so.that.some.of.the.transition.segment.(along.
with. the. elastic. segment. it. contains). is. still. hard,. as. illustrated. in. Figure  9.21a..
Upon. stretching,. the. softened. transition. segment. in. the. polymer. is. flexible. and.
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can. easily. accommodate. the. extension,. while. a. piece. of. hard. transition. segment.
is.gradually.straightened..After.stretching.to.a.certain.point,.a.weak.point.(marked.
in. Figure  9.21b). breaks.. Consequently,. the. stress. within. the. surrounding. area. is.
released.and.recovery.occurs.because.the.temperature.is.relatively.high.(80°C),.pro-
ducing.two.peaks.(due.to.shape.recovery).and.a.trough.(caused.by.the.broken.hard.
piece.of.the.transition.segment).as.shown.in.Figure 9.21c..A.butterfly-like.feature.is.
the.result..Obviously,.the.body.of.the.butterfly.should.be.more.or.less.parallel.to.the.
stretching.direction,.as.this.is.the.direction.of.the.maximum.stretching.and.thus.the.
point.most.likely.to.break.

After.cooling.back.to.room.temperature,.these.features.should.be.largely.retained..
Figure 9.21d.shows.top.and.three-dimensional.views.of.a.typical.butterfly-like.fea-
ture.after.stretching.and.cooling..They.reveal.the.morphologies.as.expected..After.
subsequent.slight.polishing,.the.peaks.are.removed.and.troughs.become.shallow.or.
even.flat.(Figure 9.21e).

Upon. re-heating. above. Tg,. the. sample. largely. recovers. its. original. shape..
However,. the. material. at. the. previous. peak. positions. has. been. removed. and. a.
two-bottomed. trough. is. formed..At. the.previous. trough.position,.peak(s).can.be.
found.due. to. little.or.no.polishing..A.new.butterfly.with. its.body.parallel. to. the.
stretching.direction.(90-degree.angle.switch.from.the.previous.direction).results.
(Figure 9.21f),.exactly.as.we.observed.(Figure 9.21g)..The.butterfly.phenomenon.
is.less.significant.in.ductile.polyurethane.SMPs.because.their.transition.segments.
are.still.able.to.deform.remarkably.well.below.the.Tg (see.Figure 1.16a.in.Chapter.1)..
The. transition. segment.of. this.polystyrene.SMP. is.brittle.when. it. is. in. the. low-
temperature.hard.state.
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9.5.2  patterning by inDentation, poLishing, anD heating (iph)

The.butterfly-like.feature.is.a.kind.of.natural.product—difficult.to.control.in.terms.
of. exact. size,. shape,. and. distribution.. To. achieve. precise. patterning,. we. sought. a.
technique.enabling.us.to.control.the.location,.shape,.and.size.of.features.effectively..
We.previously.demonstrated.a.technique.for.micro.and.nano.patterning.atop.SMPs.
in. three.steps,.namely. indentation,.polishing,.and.heating.(IPH;.Liu.et.al..2007a)..
The.technique.was.first.proposed.to.produce.protrusive.features.atop.shape.memory.
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alloys.(SMAs;.Zhang.et.al..2006),.but.it.is.more.applicable.for.patterning.atop.SMPs.
because.they.exhibit.much.higher.shape.recovery.strain.than.SMAs.(Huang.2002),.
allowing.variously.shaped.features.to.be.produced.

Unlike. SMAs. (Su. et. al.. 2007),. SMPs. normally. do. not. have. two-way. SMEs,.
and.the.resulting.pattern.is.more.stable.and.permanent..Figure 9.22.reveals.typical.
indents.produced.by.a.spherical.indenting.device.at.high.(rubber.state).and.low.(glass.
state).temperatures.atop.the.same.polystyrene.SMP..The.cross-sectional.views.show.
that.the.indents.produced.at.low.temperatures.are.“pile-up,”.and.those.produced.at.
high.temperatures.are.“sink-in.”.This.is.different.from.SMAs.in.which.the.indents.
produced.at.low.temperatures.are.sink-in,.and.those.produced.at.high.temperatures.
are.pile-up.(Figure 9.23).because.SMPs.are.soft.at.high.temperatures.and.hard.at.low.
temperatures;.SMA.dynamics.are.opposite.
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It.should.be.pointed.out.that.the.full.shape.recovery.of.SMAs.is.almost.impossible.
to.achieve.because.the.strain.involved.during.indentation.is.normally.beyond.their.
transition.strain.range,.producing.remarkable.permanent.deformation..Indents.atop.
SMAs.change.their.shape.upon.heating.(Huang.et.al..2005b,.Su.et.al..2007),.i.e.,.all.
indents.become.pile-ups..After.that,.the.indents.are.shallow.at.high.temperatures.but.
deep.at.low.temperatures,.showing.the.two-way.SME..Upon.heating.of.SMPs,.the.
indents.produced.at.low.or.high.temperatures.almost.totally.disappear.because.SMPs.
have.much.higher.recoverable.strain..The.IPH.technique.is.detailed.in.Figure 9.24.

Hard ball

SMP

(a)
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Plastic Zone
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Polishing depth
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FIGURE  9.24  Formation. of. protrusive. bumps. atop. SMP. by. IPH.. (a). Original. SMP.. (b).
Indentation. to. different. depths. using. hard. spherical. balls.. (c). After. indentation.. (d). After.
polishing..(e).Different.shaped.bumps.formed.after.heating.(left:.flat.top;.right:.round.top)..(f).
Finite.element.simulation.and.typical.three-dimensional.experimental.results.for.comparison..
((a).to.(e).Reprinted.from.Liu.N,.Xie.Q,.Huang.WM.et.al..Journal of Micromechanics and 
Microengineering,.18,.027001,.2008..With.permission..(f).Reprinted.from.Huang.WM,.Zhao.
Y,.Sun.L.et.al..Proceedings of SPIE,.7493,.749337,.2009..With.permission.)
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Indentation —.As.illustrated. in.Figure 9.24a.and.b,.spherical.hard.balls.were.
used.for.indentations.at.different.depths..Beneath.the.balls.are.plastic zones within.
which.significant.deformation.occurs..After.removal.of.the.balls.indents.with.differ-
ent.depths.were.obtained.as.shown.in.Figure 9.24c.

Polishing. —. The. SMP. was. polished. slightly. so. that. two. indents. disappeared.
(one.over-polished,.the.other.polished.only.to.remove.the.indent)..The.third.is.less.
polished.so.that.we.still.can.see.a.shallow.indent.but.the.depth.of.the.indent.is.shal-
lower.(Figure 9.24d).

Heating.—.After.polishing,.the.SMP.was.heated.for.shape.recovery,.resulting.in.
differently.sized.and.shaped.bumps.(Figure 9.24e)..The.one.with.the.over-polished.

After polishing (typical)After indentation

Indenter

Protrusion

Polishing line

Y

X
Z

(f)

FIGURE 9.24  (Continued).
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indent.is.a.crown-shaped.low.protrusion..The.polished.indent.is.a.crown-shaped.high.
protrusion,.and.the.less-polished.indent.resulted.in.a.flat-topped.protrusion.

The.mechanism.for.different.sized.and.shaped.protrusions.is.further.illustrated.
in. Figure  9.24f.. A. finite. element. method. (ANSYS). was. applied. to. simulate. the.
deformation. beneath. the. indents. and. the. results. were. then. compared. with. typi-
cal. experimental. results.. Figure  9.25. reveals. the. details. of. experiments. in. which.
a.macrospherical.indenter.was.used.for.indentation.at.room.temperature.(resulting.
indents.were.pile-up).and.the.polishing.depths.varied..The.results.ranged.from.circu-
lar.trench.(only.the.pile-up.part.was.polished.away).to.flat.tops.and.crown.tops..All.
these.features.are.isotropic.(in-plane).

When.the.SMP.was.pre-stretched.in.one.(in-plane).direction,.after.IPH,.the.ellip-
tically.shaped.features.obtained.as.shown.in.Figure 9.26.were.highly.anisotropic.(in-
plane)..Figure 9.27.shows.the.comparison.of.indents.and.protrusions.(after.polishing.
and.heating). in. an.experiment.with. a.piece.of.50%.pre-stretched. (at.80°C).SMP..
Such.highly.anisotropic.(elliptical).features.are.difficult.to.achieve.by.conventional.
techniques.and.impossible.in.SMAs.even.after.IPH.because.their.recoverable.strain.
is.far.more.limited.(below.10%).

Using. different. shaped. and. sized. indenters,. nano-sized. and. different. shapes.
were.achieved.(Liu.et.al..2007a)..Figure 9.28a.presents.a.protrusion.339.nm.high..
Figure 9.28b.shows.a.3.4.µm.high.pyramid-shaped.feature.produced.via.a.Berkovich.
nanoindenter.

As.demonstrated,.the.IPH.approach.can.produce.protrusions.of.various.sizes.and.
shapes..However,.for.practical.engineering.applications,.we.must.extend.the.concept.
to.the.production.of.arrays.of.features.over.large.areas..Instead.of.using.one.indenter.

(b5) [450 µm polished](b4) [300 µm polished](b3) [185 µm polished]

(b2) [80 µm polished](b1) [20 µm polished](a) After indentation

FIGURE 9.25  Various.protrusive.shapes.realized.using.a.macrospherical.indenter..(a).After.
indentation.at.room.temperature..(b).After.polishing.to.different.depths.and.heating.for.shape.
recovery.(polishing.depths.indicated.individually)..(Reprinted from.Liu.N,.Huang.WM,.Phee.
SJ.et.al..Smart Materials and Structures,.16,.N47–N50,.2007..With.permission.)
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or.a.single.hard.ball.to.produce.a.single.indent—a.very.time-consuming.process—we.
packed.an.array.of.hard.balls.atop.a.piece.of.SMP.and.compressed.the.balls.simulta-
neously..Figure 9.29.shows.a.typical.depth-versus-force.curve.from.compressing.an.
array.of.1.mm.diameter.well-packed.steel.balls.atop.a.piece.of.SMP..A.typical.array.
of.indents.produced.is.shown.in.Figure 9.30a..After.polishing.and.heating,.an.array.
of. protrusions. appeared.. As. seen. in. Figure  9.30b,. the. protrusions. are. flat. topped.
because. the. SMP. was. less. polished.. The. protrusions. in. Figure  9.30c. are. crown.
shaped.because.the.sample.was.polished.until.the.indents.were.not.observable.

Micro-. and. nano-sized. protrusion. arrays. were. developed. with. smaller-sized.
balls..The.result.shown.in.Figure 9.31.was.produced.by.0.1.mm.diameter.soda.lime.
glass.balls,.while.the.Figure 9.32.result.was.from.30.1.µm.diameter.soda.lime.glass.
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balls. Both.sizes.of.balls.were.from.Duke.Scientific.Corporation,.USA..In.addition, 
an. elliptically. shaped. protrusion. array. (with. a. height. of. only. a. few. micrometers).
was.demonstrated.by.Huang.et.al..(2009b)..Note.that.tremendous.time.and.effort.are.
required.to.pack.very.small.balls.atop.SMPs..In.addition,.the.distribution.pattern.of.
the.resulting.array.of.features.is.limited.to.hexagons.

9.5.3  Laser-assisteD patterning

To.overcome.the.limitations.and.problems.of.the.IPH.method,.we.proposed.an.alter-
native.approach.for.patterning.atop.a.piece.of.SMP.using.a.laser.(Liu.et.al..2008b)..
The.procedure.is.illustrated.in.Figure 9.33..In.the.first.step,.a.piece.of.SMP.is.pol-
ished.to.obtain.a.very.smooth.surface,.compressed.at.a.high.temperature,.and.then.
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cooled.back.to.room.temperature..A.laser.is.used.to.heat.a.small.local.area.of.the.
pre-compressed.SMP..The.temperature.within.the.small.heated.area.increases.and.a.
bump.is.generated.

A.laser.can.heat.a.very.small.area.at.a.very.high.speed.(He.et.al..2004)..Arrays.
of.dots.and.even.straight. lines.and.curves.can.be.produced.by.programming. the.
motion.and.controlling.the.activation.time.of.the.laser..One.can.also.place.a.micro-
lens. array. as. a. mask. right. atop. the. pre-compressed. SMP,. so. that. a. single. laser.
shot. will. produce. an. array. of. dots. instantly,. as. shown. in. Figure  9.34.. The. dots.
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are ~15 µm.in.diameter.and.the.gaps.between.dots.are.~10.µm..Based.on.the.condi-
tions.(SMP.pre-compression.amount,.laser.type.and.power,.dimensions.of.microl-
ens.array,.etc.),.the.size.and.distribution.of.dots.can.be.adjusted.easily..Figure 9.35.
presents. an. array. of. protrusions. that. are. so. densely. packed. that. there. is. no. flat.
surface.among.the.dots.

(a)

(b)

FIGURE 9.34  (a).Array.of.dots.produced.by.single. laser. shot.. (b).Zoom-in.view.of. two.
dots..(Reprinted.from.Zhao.Y,.Cai.M,.Huang.WM.et.al..In.Proceedings of EPD Congress: 
Characterization of Minerals, Metals and Materials,.Hagni.A..et.al.,.Eds.,.pp..167–174,.2010..
With.permission.)
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9.6  SUMMARY

We.proposed.several.novel.approaches.to.fabricate.micro-.and.nano-sized.SMP.fea-
tures.and.confirmed.that.SMEs.persist.even.in.submicro-sized.polyurethane.SMPs..
In.addition,. surface.patterns.atop.SMP.may.be.achieved.by. two.approaches:. IPH.
and.laser.heating..Although.the.IPH.can.produce.protrusions.of.various.sizes.and.
shapes,. the. laser.method. is.more. convenient. for.producing.protrusion. arrays. in. a.
cost-effective.manner.due.to.its.high.speed.
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10 Wrinkling	atop	Shape	
Memory	Polymers

10.1  INTRODUCTION

The. first. systematic. investigation. of. the. wrinkling. phenomenon. in. a. thin. elastic.
film.deposited.atop.a.polymer.was.probably.reported.by.Bowden.et.al..(1998);.poly-
dimethylsiloxane.(PDMS).was.used.as.the.substrate..This.wrinkling.phenomenon,.
resulting.from.the.buckling.of.the.film.due.to.a.strain.mismatch.between.a.polymer.
substrate.and.elastic.thin.film.atop.it,.attracts.great.interest.from.many.researchers..
The.system.may.be.the.most.convenient.and.easiest.approach.to.achieving.surface.
features.with.different.patterns.for.many.engineering.applications..Various.types.of.
polymers.and.techniques.have.utilized.the.wrinkling.phenomenon.since.then..For.
example,.Chung.et.al..(2009).deposited.polystyrene.(PS).dissolved.in.toluene.atop.
a.silicon.wafer.by.spin.casting..After.UV.oxidation.of.the.surface.layer,.the.toluene.
vaporized.and.wrinkles.were.produced.atop.the.PS.film.

Chung.et.al..(2007).also.investigated.the.wetting.behavior.atop.patterned.surfaces.
with.anisotropic.wrinkles..The.conclusion.was.that.droplets.exhibit.obvious.aniso-
tropic.wetting.behavior.governed.by.the.roughness.aspect.ratio..This.work.demon-
strates.the.possible.uses.of.directional.and.spatial.variations.of.surface.properties.for.
controlled.wetting,.adhesion,.and.friction.applications.(Chung.et.al..2007).

Koo.et.al..(2010).used.patterned.surfaces.to.enhance.the.light.extraction.efficiency.
of.organic.light-emitting.diodes.(OLEDs)..The.patterned.surface.was.fabricated.by.
spontaneous.wrinkling..The.authors.reported.that.the.wrinkled.surface.can.at.least.
double. the.outcoupling.of.waveguide.modes.and.can.be.applied. to.white.OLEDs.
with.broad.spectra.on.flexible.substrates..A.tunable.phase.grating.was.created.with.
controllable.surface.patterns.generated.from.the.mechanical.instability.of.a.glassy.
polymer.film.atop.a.pre-stressed.silicone.sheet..The.obtained.grating.was.controlled.
by.the.compressive.strain.and.stress.in.the.system.and.the.film.thickness..This.tun-
able.phase.grating.can.be.used.to.tune.the.intensity.of.a.coherent.beam.(Harrison.
et.al..2004).

As.reported.in.Chan.and.Crosby.(2006),.after.selective.oxidation.of.the.surface.
layer,.buckling.instantly.occurred.and.thus.microlenses.were.produced..This.method.
is.simpler.and.more.economic.than.traditional.ones.such.as.lithography.and.surface-
tension-driven.techniques.

Well-documented.experimental. results. reveal. that. the.wavelengths.of.wrinkles.
can.be.altered.by.controlling.the.mechanical.properties.and.thickness.of.the.system..
If. the. stress. and. strain. for. wrinkling. can. be. adjusted,. different. wrinkle. patterns.
can.be.achieved..To.describe.the.wrinkling.behavior,.several.theoretical.frameworks.
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were.developed..Huang.and.Suo.(2002).developed.a.theoretical.model.based.on.the.
differential.governing.equations.for.buckling.of.sheets;.Cerda.and.Mahadevan.(2003).
developed.a.theory.based.on.the.strain.energy.method;.Li.et.al..(2010).conducted.a.
general.theoretical.analysis.for.wrinkling.atop.a.planar.substrate.that.resulted.in.two.
kinds.of.wrinkling.modes:.shallow.substrate.and.deep.substrate.

As.for.wrinkling.atop.shape.memory.materials.(SMMs),.Wu.et.al..(2009).reported.
the.evolution.of. three. types.of. surface.morphologies. atop. sputter-deposited.NiTi-
based.shape.memory.thin.films.upon.thermal.cycling..As.presented.in.Figure 10.1,.
in.addition. to. surface. relief.due. to. the.martensitic. (reversible). transformation,. the.
wrinkles.in.fully.and.partially.crystallized.thin.films.are.also.reversible,.but.exhibit.
different.patterns.

Unlike.the.wrinkles.atop.shape.memory.alloys.(SMAs).that.may.be.reversible,.wrin-
kles.atop.shape.memory.polymers.(SMPs).are.more.permanent.and.can.be.easily.manip-
ulated.into.various.patterns.due.to.their.significant.recoverable.strain.(see Figure 1.3.in.

(a1) 22°C (a2) 117°C (a3) 23°C

(b1) 22°C (b2) 100°C (b3) 22°C

(c1) 20°C (c2) 120°C

10 µm

(c3) 20°C

FIGURE 10.1  Evolution.of.surface.morphologies.atop.NiTi.SMA.thin.films.during.thermal.
cycling.. (a).Surface. relief.. (b).Overall.wrinkling. in. fully. crystallized. thin.film.. (c).Partial.
wrinkling.in.partially.crystallized.thin.film..(Reprinted.from.Wu.MJ,.Huang.WM,.Fu.YQ.
et.al..Journal of Applied Physics,.105.(3):.033517..2009..With.permission.)
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Chapter.1)..However,.it.is.important.to.avoid.cracks.resulting.from.excessive.expansion.
due.to.the.effect.of.Poisson’s.ratio.during.shape.recovery,.particularly.when.a.brittle.
metallic.thin.film.is.used..In.fact,.according.to.Figure 10.2,.the.widths.of.all.cracks.
with.different.pre-strains.are.about.the.same..Figure 10.3.reveals.that.the.number.of.
crack.lines.is.about.linearly.proportional.to.the.maximum.pre-strain.

This.chapter.starts.with.a.summary.of. the.basic. theory.behind.wrinkling.atop.
polymers.and.approaches. for. investigating. this.phenomenon..Next. is.a. systematic.
study. of. various. kinds. of. wrinkles. atop. SMPs.. Polyurethane. SMPs. (from. SMP.
Technologies,. Japan). and. polystyrene. SMPs. (from. Cornerstone. Research. Group,.
USA).were.used.for.this.study..Polyurethane.SMP.is.a.thermo-plastic.(allowing.us.

(a) 1 (b) 1 (c) 1 (d) 1

(a) 2 (b) 2 (c) 2 (d) 2

(a) 3 (b) 3 (c) 3 (d) 3

(a) 4

(e) (f)
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FIGURE 10.2  Wrinkles.and.cracks.atop.pre-stretched.SMP.(coated.with.50.nm.thick.nickel):.
(a).5%.pre-stretched;.(b).10%.pre-stretched;.(c).20%.pre-stretched;.(d).40%.pre-stretched;.(e).
typical.crack.line.(in.three.dimensions);.and.(f).zoom-in.view..((a)–(d).reprinted.from.Huang.
WM,.Liu.N,.Lan.X.et.al..Materials Science Forum,.614,.243–248,.2009..With.permission.)
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to.prepare.tiny.and/or.variously.shaped.samples).that.is.both.thermo-.and.moisture-
responsive.for.wrinkling..Polystyrene.SMPs.are.somewhat.stiffer.(and.present.less.
difficulty. in. polishing).. We. found. that. thermally. induced. and. moisture. induced.
wrinkles.in.polyurethane.SMPs.produce.about.the.same.configurations..Hence,.only.
thermally.induced.wrinkles.will.be.reported.in.this.chapter.

10.2  THEORY OF WRINKLING

Figure 10.4.illustrates.the.basic.mechanism.of.wrinkling.of.a.stiff.thin.layer.atop.a.
soft.substrate.that.exhibits.highly.nonlinear.behavior.and.can.be.described.by.the.
Föppl-von.Kármán.equations.(Landau.and.Lifshitz.1986).as

.
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where.E.is.Young’s.modulus,.σαβ.is.the.stress.tensor,.h.is.the.thickness.of.the.thin.
layer,.w.is.out-of-plane.deflection,.ν.is.Poisson’s.ratio,.P.is.the.external.normal.force.
per.unit. area.of. the.plate,. and.Δ. is. a. two-dimensional.Laplacian..However,. these.
nonlinear. partial. differential. equations. are. too. difficult. to. be. solved. analytically..
Only.some.one-dimensional.cases.can.be.solved.and.presented.in.an.analytical.form.
(Volynskii.et.al..2000)..Semi-analytical.methods.and.numerical.simulations.are.nor-
mally.applied.to.quantify.the.wrinkling.behavior.of.a.thin.layer.under.an.external.
force.(Allen.1969,.Bowden.et.al..1998,.Cerda.and.Mahadevan.2003).
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FIGURE  10.3  Maximum. pre-strain. versus. average. number. of. horizontal. lines. (cracks)..
(Reprinted. from. Zhao. Y,. Cai. M,. Huang. WM. et. al.. EPD. Congress,. Washington,. DC,.
pp..167–174,.2010..With.permission.)
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10.2.1  semi-anaLyticaL methoD

Theoretical.studies.of.wrinkling. in.a.sandwich.structure.can.be. traced.back. to.
the.1940s.(Gough.et.al..1940,.Wan.1947,.Goodier.and.Neou.1951)..A.summary.
of. the. historical. development. can. be. found. in. Allen. (1969).. Later,. Cerda. and.
Mahadevan.(2003).derived.a.general.theory.for.wrinkling.studies.using.a.semi-
analytical.method.

The. semi-analytical. method. focuses. on. the. energies. due. to. in-plane. strain.
(stretching),. out-of-plane. strain. (bending),. and. the. work. of. external. in-plane.
stresses..Upon.wrinkling,.the.work.done.by.in-plane.stress.is.transformed.into.the.
wrinkling.energy.of.the.thin.film.and.the.elastic.energy.of.the.soft.substrate..This.
method.can.solve.the.critical.conditions.(critical.stress σc.and.critical.wavelength.
λc).for.wrinkling.

Strain energy of wrinkled thin film.—.The.strain.energy.in.a.wrinkled.thin.film.
Uf. is.composed.of. stretching.energy. from.the. in-plane.strain.and.bending.energy.
from. the.out-of-plane.deformation. (Allen.1969,.Cerda.and.Mahadevan.2003).and.
can.be.presented.as

.
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where.h.is.the.thickness.of.the.thin.film,.Lijkl.is.the.fourth-order.modulus.tensor,. �Eij
is.the.increment.in.stretch.strain,. �Kij.is.the.increment.in.bending.strain,.and.A.is.the.
area.where.wrinkling.occurs.

Wrinkling energy of substrate — According. to. Winkler’s. hypothesis. (Allen.
1969),.the.influence.of.the.soft.substrate.is.equivalent.to.a.group.of.springs.with.a.
stiffness.of.k (further.discussed.later.in.this.section)..Therefore,.part.of.the.energy.is.
stored.in.the.substrate.during.wrinkling..Assume.that.the.thin.film.(which.may.look.
like.a.shell.if.the.surface.of.substrate.is.not.smooth).is.always.well.bonded.to.the.sub-
strate,.and.the.displacement.of.the.thin.film.or.shell.also.represents.the.displacement.
of.the.top.surface.of.the.substrate..Hence,.the.wrinkling.energy.of.the.substrate,.Us,.
can.be.expressed.as
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where.w.is.the.out-of-plane.deflection.
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FIGURE 10.4  Wrinkling.phenomenon.
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Work done by in-plane stress.—.This.work,.W,.can.be.presented.in.terms.of.
membrane.stress.σij in.the.thin.film.and.variation.in.its.length.Δ l.due.to.the.out-of-
plane.deflection..Δ l.(Allen.1969).can.be.presented.as

.
=l w dxi i

1
2

2
, . (10.4)

.Subsequently,.the.work.done.by.membrane.force.can.be.worked.out.as
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where.σij.is.the.in-plane.stress.tensor,
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Winkler’s hypothesis — This.is.a.classical.method.for.studying.the.effects.of.a.
soft.substrate.on.the.mechanical.deformation.of.a.bilayer.or.sandwich.structure..A.
parameter.k.is.used.to.represent.the.effective.stiffness.of.the.substrate.that.depends.on.
the.mechanical.properties.of.the.material.and.characteristic.depth.of.the.deformation..
It.is.expressed.(Allen.1969,.Li.et.al..2010).as
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where. Es. and. vs are. the. Young’s. modulus. and. Poisson’s. ratio. of. the. substrate,.
respectively,
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f(λ/lp).~.λ2/lp
2.is.a.dimensionless.function.that.depends.on.the.geometry.of.the.sys-

tem,.and.lp.is.the.characteristic.depth.of.the.deformed.substrate..Figure 10.5.shows.
two.kinds.of.substrate.models.in.which.the.effective.stiffness.is.different..For.the.
shallow.substrate.model.(h <<.H),. lp. is.close.to. the.characteristic. thickness.of. the.
substrate.H,.so.that.the.stiffness.of.the.substrate.is.given.as
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FIGURE 10.5  (a).Shallow.substrate.model..(b).Deep.substrate.model.
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(Bowden.et.al..1998,.Cerda.and.Mahadevan.2003)..For.the.deep.substrate.model.
(h <<.λ ≤.H),.lp.is.close.to.the.characteristic.wavelength.of.the.wrinkles.on.the.sub-
strate.surface,.and.the.stiffness.of.the.substrate.is

.

k
Es~
λ

(Cerda.and.Mahadevan.2003).
Wrinkling criterion —.Wrinkles.will.appear.when.the.work.done.by.the.thin.

film.stress.is.larger.than.the.sum.of.the.wrinkling.energy.of.the.thin.film.and.the.
elastic.energy.of.the.soft.substrate..Like.the.result.of.Hutchinson.and.Neale.(1985).
for.buckling.of.thin.sheets.or.shells,.the.critical.condition.for.wrinkling.of.thin.films.
atop.a.soft.substrate.may.be.expressed.as

. W U Uf s= +
.

(10.7)

Substituting.Equations.(10.1).through.(10.6).into.Equation.(10.7),.the.wrinkling.cri-
terion.can.be.derived.as
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C.is.a.constant.(non-zero);.w0,.u0,.and.v0.are.amplitudes.of.the.out-of-plane.deflection.
w.and.the.in-plane.deformation.(u.and.v),.respectively;.and
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For.an.elastic.thin.film.atop.a.flat.substrate:
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where λ1.and.λ2.are. the.wrinkle.wavelengths.along. two.principal.axes,. respec-
tively,.and.σ1.and.σ2.are.the.corresponding.in-plane.stresses.along.the.principal.
axes,.respectively..The.fourth-order.tensor.(Lijkl).denotes.the.instantaneous.modu-
lus.Lij..For.an.isotropic.elastic.thin.film,.the.elastic.moduli.(non-zero.components).
are
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where.Ef.and.vf.are.the.Young’s.modulus.and.Poisson’s.ratio.of.the.thin.film,.respec-
tively,.and
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Because.w0,.u0,.and.v0.are.not.all.zero,.the.wrinkling.criterion.can.be.obtained.from
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Case study: wrinkling of elastic thin film atop flat substrate.—.Assume. that.a.
system.is.under.uniform.biaxial.stress.condition..For.a.flat.substrate,.h.is.the.thickness.
of.the.thin.film,.H.is.the.thickness.of.the.substrate,.λ1.=.λ2.=.λ,.σ1.=.σ2.=.σc,.w ≠.0,.and.
u =.v =.0..M is.obtained.as
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Hence,.the.wrinkling.criterion,.det[M].=.0,.can.be.worked.out.as

.

det[M]= = − =
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M M
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0

( ) 00 . (10.12)

Because.(M22M33.–.M23M32).≠.0,.we.can.see.that.M11.=.0.according.to.Equation.(10.11)..
The.criterion.for.wrinkling.of.a.thin.film.atop.a.flat.substrate.is.thus.obtained.as

.
σ
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λ
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= +
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3 8

2 2

2

2
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.. (10.13)

where. the. effective. stiffness. of. the. substrate. can. be. determined. according. to. the.
substrate.mode. (shallow.mode.or.deep.mode)..The.critical.wavelength.λc. can. be.
derived. from.Equation. (10.13).when.dσc/dλ =.0..For. the. shallow.mode. (h <<.
H.≤.λ),.substituting.k = π λE Hs

2 3/ into.Equation.(10.13),.the.critical.wavelength.and.
critical.stress.are.obtained:
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Similarly,. for. the.deep.mode. (h <<.λ ≤ H),. substituting.k = π λEs . into.Equation.
(10.13),.the.critical.wavelength.and.critical.stress.are.obtained:
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Equations.(10.14).and.(10.15).are.identical.to.those.reported.in.Vandeparre.et.al..
(2007),.Bowden.et.al..(1998),.and.Cerda.and.Mahadevan.(2003).

10.2.2  numericaL simuLation

Besides.the.semi-analytical.method,.the.governing.equations.of.wrinkling.behavior.
can.be.solved.through.numerical.simulation..Analysis.of.the.evolution.of.wrinkles.
has.been.based.on.numerical.simulation.(Huang.and.Suo.2002,.Im.and.Huang.2005,.
Huang.and.Im.2006).

If.the.surface.of.a.polydimethylsiloxane.(PDMS).substrate.is.coated.with.a.thin.
layer.of.Au.at.high.temperature,.upon.cooling,.equi-biaxial.compressive.stress.is.
generated..When.a.critical.condition.is.achieved,.the.thin.film.will.wrinkle..Chen.
and.Hutchinson.(2004).observed.a.herringbone-type.wrinkling.pattern.in.this.sys-
tem.and. indicated. that. the.herringbone.wrinkles. constituted.a.minimum.energy.
conformation.in.their.numerical.simulation.
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Im.and.Huang.(Im.and.Huang.2005,.Huang.and.Im.2006).studied.the.wrinkling.
mechanics.of.an.elastic.thin.film.on.different.substrates.such.as.elastic.and/or.vis-
cous.materials..A.mathematic.model.was.developed.to.explain.the.wrinkling.pro-
cess..Im.and.Huang.(2008).also.numerically.studied.the.wrinkle.patterns.of.isotropic.
and.anisotropic.elastic.thin.films.under.different.stress.conditions..According.to.their.
simulation.for.isotropic.films,.labyrinth.wrinkles.appeared.under.equi-biaxial.stress.
conditions,.and.stripe.patterns.appeared.under.uniaxial.stress.conditions..For.aniso-
tropic.films,.orthogonal.wrinkles.formed.under.equi-biaxial.stress,.and.stripe.pat-
terns.formed.under.uniaxial.stress.

Numerical.simulation.provides.a.powerful.approach.to.trace.the.evolution.of.wrin-
kle.patterns.(Yoo.and.Lee.2003,.Im.and.Huang.2006)..Im.and.Huang.(2008).studied.
the.evolution.sequence.of.wrinkle.patterns.in.a.cubic.crystal.film.(Si0.7Ge0.3).under.
equi-biaxial.compression..The.simulation.results.revealed.two.kinds.of.coarsening.
processes.occurring.after.the.initiation.of.wrinkling..One.is.wavelength.coarsening.
and.the.other.is.domain.size.coarsening..Both.the.wrinkle.wavelength.and.domain.
size.seem.to.saturate.after.a.long.evolution.

10.3  WRINKLING ATOP SMPs

Although. most. previous. experiments. were. based. on. conventional. polymer. sub-
strates.such.as.PDMS.and.poly(methyl.methacrylate).(PMMA).(Bowden.et.al..1998,.
Li.et.al..2009),.SMP.is.seemingly.the.best.choice.as.a.substrate.for.studying.wrin-
kling..This.is.because.we.can.not.only.easily.control.the.amount.of.pre-strain,.but.
also. achieve. a.gradient. pre-strain.field,. utilizing. the. effect. of. thermal. expansion.
mismatch.(as.a.conventional.technique).and/or.the.shape.memory.effect.(SME)..In.
our.experiments,.we.deposited.a.very.thin.layer.of.Au.atop.an.SMP.sample.with/
without.pre-straining..Subsequently,.wrinkles.were.produced.by.means.of.the.SME.
and/or.thermal.expansion.mismatch.

10.3.1  thermomechanicaL properties of smp sampLes

Mechanical.properties.of.soft.substrates,.for.example,.the.Young’s.modulus.E.and.
Poisson’s.ratio.ν,.play.an.important.role.in.the.wrinkling.phenomenon.of.an.elastic.
thin.film.atop.a.soft.substrate..In.polymers,.these.properties.appear.to.be.tempera-
ture.dependent..Therefore,. thermomechanical.properties.of.polymers.are.required.
for.wrinkling.study..The.glass.transition.temperature.(Tg),.melting.temperature.(Tm).
for.thermo-plastic.polymers,.decomposition.temperature.(Td),.and.storage.modulus.
(E’). are. essential. factors. in. this. study.. In. addition. to. the. thermo-plastic. polyure-
thane.SMP.(MM3520).from.SMP.Technologies,.we.also.used.a.thermo-set.polysty-
rene.SMP.from.Cornerstone.Research.Group,.USA,.that.is.also.thermo-responsive.
because.the.required.stimulus.for.shape.recovery.is.heat.

Figures 9.16.through.9.18.show.the.results.of.differential.scanning.calorimetry.
(DSC),.thermogravimetry.analysis.(TGA),.dynamic.mechanical.analysis.(DMA),.
and. mechanical. tests. (at. high. and. low. temperatures). of. the. polystyrene. SMP..
The.results.of.the.same.experiments.on.the.polyurethane.SMP.can.be.found.in.
Chapter.2.
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Note. that. this.polystyrene.SMP. is.hard. and.brittle. at. room. temperature. (glass.
state);.above.Tg,.it.is.soft.and.flexible..As.a.shape.memory.material,.it.can.be.deformed.
severely.above.its.Tg..The.temporary.(deformed).shape.can.be.largely.preserved.after.
cooling.back.(with.constraints)..Subsequently,.upon.heating.above.its.Tg,.it.can.fully.
recover.its.original.shape,.i.e.,.for.determining.its.SME..The.recoverable.strain.may.
reach.a.few.hundred.percent—at.least.one.order.higher.than.its.SMA.metallic.coun-
terparts.(Huang.2002).

10.3.2  wrinkLing of goLD thin fiLm atop fLat smp substrate

Wrinkling of samples without pre-deformation.—.The.as-received.polystyrene.
SMP.was.in.sheet.form.with.a.thickness.of.about.3.mm..Subsequently,.small.samples.
of.predetermined.size.were.cut.out.and.well.polished.to.achieve.a.very.smooth.sur-
face,.first.using.an.0.3.µm.diameter.Al2O3.suspension.(Buehler).and.then.an.0.05 µm.
one..After.polishing,. the.average. roughness. (Ra).was.about.10.nm.measured.by.a.
confocal.imaging.profiler.

The. top. surface. of. the. well-polished. sample. was. coated. with. a. gold. thin. film.
using.an.SC7640.gold.sputter..The.sputtering.time.was.120.seconds.at.a.current.of.20.
mA.and.voltage.of.2.kV..The.thickness.of.the.Au.film.was.about.30.nm.as.measured.
by.a.confocal.imaging.profiler.

The.profiler.was.also.used. to. study. the. surface.morphologies.of. samples.after.
heating.to.different.temperatures.(above.Tg).for.20.minutes.in.an.oven.and.then.cool-
ing.to.room.temperature.(about.22°C).in.the.air..No.wrinkles.could.be.found.at.heat-
ing.temperature.below.120°C,.as.shown.in.Figure 10.6..However,.labyrinth.wrinkles.
appeared.after.heating.to.120°C,.as.shown.in.Figure 10.7.

The.critical.compressive.stress–.strain.value.for.wrinkling.is.well.known..In.these.
experiments,.the.compressive.stress–strain.induced.by.heating.and.cooling.results.
in. thermal.mismatch.between.the.elastic. thin.film.(gold).and.soft.substrate.(poly-
styrene.SMP)..Because.polymers.have.much.higher.thermal.expansion.coefficients.
than.metals,.it.is.clear.that.the.soft.substrate.expands.more.than.the.elastic.gold.thin.
film.upon.heating..As.seen.in.Figure 10.8,.with.the.increase.of.thermal.mismatch,.
interfacial.stress.at.the.thin.film–substrate.interface.builds.and.grows.continuously.
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FIGURE 10.6  Surface.morphology.after.heating.to.110°C..(a).Two-dimensional.image..(b).
Three-dimensional.image.
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until. a. critical. level. is. reached.. After. that,. dislocation. between. the. thin. film. and.
substrate.occurs.and.partially. reduces. the. interfacial.stress..However,.because.we.
never.observed.debonding,.we.should.assume.that.the.thin.film.and.substrate.remain.
bonded.

Subsequently,.to.maintain.the.newly.generated.boundary.condition.between.the.
thin.film.and.substrate.during.cooling,.the.elastic.thin.film.must.contract.with.the.
substrate—the.thin.film.actually.must.contract.more.than.it.can..Because.the.sub-
strate.is.soft.and.the.thin.film.is.stiffer,.the.thin.film.elastically.buckles.to.match.the.
overall.deformation.of.the.substrate.when.the.in-plane.compressive.stress.exceeds.a.

(a) (b)
–230

–400

Z (nm) 100

70

40

10

100

0
30

60
X (µm) 90

120

230

20 um

(nm)

0

FIGURE 10.7  Labyrinth.wrinkles.after.heating.to.120°C..(a).Two-dimensional.image..(b).
Three-dimensional.image..(Reprinted.from.Zhao.Y,.Cai.M,.Huang.WM.et.al..EPD.Congress,.
Washington,.DC,.pp..167–174,.2010..With.permission.)
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FIGURE 10.8  Wrinkling.mechanism..(a).Initial.system.(stress-free)..(b).Dislocation.appears.
at.critical.temperature.upon.heating..(c).Substrate.returns.to.original.length.while.thin.film.is.
shortened.by.buckling.and.wrinkling.
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critical.value.and.forms.wrinkles.atop.the.surface.of.a.polymer..The.SMP.substrate.is.
hard.to.deform.at.a.low-temperature.glassy.state.(<Tg)..On.the.other.hand,.at.a.high-
temperature.rubbery.state.(>Tg),.it.is.soft.and.flexible..Wrinkles.should.appear.before.
the.substrate.becomes.hard.during.cooling..Because.the.in-plane.compressive.stress.
is.two.dimensional.and.isotropic,.the.resulting.wrinkles.are.labyrinthine.

Wrinkling of pre-stretched samples. —. The. polystyrene. SMP. samples. were.
pre-stretched. by. 2%. at. 80°C. at. a. strain. rate. of. 0.005/s. and. then. cooled. to. room.
temperature..Next,.the.pre-stretched.samples.were.well.polished.and.coated.with.a.
thin.gold.layer.as.described.above..Because.the.applied.pre-strain.was.only.2%,.a.
quasi-uniaxial. compressive. stress. along. the.pre-straining. direction.was.generated.
in.the.coated.elastic.thin.film.when.the.substrate.was.heated.above.its.Tg.for.shape.
recovery..Because.the.substrate.was.very.soft.above.Tg,.the.compressive.stress.at.a.
critical.point.caused.the.elastic.thin.film.to.buckle.in.the.uniaxial.compression.direc-
tion..Stripe-shaped.wrinkles.resulted,.as.shown.in.Figure 10.9.

Unlike.the.results.from.samples.that.were.not.pre-stretched,.wrinkles.occurred.
at. 80°C. (slightly. above. the.Tg. of. the. substrate). instead.of. at. 120°C..Assume. that.
at. temperatures. above. the. glass. transition. range,. the. stiffness. of. SMP. is. about. a.
constant..Thus,.the.fundamental.difference.between.samples.with.and.without.pre-
stretching. is. the. difference. in. approach. to. induce. strain. mismatch. for. wrinkling..
After.pre-stretching,.strain.mismatch.is.directly.introduced.into.the.SMP.substrate..
Consequently,.shape.recovery.in.the.substrate.upon.heating.above.the.Tg (the.SME).
is. the.driving. force. to. induce. a. compressive. stress. in. the. thin.film..Without. pre-
stretching,.thermal.mismatch.is.required.to.reach.a.critical.point.for.the.dislocation.
at. the. interface. to. merge.. The. sample. must. be. heated. to. a. higher. temperature. to.
initialize.thermal-mismatch-induced.dislocation.at.the.interface;.this.means.that.the.
strain.mismatch.is.introduced.by.dislocation.

For.simplicity,.we.ignore.the.influence.of.Poisson’s.ratio.in.this.discussion.because.
the.pre-strain.involved.is.small..As.the.compressive.stress.in.the.thin.film.is.uniaxial.
in. the.pre-stretched.samples.and.biaxial. in. the.samples.without.pre-stretching,. it. is.
expected.that.wrinkles.will.be.stripe.shaped.(anisotropic).in.the.pre-stretched.samples.
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FIGURE 10.9  Stripe-shaped.wrinkles.after.heating.to.80°C..(a).Two-dimensional.image..
(b).Three-dimensional.image..Pre-stretching.was.2%.in.the.horizontal.direction..(Reprinted.
from.Zhao.Y,.Cai.M,.Huang.WM.et.al..EPD.Congress,.Washington,.DC,.pp..167–174,.2010..
With.permission.)
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(Figure 10.10).and.labyrinth.shaped.(isotropic).in.the.samples.without.pre-stretching..
However,.if.a.pre-stretched.sample.with.stripe-shaped.wrinkles.is.heated.to.120°C,.the.
pattern.of.wrinkles.changes.to.S.shapes,.as.shown.in.Figure 10.11..This.change.is.the.
evidence.of.additional.dislocation-induced.mismatch.strain.upon.heating.to.120°C.

Critical conditions for wrinkling atop flat SMP substrate.—.The.critical.condi-
tions.for.wrinkling.and.the.wavelengths.of.resulting.wrinkles.were.quantitatively.inves-
tigated.and.compared.with.the.experimental.results. Buckling.is.an.effective.way.to.
release.the.compressive.stress.of.a.thin.film.coated.atop.a.soft.substrate.when.a.critical.
stress.value.is.reached..Figure 10.12.shows.typical.sinusoidal-like.wrinkles.in.samples.
with.and.without.pre-stretching..The.gold.thin.film.is.about.30.nm.thick.and.the.SMP.
substrate.is.about.3.mm.thick;.the.wavelengths.of.wrinkles.are.at.micro.scale..Therefore,.
the.deep.wrinkling.mode.(h << λ << H).was.used..The.critical.conditions.for.wrinkling.
atop.a.flat.substrate.in.deep.wrinkle.mode.are.given.by.Equation.(10.15)..Table 10.1.lists.
the.thickness,.Young’s.modulus,.and.Poisson’s.ratio.of.gold.film.and.polystyrene.SMP.
substrate..Hereinafter,.s.and.f represent.substrate.and.film,.respectively.

For.samples.without.pre-stretching,.wrinkles.were.induced.by.membrane.stress.
(biaxial.compressive).caused.by.the.thermal.expansion.mismatch.between.gold.thin.
film.and.SMP.substrate..According.to.the.theoretical.analysis.in.Section.10.2,.the.
critical.wavelength.and.critical.stress.for.wrinkles.atop.a.flat.SMP.substrate.under.
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FIGURE 10.10  Formation.of.wrinkles.in.uniaxial.pre-stretched.sample..(a).Pre-stretched.
sample..(b).After.shape.recovery.
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FIGURE 10.11  S-shaped.wrinkles.in.pre-stretched.sample.after.heating.to.120°C..(a).Two-
dimensional.image..(b).Three-dimensional.image.
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biaxial.compressive.stress.are.given.in.Equation.(10.15),.and.the.critical.(compres-
sive).strain.in.the.thin.film.can.be.calculated:
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Compressive.stress–strain.induced.by.thermal.expansion.mismatch.is.related.to.the.
thermal.expansion.coefficient.α.and. temperature.variation.ΔT.. In. this.system,. the.
top.elastic.layer.is.a.gold.film.whose.thermal.expansion.coefficient.is.1.41.×.10–5.K–1.
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FIGURE 10.12  Wrinkle.profiles..(a).Anisotropic..(b).Isotropic.

TABLE 10.1
Material Properties and Geometry of Gold Layer atop Polystyrene SMP

Es (GPa) vs αs (/°C) Ef (GPa) vf αf (/°C) h (nm)

20°C 1.24 0.37 5.×.10–5 78 0.42 0.14.×.10–6 30

>100°C 0.012 0.5

Source:. Buch.A.(1999)..Pure Metals Properties: A Scientific–Technical Handbook..ASM.International,.
Cleveland,.OH;.Mark.JE.(1999)..Polymer Data Handbook..Oxford.University.Press,.Oxford.
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(Buch.1999)..The.thermal.expansion.coefficient.of.conventional.soft.polystyrene.is.
~5.to.8.×.10–5.K–1.(Mark.1999)—larger.than.that.of.gold..Hence,.the.compressive.
strain.induced.by.thermal.expansion.mismatch.is.ε α αc s f cT= −( ) ..Substituting.into.
Equation.(10.16),.the.critical.film.strain.is.related.to.the.critical.temperature.varia-
tion,.ΔTc,.by
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It. is.well. understood. that. the.mechanical. properties. of. polymers. are. temperature.
dependent..At.low.temperatures.polymers.are.in.glassy.states,.and.at.high.tempera-
tures.they.are.in.rubbery.states..Because.Es.is.much.lower.in.the.rubbery.state,.wrin-
kling.occurs.more.easily..The.theoretical.prediction.of.ΔTc.and.λc.can.be.calculated.
based.on.the.DMA.result.for.Es.[Equations.(10.15).through.(10.17).and.Table 10.1]..
The.results.were.46°C.and.3.8.μm,.respectively..The.results.for.ΔTc.and.λc.were.30°C.
and.5.μm,.respectively.

Equation. (10.15). indicates. that. the. critical.wavelengths.of.wrinkles.depend.on.
the.thickness.of.the.thin.film..To.study.the.relationship.between.h.and.λc,.samples.
with.different.h.values.were.prepared.by.varying.the.gold.sputtering.time..The.exact.
thickness.of.coating.can.be.estimated.as.h = KIVt,.where.K = 0.07.is.an.experimen-
tally.determined.constant;.I is.the.plasma.current.in.mA;.V.is.the.applied.voltage,.
in.kV;.and.t.is.the.sputtering.time.in.seconds..Figure 10.13.shows.the.relationships.
between.h.and.λc.based.on.prediction.and.experiment.

10.3.3  wrinkLing of goLD thin fiLm atop curveD smp

In.Section.10.3.2,.we.studied.wrinkling.behavior.atop.flat.SMP.substrates.and.found.
that.self-organized.wrinkle.patterns.may.be.controlled.by.varying.the.stress–strain.
state..For.example,.uniaxial.stress.induces.anisotropic.stripe-shaped.wrinkles.and.
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FIGURE 10.13  Relationship.between.h and.λc.
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biaxial. stress. induces. labyrinthine.wrinkles.. In.many. applications,. a. curved. sub-
strate. is. required. for. enhanced. performance.. For. instance,. wrinkles. atop. protru-
sion.arrays.can.significantly.improve.the.hydrophobicity.of.a.surface.(Neinhuis.and.
Barthlott. 1997,. Jiang. et. al.. 2004).. In. this. section,. we. investigate. wrinkling. atop.
curved.SMP.substrates.

Wrinkling atop pre-indented samples. —. As. before,. the. first. step. is. to. well.
polish. the.SMP.samples.as. in.Section.10.3.2.after.which.different-sized.spherical.
dimples.were.produced.using.a.microhardness.tester.with.a.spherical.conical.dia-
mond.indenter.(radius.of.20.μm.and.90-degree.angle)..Different-sized.indents.were.
produced.by.varying.the.maximum.compression.forces..Figure 10.14.presents.a.typi-
cal.force–depth.curve.of.indentation.and.a.three-dimensional.image.of.the.resulting.
indent..The.applied.loading.speed.was.0.2.μm/second.during.loading.and.unloading.
with.a.holding.time.of.10.seconds.when.the.prescribed.maximum.load.was.reached..
All.tests.were.done.at.room.temperature.(about.20°).

Subsequently,.a.layer.of.gold.thin.film.was.deposited.atop.the.SMP.substrate.using.
a.gold.sputter.(Section.10.3.2)..The.sputtering.time.was.120.seconds.at.a.current.of.
20.mA.and.voltage.of.2.kV..The.thickness.of.the.gold.thin.film.was.about.30.nm..
The.prepared.samples.with.different-sized.spherical. indents.were.heated.to.80°C..
Figure 10.15.shows.typical.surface.profiles.of.an.indent.before.and.after.heating.to.
80°C..It. is.clear. that. the.SMP.almost.fully.recovers.its.original.flat.surface.shape.
after.heating..In.addition,.wrinkles.formed.only.within.the.indented.area..The.reason.
is.that.upon.shape.recovery,.significant.compressive.stress.is.induced.only.within.the.
indented.part.of.the.thin.film.

To.quantitatively.study.the.critical.stress–strain.for.wrinkling.due.to.the.SME,.
a.series.of.tests.with.different-sized.indents.were.conducted..Figure 10.16.presents.
the. resulting.surface.morphologies..Few.wrinkles.may.be.seen. if. the.diameter.of.
the.produced.indent.is.smaller.than.~24.μm..Thus,.this.size.may.relate.to.the.criti-
cal.stress–strain.value.for.wrinkling..We.now.study.the.wrinkling.behavior.of.these.
indents.during.shape.recovery..As.shown.in.Figure 10.17,.the.compressive.strain.in.
the.coated.film.results.mainly.from.the.longitudinal.deformation.while.the.latitudinal.
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WM.et.al..EPD.Congress,.Washington,.DC,.pp..167–174,.2010..With.permission.)



292	 Polyurethane	Shape	Memory	Polymers

deformation.is.small.(hence,.we.should.expect.ring-shaped.wrinkles.perpendicular.
to.the.longitudinal.direction),.and.can.be.calculated:

.
ε = −L

L0

1 . (10.18)

Based.on.Equations.(10.15).and.(10.18).and.the.mechanical.properties.of.the.thin.film.
and.SMP.cited.in.Table 10.1,.the.critical.size.of.indent.is.~24.4.µm,.in.good.agree-
ment.with.the.experimental.result.
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The. next. step. is. investigating. the. evolution. of. wrinkle. patterns.. Figure  10.18.
shows. the.pattern. results. after.heating. to.different. temperatures..After.heating. to.
80°C,. shape. recovery. within. the. indented. area. induces. compressive. stress. in. the.
elastic.gold.film..Ring-shaped.wrinkles.appear.within.the.indented.area..No.appar-
ent.surface.features.are.noted.elsewhere.

Upon.heating.to.100°C,.the.SMP.substrate.is.fully.in.the.rubbery.state,.corre-
sponding.to.a.very.low.stiffness..Therefore,.a.lower.compressive.stress.in.the.thin.
film. is. enough. for.wrinkling..During. indentation,. the.polymer. right.underneath.
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the.indented.area.is.stretched.along.the.longitudinal.direction,.while.the.polymer.
around. the. indent. is. slightly. stretched,. i.e.,. the. tensile. strain. around. the. indent.
is. lower. than. the. strain. in. the. indented.area..Therefore,. after.heating. to.100°C,.
radial-shaped.wrinkles.formed.around.the.indent..In.the.area.farther.away.from.
the.indent,.we.can.observe.some.isotropic.features. that.may.suggest. the.start.of.
wrinkling.

Upon.heating.to.120°C,.significant.dislocation.occurs.between.the.elastic.thin.film.
and.substrate..During.cooling,.the.compressive.stress.induced.by.thermal.expansion.
mismatch.between.the.elastic.gold.film.and.SMP.substrate.is.strong.enough.for.wrin-
kles.to.emerge.even.in.the.area.without.pre-deformation..The.corresponding.wrinkle.
pattern.should.be.isotropic.in.theory..However,.the.existing.radial-shaped.wrinkles.
act.as.an.initial.boundary.condition.so.that.the.expansion.of.existing.radial-shaped.
wrinkles.is.favored.within.the.adjacent.area.

Wrinkling atop spherical SMP.—.Figure 10.19.reveals.the.preparation.proce-
dures.for.two.different.groups.of.samples..In.the.first.step,.both.groups.of.samples.
were.well.polished.according.to.the.process.explained.in.Section.10.3.2..After.that,.
spherical.indents.were.made.by.a.microhardness.tester.with.a.spherical.conical.dia-
mond.indenter.(see.Section.10.3.3.for.procedure)..Indenters.with.different.sized.radii.
were.used.to.make.indents.with.different.radii..The.depth.of.each.indent.was.about.
0.3.times.the.radius.of.the.indenter.used.

Subsequently,.all.samples.were.carefully.polished.using.0.3.µm.and.then.0.05 µm.
alpha. Al2O3. suspensions. with. a. DP. nap. polishing. cloth. just. until. the. indents.
disappeared.. The. surface. roughness. Ra. of. the. polished. SMP. samples. was. about.
10 nm.measured.by.a.confocal.imaging.profiler.over.an.area.of.~285.×.210.µm.

One.group.(Group.A).of.samples.was.coated.with.a.layer.of.gold.thin.film..The.
other.(Group.B).was.heated.to.100°C.to.form.different.sized.spherical.protrusions.
(curvatures.of.spherical.protrusions.were.measured.individually).and.then.coated.

80°C

(a1) (b1) (c1)

(a2) (b2) (c2)

100°C 120°C

FIGURE 10.18  Evolution.of.wrinkle.pattern.after.heating.to.different.temperatures:.(a).80°C,.
(b).100°C,.(c).120°C..Top:.two-dimensional.image..Bottom:.three-dimensional.image.
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with.a.thin.layer.of.gold..For.both.groups,.sputtering.time.was.120.seconds.at.a.
current.of.20.mA.and.voltage.of.2.kV..The. thickness.of. the.gold. thin.film.was.
about.30.nm.

Wrinkling behavior of Group A.—.Samples.were.heated.to.80°C.and.then.to.
100°C..As.shown.in.Figure 10.20a,.a.crown-shaped.microprotrusion.was.produced,.
but.we.saw.no.significant.wrinkles.except.some.tiny,.possibly.radial-shaped.features.
that.may.be.small.wrinkles.around.the.protrusion..During.the.formation.of.a.pro-
trusion,. the. thin. film. within. the. indented. area. actually. undergoes. a. large. biaxial.
expansion,. transforming. from.a.flat. to.a.dome.shape..After.heating. to.100°C,.we.
can.see. radial-shaped.wrinkles.surrounding. the.protrusion,.but. the. top.surface.of.
the.protrusion.is.still.wrinkle-free.(Figure 10.20b)..Because.the.thin.film.within.the.
protrusion.was.stretched.significantly.after.heating.to.80°C,.it.was.difficult.to.induce.
further.compressive.stress.even.after.re-heating.to.100°C..The.thin.film.within.the.
surrounding. area. is. different. because. it. was. not. stretched. after. heating. to. 80°C..
Heating.to.100°C.was.helpful.for.fully.softening.the.substrate..Thus.radial.shaped.
wrinkles.were.produced.because.this.area.expanded.slightly.due.to.previous.indenta-
tion.(as.in.Figure 10.18b).

For. a. clearer. view,. Figure  10.21. illustrates. protrusion. formation. when. a. well-
polished.sample.is.heated..Note.that.the.elastic.thin.film.bends.in.the.longitudinal.

(a) Original SMP sample

(b) Polished sample

(c) Indentation

(d) Polishing

(e1) Gold coating

(e2) Heating

Group A Group B
(f ) Gold coating

FIGURE 10.19  Sample.preparation.
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direction.and.some.contraction.appears.in.the.latitudinal.direction..Because.of.the.
latitudinal.deformation,.radial-shaped.wrinkles.appear..The.latitudinal.strain.during.
shape.recovery.can.be.expressed.as

.
ε = − = −L L

L
R
R

0

0 0

1 . .(10.19)

where.R.can.be.measured.by.surface.scanning.of.the.protrusion,.R f dxa
b

0
1
2

21= ∫ + ′ ..
See.Figure 10.21.for.f.

Wrinkling behavior of Group B — The.samples.were.cyclically.heated.in.an.
oven. to. pre-determined. temperatures. (increasing. from. 100. to. 160°C). and. cooled.
in. the.air. to. room. temperature.as. soon.as.each. targeted.heating. temperature.was.
reached.. After. each. heating. and. cooling. cycle,. surface. morphologies. atop. the.

Protrusion formation upon shape recovery
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FIGURE 10.21  Protrusion.formation.
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FIGURE 10.20  Typical.wrinkles.in.Group.A..(a).Heated.to.80°C..(b).Heated.to.100°C..Top.
row:.top.view..Bottom.row:.cross.section..(Reprinted.from.from.Zhao.Y,.Cai.M,.Huang.WM.
et.al..EPD.Congress,.Washington,.DC,.pp..167–174,.2010..With.permission.)
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protrusions.were.examined.using.a.confocal.imaging.profiler.to.check.the.appear-
ance. of. wrinkles.. Figure  10.22. shows. typical. surface. features. before. and. after.
heating.to.120°C..Figure 10.23.reveals.typical.surface.morphologies.atop.different.
sized.spherical.protrusions.after.heating.to.130°C..We.can.clearly.see.that.isotropic.
wrinkles.appear.atop.spherical.SMP.protrusions.after.heating.only.if.the.protrusion.
size.is.large.enough.

The.relationship.between.radius.of.protrusion,.R,.and.critical.heating.temperature.
for. wrinkling. was. investigated. (Figure  10.24,. symbols).. The. results. clearly. show.
the. influence.of.protrusion.size.on. the.critical.heating. temperature. for.wrinkling..
Higher. temperature. is. required. to. produce. wrinkles. in. smaller-sized. protrusions..
Figure 10.25.further.reveals.the.relationship.of.critical.wavelength.λc.and.radius.of.
protrusion.(experimentally.measured)..Clearly,.at.R.>.100.µm,.λc is.about.a.constant..
At.R.<.100.µm,.λc.decreases.dramatically.with.the.decrease.of.R.

Wrinkling on surface of cylindrical SMP.—.For.this.test,.we.used.a.thermo-
plastic.polyurethane.SMP.(MM3520).from.SMP.Technologies..The.Tg of.this.SMP.
is.about.35°C..At.room.temperature.the.polymer.is.relatively.stiff,.and.above.the.Tg.
it.becomes.flexible;.it.melts.fully.above.180°C..Figure 10.26.shows.the.preparation.
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FIGURE 10.22  Surface.features.atop.protrusion..(a).Before.heating..(b).After.heating.
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FIGURE 10.23  Surface.morphologies.atop.protrusions.after.heating.to.130°C.
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of.two.types.of.SMP.fibers..The.as-received.material.in.pellet.form.was.fully.melted.
in.an.aluminum.container..Forceps.were.used.to.gently.draw.a.fine.thread.out.of.the.
melting.SMP.until. it.broke.(same.procedure.as. in.Section.9.2)..Depending.on. the.
pulling.speed,.SMP.fibers.or.spiral.springs.of.different.diameters.were.obtained.at.
the.break.point..In.general,.a.straight.fiber.is.produced.at.a.low.drawing.speed.and.
a.spring.resulted.from.a.high.drawing.speed..A.thin.gold.layer.tens.of.nanometers.
thick.was.sputter.deposited.atop.the.samples,.then.the.samples.were.heated.to.the.
required.temperature.and.cooled.back.to.room.temperature..Their.surface.morpholo-
gies.were.studied.using.a.scanning.electron.microscope.(SEM).

Figure  10.27a. reveals. wrinkles. on. the. surface. of. a. spring. of. wire. diameter.
~40.μm..After.coating.with.a.thin.gold.layer,.the.spring.was.heated.to.60°C..Regular.
stripe-shaped.wrinkles.with.wavelengths.close.to.sub-micron.scale.were.observed..
Since.60°C.is.the.temperature.for.shape.recovery.of.this.polyurethane.SMP,.we.may.
logically.conclude.that.further.contraction.of.fiber.(due.to.stretching.in.fabrication).
caused.the.wrinkles..It.should.be.possible.to.identify.the.details.of.the.precise.mech-
anism.by.simulation.in.the.future.

Nano-scale. wrinkles. atop. SMP. sheets. were. recently. been. reported. and. many.
potential.applications.were.discussed.in.Fu.et.al..(2009)..Figure 10.27b.reveals.typi-
cal.wrinkle.patterns.at.two.different.scales.of.a.straight.SMP.fiber..The.wavelengths.
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of.these.stripe-shaped.wrinkles.are.actually.at.sub-micron.scale..Because.the.fiber.in.
the.experiment.was.heated.only.to.60°C,.shape.recovery.may.be.the.mechanism.that.
induces.the.wrinkles..As.in.the.study.of.the.polystyrene.SMP.samples.mentioned.
above,.the.evolution.of.morphologies.on.the.surfaces.of.both.straight.and.spiral.poly-
urethane.SMP.fibers.was.investigated.under.different.heating.conditions..Both.types.
fibers.virtually.followed.the.same.trend..Hence,.we.report.only.on.one.

Figure 10.28a.reveals.the.surface.morphologies.of.both.straight.and.spiral-shaped.
polyurethane.SMP.fibers.after.heating.to.25°C,.below.their.Tg..As.expected,.no.vis-
ible.wrinkles.appeared..Figure 10.28b.presents.the.surface.morphologies.of.the.fibers.

Straight

Melted PU

Spring Gold coating Wrinkling

FIGURE 10.26  Preparation.of.SMP.micro.fibers.and.springs.

(a1) (a2)

(b1)

(a) Wrinkling atop PU spring

(b) Wrinkling atop PU straight fiber

(b2)

20 kV X65 200 µm 19 25 SEI 20 kV X1,900 10 µm 19 25 SEI

10 kV X1,700 10 µm 18 25 SEI 10 kV X13,000 1 µm 18 25 SEI

FIGURE 10.27  Wrinkling.on.surface.of.polyurethane.SMP.fiber.
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after.heating.to.their.Tg of.35°C..Wrinkling.appears.only.within.some.local.areas.and.
thus.the.wrinkles.are.discrete..Apparently,.at.this.point,.the.compressive.stress.just.
reaches.the.wrinkling.condition,.but.is.not.yet.strong.enough.to.produce.continuous.
wrinkles.over.the.whole.surface..In.addition,.at.Tg,.the.substrate.is.not.fully.softened.
so.that.full-scale.wrinkling.is.prevented..After.further.heating.to.60°C,.well.above.

(a1) (a2)

(b1)

(a) Heated to 25°C

(b) Heated to 35°C

(b2)

10 kV X1,800 10 µm 18 25 SEI 20 kV X330 50 µm 19 25 SEI

20 kV X3,000 5 µm 20 25 SEI 20 kV X7,000 2 µm 20 25 SEI

(c1)

(c) Heated to 60°C

(c2)

20 kV X1,800 10 µm 20 25 SEI 20 kV X4,300 5 µm 10 25 SEI

FIGURE 10.28  Evolution.of.surface.morphologies.of.polyurethane.SMP.fibers.
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Tg,. continuous. wrinkles. with. wavelengths. ~700. nm. over. the. whole. surface. were.
observed,.as.shown.in.Figure 10.28c.

In.addition.to.heating,.wrinkles.can.also.be.produced.in.pre-stretched.thin-film.
polyurethane. SMPs. upon. immersing. into. water. (moisture-responsive;. Huang.
et.al..2010).

10.3.4  wrinkLing atop patterneD sampLes

From.an.engineering.application.view,.it.is.more.useful.to.have.a.patterned.surface.
over.a.large.area..For.that.reason,.we.extended.the.technique.developed.above.for.
large-scale.patterning.in.a.cost-effective.manner..We.used.the.polystyrene.SMP.from.
CRG.for.this.study.

Sample preparation.—.First,.we.produced.an.array.of.indents.atop.a.piece.of.
flat.polystyrene.SMP.sample.(well.polished,.about.3.mm.thick).by.compressing.
an.array.of.1.mm.diameter.steel.balls. that.were.compactly.pre-packed.atop.the.
sample..To.avoid.possible.crack.formation.in.the.SMP,.compression.was.done.at.
80°C.(above.the.Tg).so.that.the.SMP.was.ductile..The.loading.speed.was.0.05.mm/
second. and. the. maximum. loading. depth. was. 1. mm.. The. maximum. depth. was.
held.until.the.sample.cooled.back.to.room.temperature.(about.20°C)..Figure 9.29.
shows. the. experimental. setup. and. result. of. indentation.. The. steel. balls. were.
removed.gently..Figure 9.30a.shows.the.typical.morphology.of.a.sample.surface..
Next,.the.indented.SMP.sample.was.polished.to.a.required.depth.using.alumina.
polishing.suspension.with.a.particle. size.of.300.nm.at.first. (to.quickly.achieve.
the.required.polishing.depth).and.then.50.nm.to.produce.a.very.smooth.surface..
The.well-polished.SMP.sample.was. then.coated.with. a. thin. layer.of.gold..The.
sputtering.time.was.120.seconds.at.a.current.of.20.mA.and.voltage.of.2.kV..The.
thickness.of.the.gold.thin.film.was.about.30.nm..Finally,.the.sample.was.heated.
to.100°C.for.20.minutes.

Wrinkling —.Figure 10.29.shows.the.typical.morphologies.atop.SMP.substrates.
(with.spherical.protrusion.arrays)..Two.wrinkle.patterns.may.be.seen..One. is. iso-
tropic.wrinkling.in.the.centers.of.protrusions,.and.the.other.is.anisotropic.wrinkles.
among.the.protrusions..Three.effects.related.to.wrinkling.appear.during.protrusion.
formation..The.first. is. the. latitudinal.compressive.stress.resulting.from.protrusion.
formation..The.second.is.the.bending.of.thin.film.during.protrusion.formation,.and.
the.third.is.the.compressive.stress.from.thermal.expansion.mismatch..The.first.and.
third.effects.help.induce.wrinkles,.but.the.second.restrains.the.thin.film.from.wrin-
kling..Figure 10.30.illustrates.the.protrusion.and.distribution.of.strain.in.the.elastic.
thin.film.corresponding.to.the.individual.effect.in.a.typical.numerical.analysis.

Because.the.protrusions.are.sized.at.macro.scale,.their.curvatures.are.not.large..
The.strain.from.bending.is.somewhat.smaller,.and.less.energy.can.be.stored.through.
bending.of.the.thin.film..In.the.center.of.a.protrusion,.the.latitudinal.compressive.
stress.resulting.from.protrusion.formation.is.also.small..Therefore,.thermal.expan-
sion.mismatch.plays.a.major.role.in.wrinkle.formation..Within.the.central.area.of.a.
protrusion,.isotropic.thermal.strain.is.larger.than.the.anisotropic.latitudinal.strain..
The.isotropic.compressive.stress.induced.by.the.thermal.expansion.mismatch.leads.
to.the.formation.of.isotropic.wrinkles..However,.the.anisotropic.latitudinal.strain.is.
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larger.than.the.isotropic.thermal.strain.in.the.area.farther.away.from.the.center.of.
the.protrusion..Consequently,.anisotropic. radial. shaped.wrinkles.are.generated. in.
this.area.

This. discussion. focused. on. an. SMP. sample. with. a. crown-shaped. protrusion.
array.. This. indicates. that. the. sample. was. deeply. polished. after. indentation. (see.
Section.9.5.2)..Figure 10.31.shows.the.wrinkles.atop.a.piece.of.SMP.with.an.array.
of.flat-topped.protrusions;.the.sample.was.less.polished.after.indentation..Note.that.
no.prominent.wrinkles.are.visible.within.the.central.flat.top.of.the.protrusion.and.
that.anisotropic.radial.shaped.wrinkles.among.protrusions.are.very.weak..A.closer.
look.reveals.many.cracks.in.the.thin.film,.particularly.near.the.flat-top.part.of.the.
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protrusion.that.may.have.resulted.from.the.huge.tensile.strain.during.shape.recovery..
These.cracks.effectively.release.the.compressive.stress.in.the.film.and.thus.wrinkles.
can.hardly.occur.

10.4  SUMMARY

After.a.brief.summary.of.the.basic.wrinkling.theory.of.an.elastic.thin.film.atop.a.
soft.substrate,.a.systematic.investigation.of.wrinkling.atop.SMP.substrates.at.dif-
ferent.conditions.was.presented..Different.self-organized.wrinkle.patterns,.namely.
labyrinth,.stripe-shaped,.S,.ring,.and.radial.shaped.wrinkles,.were.produced..Sub-
micro-scaled.wrinkles.were.observed..The.evolution.of.wrinkle.patterns,.wrin-
kling.atop.patterned.SMP.substrates,.and.size.effect.were.also.examined.

The.mechanisms.of.these.different.types.of.wrinkles.were.studied..Isotropic.laby-
rinth-shaped.wrinkles.resulted.from.the.thermal.expansion.mismatch.between.elastic.
thin.film.and.soft.SMP.substrate..The.S-shaped.pattern.arises.from.a.combination.of.
thermal.mismatch.and.SME..The.other.three.types.resulted.from.the.SME.in.the.SMP.
substrate..The.ease.of.applying.this.technique.on.a.large.scale.to.produce.different.
patterns.in.a.cost-effective.manner.was.demonstrated.
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11 Medical	Applications	
of	Polyurethane	Shape	
Memory	Polymers

11.1  INTRODUCTION

Minimally.invasive.surgery.(MIS),.also.known.as.minimal.access.surgery,.keyhole.
surgery,.and.endoscopic.surgery,.developed.in.the.late.1980s.and.is.regarded.as.one.
of. the.most. important. achievements. in.modern.medicine..MIS.offers. tremendous.
advantages. over. conventional. open. surgery.. The. major. benefits. include. reduced.
operative. trauma,. fewer.wound.complications,. shorter.hospital. stays,. and.acceler-
ated. recoveries.. However,. MIS. is. more. technically. demanding. than. conventional.
surgery.because.the.surgical.intervention.is.executed.remotely.via.two-dimensional.
imaging.of.the.operative.field..As.a.result,.a.surgeon.faces.loss.of.tactile.feedback,.
restricted. maneuverability,. and. less. efficient. control. of. major. bleeding. (Frank.
et  al.. 1997,.Cuschieri.1999)..Shape.memory.materials.provide. just-right. solutions.
to.many.problems.in. the.MIS.arena.(Yahia.2000,.Yoneyama.and.Miyazaki.2009,.
Huang.et.al..2010a).

In. recent. years,. we. have. seen. a. number. of. medical. applications. using. various.
types.of.shape.memory.polymers.(SMPs),.particularly. thermo-responsive.SMPs. in.
cardiovascular.implants.(Sokolowski.et.al..2007,.Jung.et.al..2010),.SMP.micro.actua-
tors.for.treating.ischemic.stroke.(Metzger.et.al..2002),.SMP.microfluidic.reservoirs.
(Gall.et.al..2004),.self-deployable.SMP.neuronal.electrodes.(Sharp.et.al..2006),.SMPs.
combined.with.shape.memory.alloys.(SMAs).in.endovascular.thrombectomy.devices.
(Wilson.et.al..2007),.SMP.dialysis.needle.adapters.for.reducing.hemodynamic.stress.
in.arteriovenous.grafts.(Ortega.et.al..2007),.and.SMPs.for.ocular.implants.(Song.
et.al..2010)..Probably.the.hottest.research.topic.for.medical.applications.of.SMPs.is.the.
SMP.stent..Braided.stents.(Kim.et.al..2010),.solid.tube.stents.(Wache.et.al..2003,.Chen.
et.al..2007,.Yakacki.et.al..2007).and.even.foam.stents.(Sokolowski.et.al..2007).have.
been.proposed..Other.interesting.developments.include.drug.eluting.stents.and.biode-
gradable.stents.(Chen.et.al..2009,.Wischke.et.al..2010,.Wischke.and.Lendlein.2010).

The. triggering.mechanisms. in. these.applications—(1).Joule.heating.of.embed-
ded.SMA.wires. (Wilson.et.al..2007).and. (2). laser.heating. (Maitland.et.al..2002,.
Metzger.et.al..2005,.Wilson.et.al..2005,.Baer.et.al..2007)—have.been.developed.
as. alternative. heating. methods.. The. polyurethane. SMP. invented. by. Dr.. Shunichi.
Hayashi.of.SMP.Technologies.in.Japan.(Hayashi.1990).has.proven.to.be.both.bio-
compatible. (Sokolowski. et. al.. 2007). and. thermo-. and. moisture-responsive. (Yang.



308	 Polyurethane	Shape	Memory	Polymers

et al..2006)..This.polyurethane.SMP.is.an.excellent.shape.memory.material.for.bio-
medical.applications,.particularly.for.MIS.(Huang.2010,.Huang.et.al..2010b,.Sun.and.
Huang.2010)..Dr..Hayashi.and.his.collaborators.have.developed.a.range.of.such.poly-
urethane.SMP.materials.with.different. transition. temperatures.and.forms. that.are.
now.commercially.available..Autochokes.for.engines,.intravenous.cannulae,.spoon.
and.fork.handles.for.those.unable.to.grasp.objects,.and.sportswear.are.only.a.few.
examples.of.their.applications.(Tobushi.et.al..1996).

Despite.a.relatively.narrow.glass.transition.temperature.(Tg).range.(25°C.or.less.
for. the. whole. transition. range),. as. reported. in. Chapter. 12,. multi-shape. memory.
effects. (multi-SMEs). were. demonstrated. in. both. solid. and. foam. polyurethane.
SMPs..These.SMPs.have.also.been.used.as.substrates.for.various.types.of.wrinkles.
(Huang.et.al..2010b)..Figure 11.1.shows.typical.types.of.wrinkles..Such.patterned.
surfaces.alter.surface.tension.and.surface.roughness.(Zhang.et.al..2010b),.thus.alter-
ing. the.strength.of.adhesion. to.cells..Pre-patterned.SMP.substrates. (Figure 11.2).

15 µm

FIGURE 11.1  Typical.types.of.wrinkles.atop.polyurethane.SMP.
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can. further.enhance. the.effects..For. further.details.of.wrinkling.atop.SMPs,.see.
Chapter.10.

This.chapter.presents.some.recent.biomedical.applications.of.this.polyurethane.
SMP,.particularly. those.utilizing. its. thermo-.and.moisture-responsive.characteris-
tics..Section.11.2.describes. the. applications.based.on. thermo-responsive. features;.
Section. 11.3. reports. applications. based. on. the. thermo-. and. moisture-responsive.
activities;.Section.11.4.discusses.the.possibilities.of.utilizing.the.thermal.and.mois-
ture.responses.for.performing.surgery.inside.living.cells..Section.11.5.summarizes.
the.key.points.of.this.chapter.

We. used. the. MM5520. and. MM3520. polyurethane. SMPs. (SMP. Technologies,.
Japan).that.have.Tg.values.around.55.and.35°C,.respectively.

11.2  THERMO-RESPONSIVE FEATURE-BASED DEVICES

In.many.medical.operations,.screws.are.required.to.fix.implants.to.organs,.normally.
bones..Because.the.sizes.and.dimensions.of.traditional.screws.are.standardized,.pre-
cise.hole.sizes.are. required. to.ensure.firm.attachments..As.shown. in.Figure 11.3,.
a.polyurethane.SMP.rod.is.pre-stretched.and.then.placed.inside.an.inner-threaded.
aluminum.tube..Upon.heating,.the.SMP.rod.expands.remarkably,.and.hence.the.rod.
engages.the.inner.threads.of.the.tube.firmly..If.required,.the.SMP.rod.(now.threaded.
as.a.screw).can.then.be.easily.removed.with.a.screwdriver..The.SMP.screw.provides.
a.convenient.solution.in.the.sense.that.a.single-sized.rod.fits.efficiently.into.a.range.
of.different.sized.holes.simply.by.heating,.with.no.need.for.a.screwdriver.

SMP. tubes. may. be. used. as. couplers. or. fixtures.. Figure  11.4. demonstrates. a.
micro.tag.application..The.SMP.tube.was.pre-expanded.at.high.temperatures..After.
mounting.on.one.leg.of.an.ant,.it.was.heated.to.40°C.for.shape.recovery..After.cool-
ing.back.to.room.temperature,.the.tag.hardened.and.held.firmly.in.place..Although.
the.recovery.strain.in.this.SMP.was.~100%,.the.maximum.recovery.stress.induced.
by.heating.was.limited.so.it.was.unnecessary.to.worry.that.the.ant’s.leg.might.be.
damaged.due. to.over-compression.by. the. recovery. force. from.the.SMP.tag.upon.
heating..From.an.application.view,.it.is.important.to.know.exactly.how.firmly.a.tag.
may.remain.in.place..This.can.be.determined.by.a.pull-out.test..Because.an.ant’s.
leg.is.very.short,.we.used.a.human.hair.that.has.about.the.same.diameter.as.an.ant’s.
leg.for.this.experiment.

(a) (b)

FIGURE 11.3  SMP.rod/screw..(a).Pre-stretched. (b).Fitting.well.into.tube after.heating.
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Figure 11.5a.reveals.the.uniaxial.tensile.testing.results.through.fracture.for.four.
strands.of.human.hair..Despite.some.minor.discrepancies,.all. the.curves.virtually.
share.the.same.trend,.i.e.,.after.a.short.range.of.elastic.deformation.(yield.stress.
~15.MPa),.a.long.plateau.followed.and.a.slight.hardening.was.possible.before.fracture..
Figure 11.5b.shows.the.results.of.three.pull-out.tests..A.custom-designed.holder.was.
used.to.hold.the.0.7.mm.long.SMP.tag..Slip.occurs.at.~0.06.N,.which.corresponds.to.
a.tensile.stress.of.~2.5.MPa..Good.grip.between.SMP.tag.and.hair.was.observed.
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FIGURE  11.5  (a). Uniaxial. tension. testing. of. human. hair.. (b). Pull-out. testing. of. human.
hair–SMP.tag..Insets:.zoom-in.views.of.experimental.setup.

200 µm

SMP tag

FIGURE 11.4  SMP.(MM3520).tag..Inset:.zoom-in.view.of.part.of.ant.leg.
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Sutures.are.commonly.used.during.medical.operations..However,.MIS.procedures.
generally.allow.only. limited.space.for. tying.knots. to.secure.sutures. in.place,.and.
surgeons.must.tie.knots.remotely.through.very.small.holes..SMPs.provide.good.solu-
tions..As.shown.in.Figure 11.6,.a.piece.of.pre-stretched.SMP.wire.is.wrapped.around.
a.piece.of.sponge..Upon.heating,.the.SMP.wire.shrinks.and.tightens.without.physical.
interference..Because.its.maximum.recovery.stress.is.safe.for.human.body.tissues,.
damage.caused.by.over-tightening.is.no.longer.a.serious.issue..If.the.SMP.is.biode-
gradable. (Zhang.et.al..2010a),. sutures.will. self-degrade.and.disappear.after. time,.
even.in.a.controllable.manner.(Kelch.et.al..2007)..Instead.of.tightening,.Figure 11.7.
reveals.a.knot.that.unravels.in.30.seconds.upon.heating..SMPs.may.be.strengthened.
by.blending.with.fillers.such.as.attapulgite,.a.biocompatible.clay.(Pan.et.al..2008,.Xu.
et.al..2009,.2010)..As.revealed.in.Figure 11.8,.a.piece.of.MM3520.polyurethane.SMP.
loaded.with.5.vol.%.of.original.attapulgite.clay. fully. recovered. its.original. shape.
upon.heating.to.40°C.

11.3   THERMO- AND MOISTURE-RESPONSIVE 
FEATURE-BASED DEVICES

The.unique.thermo-.and.moisture-responsive.abilities.of.polyurethane.SMPs.allow.a.
wide.range.of.applications.in.biomedical.engineering..Chapter.3.presents.a.detailed.
study.of.this.aspect.of.polyurethane.SMP.behavior..Instead.of.heating.for.tightening,.
Figure 11.9.reveals.that.upon.immersion.in.room-temperature.water.(about.22°C),.a.
polyurethane.SMP.(MM3520).knot.tightens.gradually..Similarly,.without.heating,.a.
knot.self-unravels.(Figure 11.10).and.a.suture.automatically.tightens.(Figure 11.11).
upon.immersion.in.room-temperature.water.

As. discussed. in. Chapter. 3,. after. immersion,. some. of. the. absorbed. water. (the.
bound.water). remarkably.reduces. the.Tg.of. this.polyurethane.SMP..Consequently,.
the. required. temperature. for. shape. recovery. also. lowers.. Because. the. Tg. can. be.
reduced.up.to.30°C,.we.can.utilize.this.feature.to.achieve.moisture-responsive.action.
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as.demonstrated.in.Figures 11.9.through.11.11.or.realize.a.gradient.Tg.by.immers-
ing.different.parts.of.the.polyurethane.SMP.in.water.for.different.periods.of.time.
(Huang.et.al..2005).

Figure 11.12. shows. two.pieces.of.SMP.wires. (MM3520).with. the. same.diam-
eter.(0.4.mm)..The.left.one.was.pre-immersed.in.water.and.the.right.one.was.kept.
dry.. After. pre-stretching. and. tying. loose. knots,. both. wires. were. immersed. in.
room-temperature.water..Note. that. the.knot. in. the. left.piece.of.wire. tightens.at.a.
much.higher.speed.than.the.knot.in.the.right.wire.

An.alternative.approach. to.utilize. the. influence.of.moisture.on. the.Tg.of. this.
SMP. is. demonstrated. in. Figure  11.13.. A. piece. of. 100. µm. diameter. SMP. wire.
(MM5520). is. originally. in. an. S. shape. (Figure  11.13a).. Note. that. MM5520. has.
a. Tg. of. 55°C,. well. above. human. body. temperature.. After. heating. to. 70°C,. the.

(a)

(b)

(c)

(d)

(e)

(f)

FIGURE  11.6  SMP. wire. wrapped. around. sponge. tightens. upon. heating.. (Reprinted. from.
Huang.WM,.Yang.B,.Liu.N.et.al..Proceedings of SPIE,.6423,.64231S,.2007..With.permission.)
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middle.portion.of.the.curved.thin.wire.is.straightened.(Figure 11.13b)..After.that,.
at.room.temperature.(22°C),.the.wire.virtually.maintains.its.temporary.shape,.even.
after.immersion.in.room-temperature.water.for.half.an.hour.(Figure 11.13c.and.d)..
However,.upon.heating.to.37°C.for.2.minutes,.the.wire.recovers.its.original.shape..
During.immersion.in.room-temperature.water,.the.absorbed.moisture.reduces.the.
Tg.of.the.polymer..Upon.later.heating.to.37°C.instead.of.55°C,.it.can.induce.full.
shape.recovery.

Stents.represent.potentially.promising.applications.for.biocompatible.polyurethane.
SMPs.(see.Figure 1.14.in.Chapter.1)..Due.to.the.lack.of.removability,.the.use.of.tradi-
tional.metal.stents.to.treat.patients.suffering.from.benign.disease.was.permitted.only.
as.a.last.resort.when.all.other.treatment.options.failed..Biodegradable.polymer.stents.

(a)

(d)

(b)

(e)

(c)

(f)

FIGURE 11.8  Shape.recovery.of.piece.of.polyurethane.SMP.(MM3520).with.5.vol.%.of.
original.attapulgite.clay.upon.heating.

0s

14s

2s

22s

9s

30s

FIGURE 11.7  Self-unraveling.knot.upon.heating.
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based.on.poly(vinyl.alcohol).(PVA),.polylactide.(PLA),.and.poly(ethylene.glycol).(PEG).
are.recent. inventions.(O’Brien.and.Carroll.2009),.but.even.degradable.stents.are.not.
without.problems..Instant.removal.is.preferred.for.stents.inserted.in.blood.vessels.in.the.
brain.because.degradation.may.lead.to.the.release.of.small.polymer.pieces.inside.blood.
vessels—a.life-threatening.situation..Also,.degradation.is.a.relatively.long-term.process.
that.poses.difficulties.if.instant.removal.is.required.for.any.unforeseen.reason.

1

2

3

4

5

6

FIGURE 11.10  Self-unraveling.of.SMP.knot.upon.immersion.in.room-temperature.water..
(Reprinted.from.Huang.WM,.Yang.B,.Liu.N.et.al..Proceedings of SPIE,.6423,.64231S,.2007..
With.permission.)
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4

5

6

FIGURE  11.9  Self-tightening. of. SMP. knot. upon. immersion. in. room-temperature. water..
(Reprinted.from.Huang.WM,.Yang.B,.Liu.N.et.al..Proceedings of SPIE,.6423,.64231S,.2007..
With.permission.)
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In. bladder. and. prostate. cancer. treatments,. retractable. stents. are. preferred.. As.
reported.in.the.literature,.stenosis.may.develop.at.anastomosis.sites.in.up.to.18%.of.
bladder.and.prostate.cancer.patients,.necessitating.repeated.dilatations.to.allow.rea-
sonable.voiding..The.current.conventional.procedure.for.treating.stenosis.is.mechan-
ical.dilations,.endoscopic.incision,.or.laser.vaporization..Their.success.rates.are.low.
and.patients.must.undergo.repeated.treatments..A.removable.stent.is.a.better.option.

1

2

3

4

5

6

FIGURE 11.11  Self-tightening.of.SMP.wire.wrapped.around.sponge.upon. immersion. in.
room-temperature.water..(Reprinted.from.Huang.WM,.Yang.B,.Liu.N.et.al..Proceedings of 
SPIE,.6423,.64231S,.2007..With.permission.)

(a)

(d)

(b)

(e)

(c)

(f)

FIGURE  11.12  Self-tightening. of. two. knots. of. SMP. wires. (MM3520). by. immersion. in.
room-temperature.water..The.left.piece.was.pre-immersed.in.water.to.reduce.its.Tg.
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because.it.does.not.require.a.highly.specialized.reconstructive.bladder.neck.repair.
procedure.and.is.replaced.annually.

We.propose.an.approach. to.utilize. the. thermo-.and.moisture-responsive.quali-
ties. of. polyurethane. SMPs. for. retractable. stents. (Huang. et. al.. 2007).. As. demon-
strated. in. Figure  11.14,. an. SMP. (MM3520). thin-wall. tube. was. pre-expanded. at.

(a) (b) (c) (d) (e)

FIGURE 11.13  Shape. recovery.of.100.µm.diameter.wire. (MM5520).. (a).Original. shape..
(b).Middle.portion.straightened.at.70°C,. refrigerated. for.15.minutes,.and. left. in.air. for.
10.minutes..(c).Immersion.in.room-temperature.water.(22°C)..(d).After.a.half-hour.in.room-
temperature.water..(e).Two.minutes.after.immersion.in.37°C.water..(Reprinted.from.Sun.L.
and.Huang.WM..Materials and Design,.31,.2684–2689,.2010..With.permission.)

(a) After pre-stretching (b) After folding

(a) After deployment in water (d) After retraction in water

FIGURE 11.14  Retractable.SMP.stent.utilizing.moisture-responsive.feature..(Reprinted.from.
Huang.WM,.Yang.B,.Liu.N.et.al..Proceedings of SPIE,.6423,.64231S,.2007..With.permission.)
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high.temperatures.and.then.cooled.back.to.room.temperature..Subsequently,.it.was.
mechanically. deformed. into. a. star. shape.. After. immersion. in. room-temperature.
water,.it.mechanically.expanded.back.into.its.circular.shape..Note.that.in.biomedi-
cal.practice,. one. traditional.way. to.deploy.a. compacted. stent. is. to.use. a.balloon..
This.principle.is.applicable.here.for.mechanical.expansion.(deployment).of.the.stent..
Because.this.SMP.is.also.moisture-responsive,.it.shrinks.after.a.time..As.its.diameter.
reduces,.the.stent.can.be.easily.removed.

Combined.with.multi-SME.features,.we.can.achieve.retractable.stents.by.means.
of.thermal.response.for.quick.retraction.or.moisture.response.for.slow.retraction.as.
illustrated.in.Figure 11.15..The.other.major.advantages.of.this.concept.are

•. During.deployment,.the.polymer.is.not.heated.far.above.Tg.(where.it.is.in.
its.full.rubbery.state.and.very.soft);.it.is.heated.near.Tg.to.maintain.a.par-
tial.rubbery.state..The.stiffness.of.the.stent.remains.high.during.deploy-
ment;.in.the.subsequent.cooling.process,.the.stent.is.hard.enough.to.retain.
its.shape.

•. Both.deployment.and.retraction.can.be.achieved.by.heating.
•. A.choice.of.instant.or.slow.retraction.is.available.

To.enhance.the.performance.of.SMPs.in.real.applications,.various.types.of.fill-
ers. can. be. used. to. strengthen. the. material. and. adjust. the. shape. recovery. speed..
Attapulgite. is. a. biocompatible. clay. that. has. a. great. ability. to. absorb. water.. As.
shown.in.Figure 11.16,.treated.attapulgite.has.little.influence.on.recovery.speed.in.

(b) (c) (d)(a)

(e) (f ) (g)

FIGURE 11.15  Retractable.stent.based.on.multi-SME.concept..(a).Original.circular.shape..
(b). Expanded. well. above. Tg.. (c). Further. deformed. into. star. shape. at. Tg.. (d). Cooled. back.
to.room.temperature..(e).Before.deployment..(f).After.heating.to.Tg..(g).Upon.heating.well.
above.Tg.(thermo-responsive.for.quick.retraction).or.leaving.in.room-temperature.water.for.
moisture-induced.gradual.recovery.
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moisture-induced. shape. recovery;. the. original. clay. does. exert. influence.. This. is.
because.after.treatment.by.heating.close.to.1000°C,.the.clay.largely.loses.its.ability.
to.absorb.moisture.and/or.water..As.reported.in.Pan.et.al..(2008),.treated.clay.does.
not.alter.the.Tg.of.the.composites;.the.original.clay.can.remarkably.lower.the.Tg.of.the.
polymer..In.addition,.with.more.clay.loaded.into.the.SMP,.water.should.more.easily.
penetrate.the.SMP.through.the.embedded.clay.serving.as.micro.channels,.which.also.
speeds.shape.recovery.

11.4  TOWARD MICRO MACHINES

Targeted.drug.release.to.specified.cells.at.the.molecular.level.is.currently.an.attractive.
topic.in.medical.research.(Rivkin.et.al..2010)..To.achieve.a.miniaturized.mechanical.
surgeon.(Fernandes.and.Gracias.2009),.we.need.many.tiny.tools.and.machines..The.
concept.that.“the.material.is.the.machine”.(Bhattacharya.and.James.2005).may.be.
the.correct.approach.for. these.applications..Shape.memory.materials,.particularly.
SMPs,.may.be.the.materials.that.will.realize.these.concepts.(Huang.et.al..2010c).

Microdevices.can.be.fabricated.by.various.modern.techniques.(Ikuta.et.al..2003,.
Miyazaki.et.al..2009)..With.a.self-activated.device.such.as.a.bacterial.ratchet.motor.
(Leonardo. et. al.. 2010),. chemically. propelled. nanodimer. motor. (Tao. and. Kapral.
2008),.osmotic.motor.(Cordova-Figueroa.and.Brady.2008),.or.transition.metal-based.
molecular.motor.(Huc.2006),.or.even.direct.actuation.via.a.laser.beam.outside.a.cell.
(Maruo. et. al.. 2003),. microdevices. may. be. used. for. real-time. characterization. of.
DNA.(Johnson.et.al..2007,.Smith.et.al..2007,.Hartl.and.Hayer-Hartl.2009,.Dietz.et.al..
2009,.Han.et.al..2010),.inside.living.cells,.for.example.

In.The Fantastic Voyage (a 1966.film),.a.miniaturized.submarine,. the.Proteus,.
was.injected.into.a.scientist’s.body.to.remove.a.blood.clot.in.his.brain.to.save.his.life..

0 min

(a1) (a2) (a3) (a4) (a5) (a6)

(b1) (b2) (b3) (b4) (b5) (b6)

(c1) (c2) (c3) (c4) (c5) (c6)

(d1) (d2) (d3) (d4) (d5) (d6)

15 min 60 min 90 min 150 min 210 min

FIGURE 11.16  Shape.recovery.in.polyurethane.SMP–attapulgite.composites.upon.immer-
sion.in.room-temperature.water..(a).SMP.(MM3520).without.clay..(b).SMP.with.5.vol.%.of.
treated.clay..(c).SMP.with.5.vol.%.of.original.clay..(d).SMP.with.10.vol.%.of.original.clay.
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Although.it.is.now.possible.to.remove.a.blood.clot.via.MIS.using.various.types.of.
shape.memory.materials.(Metzger.et.al..2002,.Yoneyama.and.Miyazaki.2009),.we.
are.still.far.away.from.being.able.to.shrink.a.real.ship.to.a.few.micrometers.in.length..
However,.technically.speaking,.we.have.most.of.the.techniques.required.to.deliver.a.
micro.vehicle.made.of.SMPs.into.a.living.cell.

As.seen.in.Figure 11.17,.a.tiny.vehicle.is.deformed.into.a.wire.shape.and.inserted.
into.a.cell..If.this.vehicle.is.made.of.a.thermo-.and.moisture-responsive.SMP,.it.will.
recover.its.original.shape.after.absorbing.enough.water.inside.the.cell..Subsequently,.
it.operates.within.a.living.cell.using,.for.instance,.a.laser.beam.outside.the.cell.to.
control.its.motion.

As.discussed.in.Chapter.9,.excellent.shape.memory.effect.persists.in.polyurethane.
SMPs.down.to.tens.of.nanometers..Because.the.recoverable.strain.of.a.polyurethane.
SMP.is.~100%,.the.size.of.the.vehicle.can.be.significantly.reduced..By.using.a.micro.
gripper.or.catheter.(Figure 11.18),.we.should.be.able.to.quickly.deliver.it.into.a.living.
cell.without.much.damage.

The. concept. of. delivering,. for. example,. a. piece. of. S-shaped. SMP. wire. into. a.
microbe.is.illustrated.in.Figure 11.19..Three.requirements.surround.the.concept:.(1).
the.SMP.wire.must.be.capable.of.being.straightened;.(2).the.microbe.must.contain.
plenty.of.water;.and.(3).the.microbe.must.be.relatively.soft.and.flexible.so.that.the.wire.
can.freely.recover.its.original.shape..To.date,.this.concept.has.been.experimentally.
demonstrated.at.two.levels..As.shown.in.Figure 11.20,.a.piece.of.0.4.mm.diameter.
SMP.wire.(MM3520).in.a.coiled.shape.was.straightened.and.delivered.into.a.cav-
ity.containing.room-temperature.water.inside.a.hydrogen.gel..After.some.time,.the.
SMP.wire.recovered.its.original.coiled.shape.due.to.its.moisture-responsive.feature..
In.a.further.step,.a.spiral-shaped.SMP.coil.(MM5520,.wire.diameter.of.0.3.mm).was.
straightened.at.70°C.and.cooled.to.room.temperature..It.was.then.injected.by.syringe.
into.a.living.jellyfish.(Figure 11.21)..Unlike.the.material.in.Figure 11.20,.the.SMP.did.
not.automatically.recover.its.original.shape.inside.the.jellyfish.for.many.days.until.

Micro vehicle(a)

(b)

(c)

Cell

(d)

(e)

(f)

Laser beam

FIGURE 11.17  Delivery.of.micro.vehicle.into.living.cell.for.inside-cell.operation.controlled.
by.laser.beam..(a).Original.shape.of.micro.vehicle..(b).Vehicle.after.reshaping..(c).Inserting.
deformed.vehicle. into. cell.. (d).Vehicle. fully. inside. cell.. (e).Shape. recovery.of. vehicle.. (f).
Operation.of.vehicle.powered.by.remote.laser.beam..(Reprinted.from.Sun.L.and.Huang.WM..
Materials and Design,.31,.2684–2689,.2010..With.permission.)
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(a) (b) (c) (d)

FIGURE 11.20  Delivering.coiled.SMP.wire.(0.4.mm.diameter).into.cavity.inside.hydrogen.gel..
(a).Piece.of.gel.with.cavity.containing.room-temperature.water..(b).and.(c).Delivery.of.piece.of.
straightened.SMP.wire.into.cavity.inside.gel..(d).Recovery.of.SMP.wire.inside.cavity..(Reprinted.
from.Sun.L.and.Huang.WM..Materials and Design,.31,.2684–2689,.2010..With.permission.)

Cell

Micro gripper
Catheter

(a) (b)

Cell

FIGURE 11.18  Delivery.of.micro.device.into.cell.by.micro.gripper.(a).and.catheter.(b)..(Reprinted.
from.Sun.L.and.Huang.WM..Materials and Design,.31,.2684–2689,.2010..With.permission.)

Original shape Straightened

Moisture-
responsive

SMP

Microbe
Shape recovered

FIGURE 11.19  Delivery.of.piece.of.S-shaped.wire.into.microbe.
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the.water.was.heated.to.37°C..We.are.currently.using.micro-sized.polyurethane.SMP.
springs.(Chapter.9).to.test.the.shape.recovery.of.SMPs.inside.microbes.

11.5  SUMMARY

We.have.already.observed.many.medical.applications.of.SMPs..The.unique.thermo-.
and.moisture-responsive.feature.of.polyurethane.SMPs.makes.them.suitable.for.a.wide.
range.of.potential.applications..The.moisture-responsive.retractable.stent.is.a.typical.
example.among.many.other.possibilities..Based.on.the.multi-SME.and.shape.recov-
ery.characteristics.of.SMPs.at.sub-micron.scale,.we.expect.to.see.that.“the.material.is.
the.machine”.through.biomedical.applications.of.these.SMPs.in.the.near.future.
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FIGURE 11.21  Delivery.of.SMP.coil.into.jellyfish.by.injection..(a).Original.coiled.shape..
(b). Shape. after. straightening. at. high. temperature.. (c). Ready. for. injection.. (d). Recovered.
shape..(Reprinted.from.Huang.WM,.Ding.Z,.Wang.CC.et.al..Materials Today,.13,.54–61,.
2010..With.permission.)
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12 Mechanisms	of	Multi-
Shape	and	Temperature	
Memory	Effects

12.1   MULTI-SHAPE MEMORY EFFECT 
AND TEMPERATURE MEMORY EFFECT

After. severe. and. quasi-plastic. distortion,. shape. memory. materials. (SMMs). can.
recover.their.original.shapes.in.the.presence.of.correct.stimuli..This.ability.of.return-
ing.from.temporary.to.original.shape.only.when.a.particular.stimulus.is.applied.(oth-
erwise.the.distorted.material.will.maintain.the.temporary.shape.forever).is.known.as.
the.shape.memory.effect.(SME;.Huang.et.al..2010).

Traditionally,.shape.recovery.means.returning.from.the.temporary.shape.directly.
to. the.original.shape..Under.certain.conditions.and.after.pre-programming,.shape.
recovery.can.be.achieved.in.a.step-by-step.manner.through.one.or.a.few.intermedi-
ate.shapes..This.is.known.as.the.multi-SME.(Xie.2010)..In.essence,.the.multi-SME.
allows.a.piece.of.SMM.to.work.virtually.as.a.machine,.but.unconventionally.because.
the.material.is.the.machine.(Bhattacharya.and.James.2005)..We.can.produce.tiny.
machines.at.micron.and.even.sub-micron.scale.in.a.simple.way.and.thus.significantly.
widen.the.applications.of.SMMs.

In. thermo-responsive. shape. memory. alloys. (SMAs),. the. triple-SME. (only. one.
intermediate.shape).has.been.achieved.by.utilizing.certain.mechanical.mechanisms..
For. instance,. based. on. the. buckling. phenomenon,. a. small. silicone. beam. coated.
with.NiTi.SMA.thin.film.can.bend.upward.and.then.downward.upon.Joule.heating.
(Huang.et.al..2004).

The.multi-SME.can.also.be.realized.in.SMAs.by.introducing.a.gradient.transition.
temperature.by.means.of.local.thermomechanical.treatment.or.through.pre-straining.
(Sun.and.Huang.2009)..After.bending.a.piece.of.NiTi.SMA.strip.at.different.loca-
tions.into.different.curvatures,.a.gradient.transition.temperature.is.introduced.into.the.
strip..The.transition.(required.shape.recovery).temperature.is.higher.if.the.pre-strain.
is.larger.(Huang.and.Wong.1999)..This.is.because.a.higher.driving.force.(tempera-
ture).is.required.to.initialize.the.phase.transformation.in.a.pre-deformed.SMA.even.
without.external.stress.(Huang.1998,.1999)..Consequently,.as.shown.in.Figure 12.1,.
the.SMA.strip. returns. to. its.original. straight. shape.gradually.upon. immersing. in.
gradually.heated.water..The.bottom.part.recovers.first.as.it.is.less.bent,.while.the.top.
part.straightens.later.at.higher.temperatures.

Certainly,.a.permanent.gradient. transition. temperature.can.also.be.attained.by.
local.heating.and/or.severe.mechanical.treatment..However,.in.all.of.these.cases,.the.



326	 Polyurethane	Shape	Memory	Polymers

deformation–transition.temperature.varies.from.one.cross-section.to.another.along.
the.length.direction.of.a.piece.of.SMA,.so.that.the.multi-SME.appears.in.a.segment-by-
segment.manner.

A.more.recent.finding.is. that.under.certain.conditions.and.following.a.specific.
programming.process,.SMA.strips.bend.uniformly.upward.and.then.downward.upon.
heating.(Figure 12.2)..In.this.case,. the.strain.and.transition.temperature.along.the.
length.direction.of.the.strip.is.the.same..The.subsequent.cooling.process.produces.
virtually.no.detectable.deformation.at.all..As.a.result,.a.piece.of.SMA.strip.treated.
this. way. does. not. exhibit. a. two-way. SME. (Huang. and. Toh. 2000),. i.e.,. it. cannot.
switch.between.high-temperature.(austenite).shape.and.low-temperature.(martensite).
shape.alternatively.during.thermal.cycling.

The.mechanisms.behind. the.SME.and.other. shape-memory-related. features. in.
thermo-responsive. SMAs. are. the. reversible. martensitic. transformation. (between.
high-temperature.stiff.austenite.and.low-temperature.soft.martensite).and.marten-
site.re-orientation.(among.martensite.variants)..In.shape.memory.polymers.(SMPs).
and.shape.memory.hybrids.(SMHs),.the.SME.results.from.the.dual-segment/domain.
(soft–hard).system..In.addition,.unlike.the.thermo-responsive.SMAs.that.harden.in.
the.presence.of.heat,.the.materials.in.thermo-responsive.SMPs.and.SMHs.become.
soft.upon.heating..Due. to. the.difference. in. the.mechanism,.different.SMMs.may.
exhibit.unique.features.or.require.another.processing.and.programming.procedure.
to.achieve.seemingly.identical.features.

The.multi-SME.has.been.re-produced.in.SMHs.(Huang.et.al..2010)..Figure 12.3.
presents.an.example.of.tri-shape.recovery—the.triple.SME.of.a.piece.of.SMH.made.
of.silicone.and.two.waxes.with.different.melting.temperatures..The.SMH.sample.was.
originally.straight..During.programming,. it.was.heated. to.70°C.and. then. twisted..
The.twisted.shape.is.held.during.cooling.to.30°C..Subsequently,.the.sample.is.bent.

(a)

(d)

(b)

(e)

(c)

(f)

FIGURE 12.1  Shape. recovery. sequence. of. pre-deformed.piece.of.NiTi. SMA. strip. upon.
immersion.in.gradually.heated.water.
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at.30°C..The. resultant. shape,.which. is.a.combination.of. twist.and.bend,. is.main-
tained.during.cooling.to.5°C.(Figure 12.3a1)..In.the.subsequent.thermally.induced.
shape. recovery,.heating. is. conducted. in. two.steps..First,. the.programmed.sample.
(Figure 12.3a1).is.immersed.in.40°C.water..As.revealed.in.the.figure.(a1.through.a4),.
the.sample.becomes.straight.but.still.twisted..Further.heating.in.65°C.water.untwists.
the.sample.and.it.recovers.its.original.shape.(Figure 12.3b1.through.b4).
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FIGURE  12.2  Up-down. motion. shape. recovery. of. pre-programmed. piece. of. NiTi. SMA.
strip.upon.heating.in.water..(Reprinted.from.Huang.WM,.Ding.Z,.Wang.CC.et.al..Materials 
Today,.13,.54–61,.2010..With.permission.)

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

FIGURE 12.3  Shape.recovery.sequence.of.piece.of.pre-programmed.SMH..(a).Straightening.
upon.immersing.in.40°C.water..(b).Untwisting.upon.immersing.in.65°C.water.
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We.also.managed.to.achieve.the.triple-SME.for.a.silicone-based.SMH.filled.with.
only. one. wax.. It. showed. two. distinct. peaks. in. the. heating. curve,. as. revealed. by.
differential.scanning.calorimetry.(DSC)..As.shown.in.Figure 12.4,.after.program-
ming,.the.straight.SMH.beam.bends.downward,.upward,.and.then.straightens,.upon.
immersing. in. hot.water..The.multi-SME. (mainly. triple. shape). in.SMPs. has. been.
investigated.with.a.number.of.approaches.(Pretsch.2010)..Prof..A..Lendlein.and.his.
collaborators.published.extensively.on. this.subject.(Bellin.et.al..2006,.2007,.Behl.
and.Lendlein.2010,.Kumar.et.al..2010),.and.recently.we.have.seen.significant.break-
throughs.by.Dr..T..Xie.(2010).

Like.SMAs,.by.immersing.different.parts.of.a.piece.of.polyurethane.SMP.wire.in.
water.for.different.periods.of.time,.a.gradient.transition.temperature.can.be.achieved.
because.of.the.significant.influence.of.moisture.on.the.glass.transition.temperature.in.
this.polyurethane.SMP.(Yang.et.al..2006)..Thus,.the.multi-SME.can.appear.even.in.
SMP.composites.(Huang.et.al..2005;.Chapters.3.and.5.of.this.volume).

Some. SMPs. reveal. more. than. one. transition. temperature. upon. heating.. For.
instance,.Liu.et.al..(2005).synthesized.a.PMMA–PEG.semi-interpenetrating.(semi-
IPN).network. that.has. two. transition. temperatures. that.correspond. to. the.melting.
of.PEG.crystals. (first. soft. segment).and.glass. transition.of. semi-IPN.(second.soft.
segment)..This.is.similar.to.the.SMH.(Figure 12.3).that.contains.two.waxes.with.dif-
ferent.melting.temperatures..If.two.types.of.soft.segments.are.sensitive.to.different.
types.of.stimuli,.the.triple-SME.can.be.achieved.by.using.different.stimuli.indepen-
dently..This. is.a.yet-to-explore.direction.and.may.reveal.significant.advantages. in.
many.applications.

Theoretically,. it. is.possible.to.use.only.one.soft-segment.for.the.triple-SME.by.
utilizing. the.glass. transition.and.melting.of. these. two.commonly.observed.transi-
tions.in.thermoplastic.polymers..This.concept.is.similar.to.the.triple-SME.shown.in.

(a) (b) (c)

(d) (e) (f)

FIGURE 12.4  Up-down.motion.type.shape.recovery.of.a.piece.of.SMH.beam.upon.immers-
ing.in.hot.water..(Reprinted.from.Huang.WM,.Ding.Z,.Wang.CC.et.al..Materials Today,.13,.
54–61,.2010..With.permission.)
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Figure 12.4,.in.which.only.one.wax.that.has.two.distinct.peaks.as.observed.with.DSC.
is.used.for.the.SMH..The.alternative.is.a.double-layered.SMP.composite.in.which.
each.layer.has.its.own.transition.temperature.(Xie.et.al..2009).

Unlike.most.metals.and.their.alloys,.the.transition.of.some.polymers.occurs.over.
a.wide.temperature.range.(Miaudet.et.al..2007,.Xie.2010).that.serve.as.a.series.of.
sub-transitions.to.achieve.the.multi-SME.(Xie.2010),.similar.to.the.process.shown.
in.Figure 12.4.for.the.hybrid..This.concept.is.brilliant.because.it.can.be.utilized.in.
all.SMPs.to.achieve.multi-SME.(at.least.triple-SME).and.even.in.many.conventional.
materials.(polymers,.metals,.alloys,.and.their.composites).

In.addition. to. the.well-known.shape.memory.phenomenon—the.primary.char-
acteristic.of.SMAs—another.interesting.phenomenon.observed.(largely.by.thermal.
cycling. in. DSC. [Liu. and. Huang. 2006a,. 2006b]. and. occasionally. in. mechanical.
cycling.[Airoldi.et.al..1998,.Wang.et.al..2005]). is. the. temperature.memory.effect.
(TME).by.which.the.previous.temperature.of.interruption.is.memorized.and.revealed.
in.a.later.heating.process.(Figure 12.5)..The.first.report.of.the.TME.was.probably.in.
NiTi-based.SMAs.(Airoldi.et.al..1993a,.1993b).and.then.reported.for.other.thermo-
responsive.SMAs.(CuZnAl.and.CuAlNi;.Wang.et.al..2006)..The.mechanism.was.
assumed.to.result.from.the.generation.of.new.martensite.within.austenite,.instead.of.
the.growth.of.old.martensite,.during.cooling..Based.on.this.speculation,.a.phenom-
enological.model.is.able.to.reproduce.the.main.features.of.the.TME.in.SMAs.(Sun.
et.al..2010).

The.TME.was.also.observed.in.SMPs,.but.the.appearance.was.different..Miaudet.
et.al..(2007).reported.that.in.the.constrained.recovery.test.of.a.shape.memory.nano-
composite.with.a.broad.glass.transition.temperature.range,.the.maximum.recovery.
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stress.occurred.at. the. temperature.at.which. the.material.was.pre-deformed. to. the.
temporary.shape..This.phenomenon.was.confirmed.by.Xie.(2010).in.another.SMP.
that.also.has.a.wide.transition.temperature.range.

This. chapter. systematically. investigates. the. multi-SME. and. TME. in. SMPs..
Section. 12.2. demonstrates. these. effects. in. polyurethane. SMPs,. and. Section. 12.3.
explains.the.mechanisms.behind.both.effects.in.SMPs..Finally,.a.summary.is.pro-
vided.in.Section.12.4.

12.2   DEMONSTRATION OF MULTI-SME 
AND TME IN POLYURETHANE SMP

Polyurethane.SMPs.from.SMP.Technologies,.Japan,.were.used.in.the.experiments..
The.programming.procedures.and.experimental.results.are.presented.in.detail.

12.2.1  muLti-sme

A.piece.of.polyurethane.SMP.foam.(MF5520).48.mm.long,.29.mm.thick,.and.32.mm.
wide.was.prepared.for.the.experiment..According.to.the.DSC.result.(Figure 8.40),.
its.glass.transition.temperature.range.is.~25.to.55°C..The.steps.for.programming.the.
foam.to.demonstrate.the.triple-SME.are

. 1..Heat.foam.to.62°C.for.30.minutes.inside.a.hot.chamber.

. 2..Compress.foam.along.its.thickness.(vertical).direction;.see.top.left.inset.in.
Figure 12.6..Fix.height.at.this.level.

. 3..Cool.chamber.to.46°C.and.hold.at.this.temperature.for.30.minutes.
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FIGURE 12.6  Shape.recovery.upon.heating.of.two-dimensionally.pre-compressed.foam.
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. 4..Compress.foam.along.its.length.(horizontal).direction.and.fix.length.at.this.
distance.

. 5..Cool.chamber.to.room.temperature.(about.22°C).

The.foam.is.now.ready.for.the.experiment.to.demonstrate.the.triple-SME.upon.heat-
ing.. It. is. difficult. to. ensure. a. uniform. temperature. distribution. within. polymers,.
particularly.in.foams,.upon.heating.unless.the.material.is.very.thin;.otherwise,.the.
heating.speed.must.be.extremely.slow..In.our.experiment,.the.heating.speed.of.the.
hot.chamber.could.not.be.controlled.and.the.heating.was.automatic.after.the.chamber.
temperature.was.set..The.shape.recovery.process.was.recorded.

Figure 12.6.shows.the.curves.of.the.relative.recovery.in.the.vertical.and.horizon-
tal.directions.against.the.relative.time..As.we.can.see,.shape.recovery.first.occurs.
along.the.horizontal.direction,.and.then.along.the.vertical..Despite.the.non-uniform.
temperature.distribution.within. the.foam.based.on. the.difficulty.of.controlling. its.
temperature,.Figure 12.6.clearly.reveals.the.triple-SME.in.the.SMP.foam.

In. the. second. demonstration,. we. used. a. piece. of. solid. polyurethane. SMP.
(MM5520,.the.same.material.used.in.experiments.in.Chapters.4.and.5;.see.Figure 5.4.
showing.DSC.results)..The.sample. is. in.a.dog-bone.shape.(Figure 1.15)..The.pro-
gramming.procedure.is

. 1.. Immerse.sample.in.50°C.water.and.twist.it.

. 2..Cool.water.to.46°C.with.the.twisted.shape.held;.bend.and.hold.the.sample.

. 3..Cool.the.sample.in.22°C.water.

Figure 12.7a1.reveals.the.freestanding.(temporary).shape.of.the.sample.after.pro-
gramming..The.free.recovery.test.upon.heating.was.conducted.in.two.steps..In.the.
first.step,.the.sample.was.immersed.in.46°C.water..Figure 12.7a1.through.a4.shows.
that.the.sample.straightens.but.is.still.twisted..In.the.second.step,.the.twisted.sample.
was.immersed.in.50°C.water..Figure 12.7b1.through.b4.reveals.that.the.sample.further.
untwists—it.fully.recovers.its.original.shape..These.two.experiments.clearly.demon-
strated.the.multi-SME.in.the.polyurethane.SMPs.upon.heating.in.free.recovery.tests,.

a1

b1

a2

b2

a3

b3

a4

b4

FIGURE 12.7  Triple-SME..(a).Immersion.in.46°C.water..(b).Further.immersion.in.50°C.
water.
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although.multi-SMEs.are.limited.to.triple-shape.in.both.cases.due.to.the.relatively.
narrow.transition.temperature.ranges.of.the.materials.

12.2.2  tme

The.TME.was.demonstrated.in.a.piece.of.solid.polyurethane.SMP.(same.piece.used.
to.demonstrate.the.multi-SME.in.Section.12.2.1,.Figure 12.7)..The.procedure.is

. 1..Stretch.sample.by.50%.at.a.strain.rate.of.1.×.10–3/s.inside.the.hot.chamber.
(46°C). of. an. Instron. 5569.. Figure  12.8a. shows. stress-versus-strain. curve.
during.stretching.

. 2..Cool.sample.to.room.temperature.(about.22°C).while.maintaining.the.50%.
strain.

. 3..Heat.sample.from.room.temperature.to.60°C.

This.procedure.actually.is.a.constrained.recovery.test.without.unloading.after.cool-
ing..Figure 12.8.shows.tensile.stress.and.tensile.strain.against.testing.time..We.can.
see. that. the. stress. (1). increases.continuously.as. the. strain. increases.upon. stretch-
ing.but.in.a.nonlinear.fashion;.(2).decreases.upon.cooling.while.the.50%.strain.is.
held;.and.(3).increases.and.decreases.subsequently.so.that.a.virtual.temperature.peak.
appears..We.re-plotted.the.results.in.the.format.of.tensile.stress.against.heating.tem-
perature.as.shown.in.Figure 12.8b..The.maximum.stress.actually.occurred.at.a.tem-
perature.very.close.to.that.when.the.sample.was.50%.pre-stretched..In.other.words,.
the.previous.temperature.during.programming.was.revealed.
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FIGURE 12.8  Experimental.results.for.TME.(without.unloading).
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In. another. test,. the. 50%. pre-stretched. sample. was. unloaded. after. cooling. and.
then.heated.for.recovery,.i.e.,.following.the.exact.procedure.of.the.conventional.con-
strained.recovery.test..The.tensile.stress.was.plotted.against.temperature,.as.shown.in.
Figure 12.9..A.peak.appeared.in.the.stress-versus-temperature.curve.at.45.5°C,.only.
0.5°C.lower.than.the.previous.programming.temperature.of.46°C..We.can.conclude.
that.regardless.of.unloading.conditions.(with.or.without.unloading).after.program-
ming,.a.stress.peak.appears.during.heating.in.the.constrained.recovery.test..The.max-
imum.stress.occurs.near.the.programming.temperature..This.is.the.TME.that.appears.
when.the.previous.programming.temperature.is.remembered.and.revealed.

12.3  MECHANISMS

A.simple.framework.has.been.proposed.for.the.mechanisms.generating.multi-SME.
and.TME.in.SMPs.(Sun.and.Huang.2010)..We.now.present.a.modified.version.of.
this.framework.to.more.precisely.explain.both.effects..In.Sections.12.3.1.and.12.3.2,.
we.will.ignore.hysteresis.to.keep.explanations.simple..The.properties.and.status.of.a.
polymer.can.be.uniquely.determined.by.temperature.without.considering.the.exact.
thermal.history..The.influence.of.hysteresis.is.discussed.in.Section.12.3.3.

12.3.1  muLti-sme

First,. we. consider. a. SMP. foam. that. has. two. transitions:. one. between. T1. and. T2,.
and.the.other.(at.a.lower.temperature.range).between.T2.and.T3.(see.Figure 12.10,.
vertical.axis)..Suppose.that.the.foam.is.always.elastic.and.flexible,.just.like.a.two-
dimensional.elastic.spring,.within.the.temperature.range.discussed.here..Two.types.
of.fillers.are.used..Each.pore.is.filled.with.only.one.type.of.filler.(Figure 12.10a)..At.
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FIGURE 12.9  TME.in.constrained.recovery.test.(with.unloading).
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T3.and.below,.both.types.of.fillers.are.stiff..At.T2.and.above,.one.type.(Filler.I,.white).
is.so.soft.that.its.stiffness.is.ignorable..The.other.type.(Filler.II,.gray).is.still.stiff..At.
T1.and.above,.both.fillers.are.very.soft.

We.now.follow.the.procedure.of.the.triple-SME.test.on.SMP.foam.(Section.12.2.1,.
Figure 12.6).except.that.we.first.compress.the.sample.in.the.horizontal.direction.at.T1.
(Figure 12.10b)..At.T1,.both.fillers.are.soft.while.the.elastic.foam.remains.flexible.and.
may.be.deformed.easily..During.deformation.of.the.foam,.the.elastic.energy.(poten-
tial).is.built.up.in.a.manner.similar.to.compressing.an.elastic.spring..The.sample.is.
cooled.down.to.T2.at.which.Filler.II.becomes.stiff;.Filler.I.remains.soft..If.Filler.II.is.
rigid.at.T2,.the.deformed.shape.is.maintained.even.without.application.of.constraints.
(Figure 12.10c)..This.means.that.the.potential.energy.in.the.foam.is.frozen.because.
the.stiff.Filler.II.prevents.its.return.to.its.original.shape.

We.now.compress.the.sample.in.the.vertical.direction.(Figure 12.10d)..Because.
Filler. II. is. stiff. at. this. temperature,. the.deformation. is.mainly. accommodated.by.
Filler.I,.which.is.still.very.soft..More.elastic.energy.is.built.up.in.the.foam..After.fur-
ther.cooling.to.T3,.both.fillers.are.stiff.so.that.the.temporary.shape,.pre-compressed.
in. both. vertical. and. horizontal. directions,. can. be. held. without. any. constraint.
(Figure 12.10e)..Because.the.foam.is.compressed.in.both.directions.and.frozen.in.
this.temporary.shape,.it.stores.elastic.energy.

After. the. programming. process,. the. sample. is. heated. for. free. shape. recovery..
Upon.heating.to.T2,.Filler.I.becomes.soft.so.that.the.sample.expands.vertically,.back.
to.its.original.thickness.(Figure 12.10f)..The.recovery.is.driven.by.the.elastic.energy.
stored. in. the.elastic. foam.during.programming..Note. that.only. the.elastic. energy.
accumulated.from.stage.d.to.stage.e.(Figure 12.10).in.the.elastic.foam.is.released..
Any.recovery.in.the.horizontal.direction.is.prevented.by.the.still-stiff.Filler.II..Upon.
further.heating.to.T1,.Filler.II.becomes.soft.as.well.so.that.the.elastic.foam.can.freely.
recover.its.original.length.(Figure 12.10g)..Because.the.recovery.upon.heating.is.in.
two.steps,.the.result.is.called.triple-SME..This.discussion.is.applicable.to.most.con-
ventional.SMPs.that.exhibit.two.transitions..The.synthesis.of.such.polymers.requires.
strong.chemistry.and.polymer.knowledge.and.many.rounds.of.trial.and.error.
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Xie.(2010).demonstrated.that.the.multi-SME.can.be.achieved.with.only.one.tran-
sition.if.the.SMP’s.transition.temperature.range.is.wide.enough.

Let. us. consider. a. piece. of. SMP. that. has. only. one. transition. (Figure  12.11a1)..
Assume.its.length.is.one.unit.and.the.cross-sectional.area.is.one.unit.as.well..Thermal.
expansion.in.both.elastic.and.transition.parts.is.ignored..For.simplicity.in.presenta-
tion. and.discussion,.we. further. assume.a. linear. relationship.between. the. fraction.
of.transition.in.the.transition.part.and.the.transition.temperature.range.from.Ts.and.
Tf.(Figure 12.11b1)..Thus,.at.Ts,.which.is.a.lower.temperature,.the.transition.part.is.
100%.stiff.(ξ.=.1)..At.the.higher.Tf,.the.transition.part.is.100%.soft.(ξ.=.0)..For.better.
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illustration,.we.assume.that.the.properties.of.the.elastic.part.embedded.in.the.transi-
tion.part.do.not.change,.at.least.between.Ts.and.Tf.(both.temperatures.are.inclusive).

Because.the.experimental.result.of.the.triple-SME.test.shown.in.Figure 2.in.Xie.
(2010).served.as.a.benchmark.for.comparison,.the.procedure.of.the.experiment.was.
followed.closely,.although.we.made.some.necessary.modifications. to.ensure.clear.
interpretation.and.better.presentation.

First,.the.SMP.is.heated.to.Tf.(Figure 12.11).and.then.stretched.to.δi.by.applying.
an.instant.stress.of.σi..Because.the.length.of.the.SMP.is.one.unit,.the.corresponding.
engineering.strain.is.δi..Following.the.presentation.format.of.Figure 2.in.Xie.(2010),.
the. temperature,. strain,. and. stress. against. the. experimental. steps.were. plotted. as.
shown.at.the.bottom.of.Figure 12.11..Note.that.the.horizontal.axis.is.equivalent.to.
the.testing.time.in.Figure 2.of.Xie.(2010)..Because.of.the.nature.of.the.viscosity.of.
polymers,.δi.should.not.reach.its.maximum.instantly.in.the.experiment;.it.should.be.
reached.gradually.as.reported.in.Xie.(2010)..The.elongation.of.the.sample.causes.a.
tensile.stress.in.the.elastic.part.that.may.be.denoted.as.σi,.because.the.contribution.
from.the.transition.part.that.is.very.soft.at.this.point.is.negligible.

In.the.next.step,.the.sample.is.cooled.to.Ti..The.bottom.portion.of.the.transition.
part.hardens.(Figure 12.11),.freezing.the.mobility.of.the.elastic.part.in.this.portion..
The.elastic.energy.in.the.elastic.part.is.stored.and.the.internal.stress,.which.is.tensile,.
in.the.elastic.part.is.σi..Instead.of.applying.a.constant.tensile.stress.as.in.Xie.(2010),.
a. more. conventional. approach. is. fixing. the. length. of. the. sample. during. cooling..
Consequently,.the.measured.tensile.stress.σi.′.varies.(Yang.et.al..2006)..The.tensile.
stress.in.the.unfrozen.portion.of.the.elastic.part.is.also.σi.′,.while.in.the.frozen.portion.
the.stress.is.still.σi..After.unloading,.the.top.unfrozen.portion.becomes.stress-free.(in.
both.elastic.and.transition.parts).and.fully.recovers.its.shape..However,.in.the.bottom.
frozen.portion,.apart.from.some.tiny.elastic.recovery.(because.this.portion.is.frozen.
and.hard),.the.length.is.virtually.unchanged..Consequently,.the.internal.stress.in.the.
elastic.part. is. still.σi..Again,.due. to. the.viscosity.of.polymers,. the. sample.should.
gradually.shrink.to.δi.′.in.the.real.experiment.

In. the. second. programming. cycle. (loading–cooling–unloading;. 5. to. 7. in.
Figure 12.11),.the.middle.portion.of.the.sample.(Ti.to.Tj).is.frozen..The.internal.stress.
in.the.elastic.part.within.this.portion.is.σj,.the.same.as.the.stress.applied.to.stretch.
the.sample.to.an.overall.displacement.of.δj..In.the.last.step,.the.sample.is.cooled.to.Ts.
and.the.whole.sample.is.frozen..After.unloading.at.the.end.of.the.second.program-
ming.cycle,.the.top.portion.is.stress-free.for.both.elastic.and.transition.parts.and.the.
internal.stress.in.the.top.portion.of.the.elastic.part.remains.0.at.Ts..This.finishes.the.
programming.process.

Comparing.the.evolution.of.temperature,.stress,.and.strain.during.programming.
(bottom,.Figure 12.11).with. the.measured.data. in.Figure 2.of.Xie. (2010),.we.can.
conclude.that.both.results.virtually.share.the.same.pattern.

We.now.start.heating.the.freestanding.sample.programmed.for.free.shape.recov-
ery.(thus,.stress.is.always.0)..Note.that.8′.in.Figure 12.12.is.essentially.identical.to.8.
in.Figure 12.11..Upon.heating.from.Ts.to.Tj,.the.top.portion.softens,.but.experiences.
no.deformation. (9. in.Figure 12.12),. because. the. top.portion. is. stress-free. in.both.
elastic.and.transition.parts..During.further.heating.to.Ti,.the.middle.portion.softens,.
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releasing.the.stored.elastic.energy.in.the.elastic.part.within.this.portion..The.elas-
tic.part.returns.to.its.original.length,.as.does.the.sample.within.this.portion.(10.in.
Figure 12.12)..Overall,.the.displacement.of.the.sample.becomes.δi.′..Again,.because.of.
viscosity,.upon.heating,.the.polymer.responds.in.a.slow.mode.and.gradually.becomes.
shorter..From.Ti.to.Tf,.the.bottom.portion.becomes.stress-free.and.the.sample.recov-
ers.slowly.and.eventually.returns.to.its.original.length..In.comparison.with.the.result.
of.Figure 2.in.Xie.(2010),.we.see.the.same.pattern.of.the.triple-SME.upon.heating.
(Figure 12.12,.bottom,.strain-versus-experimental.step.curve).

12.3.2  tme

To. further. examine. the. TME,. we. start. with. a. piece. of. the. freestanding. pre-.
programmed.sample.(8′.in.Figure 12.13).that.is.identical.to.8.in.Figure 12.11..In.a.
constrained.recovery.test,.the.length.of.the.sample.is.fixed.and.the.strain.is.kept.con-
stant.throughout..Heating.to.Tj.does.not.generate.any.stress.in.a.sample.because.the.
unfrozen.(top).portion.is.stress-free.(9.in.Figure 12.13)..Upon.further.heating.to.Ti,.
the.middle.portion.is.unfrozen,.causing.the.elastic.energy.in.the.elastic.part.within.
this.portion.to.be.re-distributed.within.the.whole.soft.portion.(10.in.Figure 12.13)..
Stress.results.and.increases.continuously.until.this.whole.soft.portion.is.unfrozen..
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If the.elastic.part.is.linearly.elastic,.as.a.first-order.estimation,.the.maximum.stress,.
σp,.can.be.expressed.as

 σp.=.σj.×.(Ti.–.Tj)/(Ti.–.Ts).. (12.1)

Further.heating.to.Tf.causes.the.re-distribution.of.the.elastic.energy,.this.time.within.
the.whole.length.of.the.elastic.part.(11.in.Figure 12.13)..At.Tf,.the.stress,.σe,.can.be.
estimated.by

 σe.=.σj.×.(Ti.–.Tj)/(Tf.–.Ts).+.σi.×.(Tf.–.Ti)/(Tf.–.Ts). (12.2)

The.condition.to.observe.peak.stress.at.Ti.(σp.>.σe).for.the.TME.is

 σj.×.(Ti.–.Tj).>.σi.×.(Ti.–.Ts). (12.3)

For.SMPs.programmed.only.once.at.a.temperature.within.the.transition.tempera-
ture.range.for.the.dual-SME.(Figure 12.9.in.Section.12.2.2;.Miaudet.et.al..2007,.
Xie. 2010),. it. is. always. valid. that. maximum. stress. occurs. at. the. temperature. at.
which.the.SMP.is.programmed..This.is.illustrated.in.detail.in.Figure 12.14..As.we.
can.see,.maximum.stress,.σi,.occurs.at.the.Ti,.programming.temperature..Again,.
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provided. that. the.elastic.part. is. linearly.elastic,. the.final. stress. at.Tf,.σi,. can.be.
roughly.estimated:

 σi’.=.σi.×.(Ti.–.Ts)/(Tf.–.Ts). (12.4)

12.3.3  infLuence of hysteresis

In. the. above. discussions. of. the. SME. and. TME,. we. assume. a. unique. one-to-one.
relationship.between. the. temperature.and.properties.of.SMPs. for. simplicity..This.
assumption.implies.that.hysteresis.in.the.polymers,.if.any,.should.be.small..In.prac-
tice,. some. polymers. may. show. significant. hysteresis.. In. theory,. hysteresis. is. an.
essential.part.of.the.energy.barrier.that.must.be.overcome.for.any.transition.or.trans-
formation. to.happen..Energy.dissipation.occurring.during.any. transition.or. trans-
formation.always.plays.a.role.in.hysteresis..In.some.cases,.hysteresis.may.be.very.
small;.in.other.cases,.it.is.substantial.and.must.be.considered..For.instance,.in.the.
phase.transformation.between.water.and.ice.under.fixed.conditions,.both.the.forward.
and.backward.transformations.happen.at.almost.the.same.temperature..On.the.other.
hand,.hysteresis.in.SMAs.normally.cannot.be.ignored.(Ortin.and.Planes.1988,.1989,.
1991)..By.averaging.the.energy.difference.between.the.forward.and.reverse.marten-
sitic. transformations. (obtained,. for. example.via.DSC),.we.can.estimate. the.mean.
energy.dissipation.during.transition.(Huang.and.Xu.2005,.An.and.Huang.2006,.Pan.
and.Huang.2006).

If.the.hysteresis.is.significant,.we.can.see.that.the.forward.and.backward.transi-
tions.occur.within.different.temperature.ranges.as.illustrated.in.Figure 12.15..Ta.and.
Tb.indicate.transitions.in.the.cooling.process,.and.Tc.and.Td.indicate.transitions.in.the.
heating.process..We.follow.the.cooling.path.(dotted.line.in.Figure 12.15).and.pro-
gram.a.material.at.each.labeled.temperature.(T1,.T2,.T3,.and.T4).individually..Upon.
heating,.the.first.shape.recovery.finishes.at.T4′.(instead.of.at.T4),.because.the.reverse.
transition.follows.a.solid.curve,.as.to.the.other.shape.recovery.steps.

Ts

Ti

Tf
(a)

δ

σ = σi

σ i
0

Ts

Ti

Tf
(b)

σ = 0

σ i
0

Ts

Ti

Tf
(c)

σ = σi

σ i
0

Ts

Ti

Tf
(d)

σ = σí
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If.the.hysteresis.is.insignificant,.for.example,.in.the.SMP.foam.shown.in.Figure 12.6.
(refer.to.Figure 8.40.for.cyclic.DSC.result),.to.achieve.a.multi-SME.(with.at.least.one.
intermediate.shape),.the.SMP.must.be.programmed.in.a.step-by-step.manner.during.
cooling..On.the.other.hand,.if.hysteresis.is.significant.and.sub-transition.(transition.
in.incomplete.thermal.cycling).follows.the.same.mechanism.as.the.TME.in.some.
SMAs,.it.may.be.possible.by.carefully.arranging.the.thermomechanical.procedure.to.
program.in.a.mixed.cooling.and.heating.procedure,.although.is.not.ideal.and.is.less.
effective.in.practice..The.influence.of.the.hysteresis.on.the.TME.is.the.shift.in.the.
temperature.at.which.maximum.stress.occurs..In.theory,.we.still.can.find.the.previ-
ous.programming. temperature. if. the.hysteresis.can.be.estimated.(for. instance,.by.
DSC)..In.the.cases.of.dual-SMEs,.we.may.program.a.sample.at.a.temperature.within.
the.heating.transition.range.to.minimize.the.influence.of.hysteresis.

12.4  SUMMARY

The.multi-SME.and.TME.in.polyurethane.SMPs.are.demonstrated..The.mechanisms.
behind.both.effects.are.investigated.as.well..A.framework.is.applied.to.reproduce.
both.effects..The.resulting.patterns.are.similar.to.those.observed.in.the.experiments..
Finally,.the.influence.of.hysteresis.on.both.effects.is.discussed..The.framework.pro-
posed.here.can.be.used.as.a.starting.point.for.developing.a.full.model.to.simulate.the.
thermomechanical.behaviors.of.SMPs.
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13 Future	of	Polyurethane	
Shape	Memory	Polymers

Although.this.book.focuses.on.one.commercially.available.polyurethane.shape.mem-
ory.polymer.(SMP),.the.main.features,.mechanisms,.and.applications.discussed.here.
apply.largely.to.other.SMPs.as.well..The.great.potential.represented.by.the.many.
unique.features.of.SMPs.make.possible.many.applications,.from.outer.space.to.deep.
within.the.human.body..Based.on.a.unique.property.called.the.shape.memory.effect.
(SME),.SMPs.are.now.re-shaping.our.approaches.to.design.in.many.ways.because.
the. many. limitations. of. conventional. materials. and. traditional. approaches. do. not.
apply.to.SMPs..Because.the.focus.of.this.book.is.on.a.specific.SMP,.in-depth.techni-
cal.details,.potential,.and.details.of.various.novel.applications.at.different.scales.are.
presented.and.can.serve.as.a.solid.platform.for.interested.readers.to.start.a.fantastic.
journey.to.explore.this.frontier.

As.demonstrated.in.this.book,.SMPs.have.the.advantages.of.convenience.and.low.
material.and.fabrication.costs.(even.for.complex.products.with. tailorable.material.
properties).using.many.conventional.polymer.processing.techniques.such.as.injec-
tion.molding,.extrusion,.film.casting,.spin.and.dip.coating,.fiber.spinning,.thermo-
forming,.and.foaming..Tailoring. the.material.properties.can.be.realized.easily.by.
blending.or.varying.a.composition.to.meet. the.requirements.of.a.particular.appli-
cation.. The. unique. thermo-. and. moisture-responsive. capabilities. of. polyurethane.
SMPs.add.new.dimensions.to.their.applications.

Besides. continuously. improving. the. performance. of. the. existing. materials,. the.
development.of.new.materials.should.suit.the.needs.of.real.applications.to.achieve.sus-
tainability.in.the.long.run..In.this.regard,.some.major.points.for.the.future.development.
of.polyurethane.SMPs.(most.of.which.also.apply.to.other.SMPs).are.summarized.

13.1  CHARACTERIZATION AND MODELING OF SMPs

Materials.scientists.are.advancing.quickly.along.the.frontiers.of.SMP.research.by.
continuing.to.invent.new.materials.weekly,.if.not.daily..Materials.and.mechanical.
engineers. lag. somewhat. behind. in. thoroughly. understanding. novel. materials.. To.
pave.a.smooth.way.for.real.engineering.applications,.it.is.increasingly.important.for.
design.engineers.to.fully.understand.the.characteristics.of.individual.SMPs.so.they.
can.confidently.incorporate.these.materials.in.their.designs.

Based.on.scientific.publications,.the.polyurethane.SMP.discussed.in.detail.in.this.
book.(from.SMP.Technologies,.Japan).may.be.the.only.SMP.extensively.investigated.
to. determine. its. thermomechanical. and. shape. memory. properties.. Prof.. Hisaaki.
Tobushi.and.his.co-workers.made.significant.contributions.in.this.area.over.many.
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years..However,.further.study.is.still.needed,.in.particular.of.other.application-related.
properties.are.still.lacking.substantially.from.an.engineering.application.view.

To.further.enable.design.engineers.to.achieve.optimal.designs,.we.must.develop.
robust.material.models.for.numerical.simulations..To.date,.only.limited.numbers.of.
such.simulations.have.been.reported.in.the.literature.[e.g.,.thermomechanical.simu-
lation.of.braided.SMP.stents;.Kim.et.al..(2010)].and.the.current.material.models.are.
not.without.problems.

The.previous.constitutive.models.for.SMPs.were.of.two.types.(Gunes.2009):.phe-
nomenological.and.micro.structural..Although.phenomenological.models.(Tobushi.
et.al..1997,.2001).can.usually.predict.experimental.data.with.reasonable.accuracy,.
they.are.applicable.only.to.certain.simple.situations.(e.g.,.uniaxial.stress–strain.state).
and.do.not.provide.in-depth.insights.of.fundamental.physical.and.chemical.mecha-
nisms..Furthermore,.based.on.the.highly.complex.nature.of.polymers,.micro.struc-
tural.models.(Bhattacharyya.and.Tobushi.2000,.Qi.and.Dunn.2010).derived.from.
the.underlying.mechanisms.at. the.micro.structural. level.continue. to.present.great.
difficulties.in.quantitative.predictions.for.real.engineering.applications..Other.mod-
eling.issues,.for.example,.moisture.penetration.in.moisture-responsive.SMPs,.degra-
dation.in.degradable.SMPs,.and.stability.of.performance.for.long-term.applications.
(discussed.in.detail.in.the.next.section),.must.be.investigated.before.they.are.used.in.
real.applications..The.SMP.community.must.do.a.lot.more.work.before.this.fantastic.
material. can.progress. from.being.a.new.material. to.a.conventional.one—such.as.
stainless.steel—readily.available.off.the.shelf.for.anyone.to.use.

13.2  STABILITY OF SME

From.an.application.view,.it.is.crucial.to.ensure.that.a.product.or.material.functions.
properly.over.its.entire.life.cycle..Taking.active.disassembly.using.SMPs.as.an.exam-
ple.(Figure 13.1).we.have.to.make.sure.that.SMP.elements.work.properly.(hold.parts.
firmly.together).in.normal.working.environments..At.the.end.of.the.life.of.the.elec-
trical.device,.the.SMP.elements.can.automatically.detach.from.the.top.cover.upon.
heating..One.may.expect.electrical.devices.to.function.properly.for.some.years;.this.
requires.careful.examination.of.the.long-term.stability.of.the.shape.memory.effect.
(SME)..Some.investigations.have.been.reported.(Tey.et.al..2001,.Pretsch.2010),.but.
they.were.not.conducted.systematically.and.the.testing.periods.were.insufficient.

From. a. design. view,. different. assembly. configurations. of. SMPs. and. conven-
tional.materials.(e.g.,.PMMA,.Figure 13.2).result.in.different.strength.and.stiffness.
levels.under.mechanical. loading..Figure 13.2. reveals. the.nominal. tensile. strength.
versus.nominal.tensile.strain.curves.of.five.SMP–PMMA.assembly.configurations..
Different.configurations.produce.variations.of.exact.loading.conditions.for.the.SMP.
and.PMMA.at.the.joining.area..For.this.reason,.long-term.stability.studies.should.
be.conducted.based.on.the.specific.loading.needs..In.addition,.environmental.con-
ditions. are. also. very. important.. For. example,. for. space. applications,. radiation. is.
an.additional.concern. (Ishizawa.et.al..2003)..Physical.aging. is.a.critical. issue. for.
implantable.devices.(Lorenzo.et.al..2009).

The. programming. procedure. is. an. additional. parameter. for. determining. SMP.
performance.(Tobushi.et.al..2004,.2008)..As.revealed.in.Figure 13.3,.the.shape.fixity.
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and.recovery.of.SMPs.vary.based.on.programming.conditions..In.this.experiment,.a.
0.1.mm.diameter.steel.ball.was.used.to.make.indents.at.15°C.above.the.glass.transi-
tion.temperature,.Tg,.with.different.holding.times.(1.minute.to.1.hour)..The.inset.in.
Figure 13.3.shows.a.typical.result.after.indentation.and.cooling.back.to.room.tem-
perature.(about.22°C)..The.measured.maximum.indentation.depth.is.almost.a.linear.
function.of.holding.time..A.prolonged.indentation.holding.time.produces.a.deeper.
indent..Subsequently,.the.sample.was.heated.to.Tg.+.15°C.for.15.minutes..Clearly,.the.
shorter.the.holding.time,.the.more.shape.recovery.occurs.in.terms.of.the.maximum.
depth.of.the.indent..Further.investigation.of.this.topic.is.required.to.find.a.way.to.
achieve.the.best.performance.

13.3  CYCLIC ACTUATION

Cyclic.actuation.is.required.by.many.mechanisms.for.repeated.and.continuous.motion..
As.we.know,.three.types.of.working.principles.apply.to.shape.memory.alloy.(SMA)-
based.actuators.(Huang.2002)..In.the.first.type.(Figure 13.4a),.the.SMA.element.is.
pre-stretched. (block.P.moves. right).and. then.heated. for. shape. recovery. (P.moves.
left)..If.a.conventional.spring.is.connected.to.the.pre-stretched.SMA.(Figure 13.4b),.
upon.heating,.P.moves.left;.during.cooling,.it.moves.right..If.the.conventional.elastic.
spring.is.replaced.by.another.piece.of.SMA.element.(Figure 13.4c),.P.moves.to.the.
side.on.which.the.SMA.is.heated.

In.these.cases,.the.SMA.remembers.only.the.high-temperature.shape..This.is.a.
one-way.SME.that.is.intrinsic.to.all.SMAs..Cyclic.actuation.is.achievable.in.actuators.

(a) Assembled
(b) Cover

(c) Exposure view
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P
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P

FIGURE 13.1  SMP.for.active.disassembly.
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using.the.one-way.SME.in.SMAs.by.three.approaches:.(1).against.a.force,.(2).against.
an.elastic.spring,.or.(3).against.another.piece.of.SMA.

As.an. alternative. for. cyclic. actuations,.SMAs.can.be. trained. to.have. two-way.
SME:.they.can.remember.both.the.high-.and.low-temperature.shapes.(Huang.and.
Toh.2000)..As.shown.in.Figure 13.5,.a.piece.of.C-shaped.SMA.wire.closes.upon.
heating.and.opens.upon.cooling..This.process.is.highly.repeatable..We.may.call.this.
activity. material. two-way. SME;. Figure  13.4. shows. a. mechanical. two-way. SME..
Fundamentally,. both. SMEs. follow. the. same. working. mechanism. but. at. different.
scales.. In. general,. mechanical. two-way. SME. is. more. powerful. and. reliable. and.
is.widely.used.in.actuators..Material.two-way.SME.has.much.smaller.recoverable.
strain.and.is.easy.to.degrade.against.a.substantial.force;.it.is.more.applicable.to.inte-
grated.compact.sensors.
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FIGURE 13.3  Shape.fixity.and.recovery.of.SMP.via.indentation.and.heating.recovery.test.
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FIGURE 13.4  Working.principles.of.SMA-actuated.devices.. (Reprinted. from.Huang.W..
Materials and Design,.23,.11–19,.2002..With.permission.)
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In. polymeric. materials,. cyclic. actuation. has. been. realized. via. special. mecha-
nisms.based.on.a.physical.phenomenon..As.demonstrated.in.Figure 13.6,.a.piece.of.
SMP.material.pushes.a.thin.elastic.beam.downward.upon.heating.and.moves.back.
(up).during.cooling..This.is.based.on.a.careful.design.of.the.polymeric.material.(a.
composite).and.utilizing.significant.thermal.expansion.in.one.of.the.filler.materials.

According.to.Figure 13.6,.we.can.sketch.the.evolution.of.stiffness.during.thermal.
cycling.of.a.material.that.is.suitable.for.cyclic.actuation.as.shown.in.Figure 13.7..
Apparently,.because.SMAs.are.stiff.at.high.temperatures.(austenite.phase).and.soft.
at.low.temperatures.(martensite.phase),.they.are.suitable.for.cyclic.actuation..The.
above-mentioned.polymeric.material.should.share.the.same.characteristic.during.
thermal.cycling,.although.the.underlying.mechanism.is.totally.different..Stiffness.
(vertical.axis.of.Figure 13.7).is.a.term.normally.used.by.structural.and.mechanical.
engineers..If.we.present.Figure 13.7.in.a.format.that.is.more.familiar.to.materials.

Hea
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Cooling

Heating

Heating

Cooling
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SMH

20°C 80°C

FIGURE  13.6  Cyclic. actuation. of. a. piece. of. shape. memory. polymeric. material. against.
an.elastic.beam.in.thermal.cycling..(Reprinted.from.Huang.WM,.Ding.Z,.Wang.CC.et.al..
Materials Today,.13,.54–61,.2010..With.permission.)

(a) (b) (c) (d) (e)

FIGURE 13.5  Two-way.SME.in.SMA.upon.thermal.cycling..(a–c).Heating..(c–e).Cooling.
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researchers.in.general.and.polymer.researchers.in.particular,.the.vertical.axis.may.
be.elastic.modulus.or.storage.modulus..From.a.mechanical.view,.if.the.dynamic.
mechanical.analysis. (DMA).of.a.material.shows. the.same.pattern.as. that.of. the.
SMA.in.Figure 13.7,.the.material.may.have.the.potential.for.cyclic.actuation.

Unfortunately,.most.polymers.are.soft.at.high.temperatures.and.hard.at.low.tem-
peratures.due.to.glass.transition.or.melting,.i.e.,.the.storage.modulus.decreases.monoto-
nously.with.the.increase.in.temperature..Hence,.SMPs.are.generally.not.suitable.for.
cyclic.actuation.except.for.a.few.that.show.V-shaped.curves.in.DMA.results.upon.heat-
ing.(thin.solid.line.in.Figure 13.7).so.that.the.storage.modulus.increases.upon.heating.
within.a.certain.temperature.range..The.V.curve.has.been.reported.in.Du.and.Zhang.
(2010),.Qin.and.Mather.(2009),.and.Chung.et.al..(2008),.but.not.all.materials.are.work-
able.for.cyclic.actuation..According.to.the.mechanical.mechanism.of.cyclic.actuation,.
the.stiffness.of.a.material.must.increase.upon.heating,.even.within.only.a.small.tem-
perature.range;.a.V.shape.in.a.DMA.curve.that.basically.measures.storage.modulus.by.
cyclic.loading.with.a.tiny.force.is.not.fully.equivalent.to.this.requirement.

Polymers.are.more.complex.than.alloys.and.metals.in.many.ways..As.reported.in.
Hornbogen.(1978),.reversible.phase.transformation.in.PTFE.~19°C.results.in.a.small.
shape.change.due.to.a.volume.variation.during.the.phase.transformation..According.
to.the.mechanical.mechanism.of.cyclic.actuation,.this.polymer.can.be.utilized.for.
cyclic.actuation.through.a.proper.mechanism.design.based.on.the.volume.variation.
during.phase.transformation.

In.fact,.mechanism.design.is.a.generic.approach.for.almost.all.SMPs.to.achieve.
cyclic. actuation.. The. laminate–bilayer. (Tamagawa. 2010,. Chen. et. al.. 2008). and.
SMA–SMP. composite. are. popular. designs. (Tobushi. et. al.. 2009).. The. major. dis-
advantage.of.the.laminate.approach.is.that.the.reversible.strain.is.very.limited.and.
deformation.is.small.unless.a.very.thin.structure.is.used,.greatly.limiting.the.actua-
tion.force..The.SMA–SMP.presents.some.difficulties.in.fabrication.because.SMAs.
must.be.placed.or.embedded.precisely.and.firmly.

High. actuation. speed. is. another. important. aspect. of. many. cyclic. actuation.
applications..For.thermo-responsive.SMPs,.the.most.effective.approach.to.increase.
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FIGURE 13.7  Changes.of.stiffness.in.thermo-responsive.SMA.or.SMP.upon.heating.
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actuation.speed.is.to.narrow.the.transition.temperature.range..A.range.less.than.5°C.
has.been. achieved. in. an. SMP. through. the. concept. of. composite. design.. In. addi-
tion,. high. thermal. conductivity. is. useful. for. quick.heating. and. cooling..Blending.
with.highly.thermal.conductive.fillers.is.another.way.to.achieve.the.high.speed..We.
expect.composites.to.play.an.important.role.here..Finally,.another.concern.in.cyclic.
actuation.applications. is.SMP.degradation..This. issue.needs. further. investigation..
SMPs.exhibiting.cyclic.actuation.are.highly.desired.in.engineering.applications.from.
macro.to.micro.scale,.but.this.aspect.is.relatively.less.explored.and.deserves.more.
attention.from.the.SMP.community.(Rousseau.2008).

13.4  ALTERNATIVE ACTUATION TECHNIQUES

In.an.editorial.for.eXPRESS Polymer Letters.in.2008,.as.a.personal.view,.Prof..Byung.
K..Kim.listed.a.few.stimuli.for.actuating.SMPs.(Kim.2008)..Pressure-response.is.one.
stimulus.. We. propose. two. approaches. to. achieve. this. and. preliminary. results. have.
been. obtained.. As. with. electro-. and. magneto-responsive. SMPs,. our. first. approach.
blended.intrinsically.thermo-responsive.SMPs.with.self-heating.fillers..As.illustrated.in.
Figure 13.8,.pressing.one.end.of.a.sample.generates.self.heat.in.the.filler.so.that.the.SMP.
recovers.its.original.shape..The.other.approach.does.not.rely.on.the.thermo-responsive.
feature.for.shape.recovery.and.no.additional.fillers.are.required..The.approach.is.truly.
and.naturally.pressure-responsive..As.illustrated.in.Figure 13.9,.by.further.compressing.
a.pre-compressed.sample,.the.material.is.able.to.recover.its.original.shape..Preliminary.
results.reveal.an.86%.recovery.ratio.in.a.26%.pre-compressed.sample.

As.illustrated.in.Figure 13.10,.we.demonstrated.the.possibility.of.triggering.shape.
recovery.in.SMPs.by.heating.or.cooling..Cooling.for.shape.recovery.is.a.new.approach.
and.opposite. to. the.conventional.heating.approach.in.thermo-responsive.SMPs..A.
material.that.can.be.triggered.for.shape.recovery.by.either.heating.or.cooling.should.
present.an.additional.degree.of.freedom.in.engineering.applications..Sound.was.the.

(a) (b) (c)

(d) (e) (f )

FIGURE 13.8  Shape.recovery.in.thermo-responsive.SMP.via.pressure-induced.self-heating..
(a).Original.shape..(b).Deformed.shape.at.high.temperatures..(c).After.cooling.back.to.room.
temperature..(d).Pressing.one.end.of.the.sample..(e).Self-heating.triggers.shape.recovery..(f).
Recovered.shape.
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only.stimulus.mentioned.by.Prof..Kim.in.2008.(Kim.2008),.but.exploration.has.yet.
to.be.realized;.this.is.another.challenge.for.the.SMP.community.

13.5  MULTIPLE FUNCTIONS

Multi-function.is.a.trend.in.current.materials.research..In.SMPs,.single.or.multiple.
(re-)actions. can. be. triggered. in. response. to. one. or. more. stimuli. following. a. pre-
scribed.procedure..In.fact,.the.working.principle.of.SMPs.ensures.that.they.have.the.
integrated.functions.of.sensing.and.actuation.even.down.to.sub-micron.scale..They.
can.be.utilized.as.intelligent.machines.even.down.to.nanometer.size.

The. concept. that. “the. material. is. the. machine”. was. discussed. by. Profs.. K..
Bhattacharya.and.R.D..James.(2005)..They.identified.SMAs.as.potential.candidates.
for.the.mission,.but.because.of.better.flexibility.and.versatility,.SMPs.appear.more.
promising.for.realizing.this.concept..As.an.example,.a.range.of.biomedical.appli-
cations. can. be. developed. from. a. technology. platform. based. on. SMPs. (Lendlein.
et.al..2010,.Wischke.and.Lendlein.2010)..Controlled.drug.release.and.targeted.drug.
release.(injection.of.drug.only.into.certain.cells).can.be.achieved.by.SMPs.at.sub-
micron.scale..Recent.work.by.Dr..T..Xie.(2010).on.the.multi-SME.of.SMPs.yielded.
a. more. powerful. technique. allowing. SMPs. of. arbitrary. sizes. to. operate. as. intel-
ligent.machines.with.sensing.and.actuation.functions..As.revealed.in.Figure 13.11,.
we.demonstrated.the.retraction.function.of.a.polyurethane.SMP.stent.based.on.the.
multi-SME..This.concept.is.applicable.to.any.SMP.stent,.even.degradable.types..In.
case.of.an.emergency,.a.degradable.stent.can.be.removed.instantly.if.required..In.
addition.to.working.as.intelligent.machines,.other.functions.can.also.be.developed.in.
polyurethane.SMPs..A.few.typical.examples.are.discussed.in.this.section.

(a) (b) (c) (d) (e)

FIGURE 13.9  Pressure-responsive.for.shape.recovery.by.means.of.compression..(a).Original.
shape..(b).Compressed.at.high.temperatures..(c).After.cooling.back.to.room.temperature..
(d).Applying.impact.load..(e).Recovered.shape.

Bending at high
temperatures Cooling

Heating

Cooling

FIGURE 13.10  Shape.recovery.of.SMP.triggered.by.heating.or.cooling.
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The. original. polyurethane. SMP. is. not. an. ideal. biodegradable. material,. but. it.
is.highly.biocompatible. (Cabanlit.et.al..2007)..A.few.biodegradable.polyurethane.
SMPs.have.been.synthesized.recently.(Pereira.and.Orefice.2007,.Eglin.et.al..2010)..
They.are.useful.for.cellular.surgery.in.which.a.tiny.machine.made.of.a.biodegradable.
SMP.is.deformed.into.a.small.size.and.injected.into.a.living.cell..It.then.recovers.its.
original.shape.to.properly.accomplish.the.desired.mission.before.it.is.fully.dissolved.
(Huang.et.al..2010,.Sun.and.Huang.2010)..Soil.fungal.communities.involved.in.the.
biodegradation.of.polyester.polyurethanes.have.been. investigated. (Cosgrove.et.al..
2007)..This.technique.is.highly.useful.for.recycling..As.demonstrated.by.Zhang.
et.al..(2010),.azobenzene-containing.polyurethane.SMPs.exhibit.photoisomerization.
functions.that.may.be.utilized.for.drug.release.and.optical.data.storage.

In.the.Terminator series.of.science.fiction.movies,.future.robots.quickly.heal.any.
injury.and. regain. their. strength.again.and.again..The.material. to.accomplish. this.
feat.does.not.yet.exist,.but.self-healing.materials.on.a.limited.scale.have.attracted.
great. attention. due. to. scores. of. potential. applications. (Toohey. et. al.. 2007,.Hayes.
et. al.. 2007,. Amendola. and. Meneghetti. 2009).. For. self-healing. purposes,. the. two.
technical. requirements.are.(1).shape.recovery.and.(2).strength.recovery.. In.recent.
years,.studies.of.self-healing.SMPs.focused.on.utilizing.the.SME.for.shape.recovery;.
strength.recovery.is.not.so.well.explored.(Margraf.et.al..2008)..Huang.et.al..(2010).
demonstrated. repeated. instant. healing. in. a. rubber-like. shape. memory. polymeric.

(a) Original shape at 20°C (b) After expansion at 90°C

(e) After heating to 90°C (d) After heating to 60°C

(c) Further deformed at
60°C and cooled to 20°C

FIGURE 13.11  Retractable.polyurethane.SMP.stent.(glass.transition.temperature.range.~40.
to.70°C).based.on.multi-SME.
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(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

(d1) (d2) (d3)

(e1) (e2) (e3)

FIGURE 13.12  Instant.self-healing.of.rubber-like.shape.memory.polymeric.material.(with.
SMA.spring.embedded.inside)..(a).Sample.is.rubber-like.in.response.to.bending.at.room.tem-
perature..(b).Sample.breaks.into.two.parts.only.when.applied.pulling.force.exceeds.limit;.the.
two.separated.parts.remain.linked.by.SMA.spring..(c).Upon.Joule.heating.of.SMA.spring,.the.
two.parts.are.joined..(d).During.cooling.back.to.room.temperature,.the.sample.shrinks.slightly..
(e).Sample.becomes.virtually.one.piece.and.is.again.rubber-like.in.response.to.bending.
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material. (Figure  13.12).. Materials. design. instead. of. materials. synthesis. has. been.
cited.as.an.alternative.for.self-healing.compounds.(Kessler.2007)..We.believe.that.
through. proper. mechanisms. and. materials. designs,. polyurethane. SMPs. and. their.
composites.with.fantastic.self-healing.abilities.might.become.the.materials.for.future.
Terminators.

ACKNOWLEDGMENTS

We.thank.J..Wei,.H..Purnawali,.N.W..Khun,.and.Dr..C.C..Wang.for.conducting.some.
of.the.experiments.reported.in.this.chapter..We.also.thank.Dr..Wang.for.help.in.com-
piling.and.editing.this.chapter.

REFERENCES

Amendola.V.and.Meneghetti.M.(2009)..Self-healing.at.the.nanoscale..Nanoscale,.1,.74–88.
Bhattacharyya.A. and.Tobushi. H. (2000)..Analysis. of. the. isothermal. mechanical. responsive.

of.a.shape.memory.polymer.rheological.model..Polymer Engineering and Science,.40,.
2498–2510.

Bhattacharya.K.and.James.RD.(2005)..The.material.is.the.machine..Science,.307,.53–54.
Cabanlit.M,.Maitland.D,.Wilson.T.et.al..(2007)..Polyurethane.shape-memory.polymers.dem-

onstrate.functional.biocompatibility.in vitro..Macromolecular Bioscience,.7,.48–55.
Chen.S,.Hu.J,.Zhuo.H.et.al.. (2008)..Two-way.shape.memory.effect. in.polymer. laminates..

Material Letters,.62,.4088–4090.
Chung.T,. Romo-Uribe.A,. and. Mather. PT. (2008)..Two-way. reversible. shape. memory. in. a.

semicrystalline.network..Macromolecules,.41,.184–192.
Cosgrove.L,.McGeechan.PL,.Robson.GD.et.al..(2007)..Fungal.communities.associated.with.

degradation.of.polyester.polyurethane.in.soil..Applied and Environmental Microbiology,.
73,.5817–5824.

Du.H.and.Zhang.J.(2010)..Solvent.induced.shape.recovery.of.shape.memory.polymer.based.on.
chemically.cross-linked.poly(vinyl.alcohol)..Soft Matter,.6,.3370–3376.

Eglin.D,.Grad.S,.Gogolewski.S.et.al..(2010)..Farsenol-modified.biodegradable.polyurethanes.for.
cartilage.tissue.engineering..Journal of Biomedical Materials Research A,.92,.393–408.

Gunes.IS.(2009)..Analysis.of.shape.memory.properties.of.polyurethane.nanocomposites..PhD.
dissertation,.University.of.Akron,.OH.

Hayes.SA,.Jones.FR,.Marshiya.K.et.al..(2007)..A.self-healing.thermosetting.composite.mate-
rial..Composites A,.38,.1116–1120.

Hornbogen.E.(1978)..Shape.change.during.the.19°C.phase.transformation.of.PTFE..Progress 
in Colloid and Polymer Science,.64,.125–131.

Huang. W. (2002).. On. the. selection. of. shape. memory. alloys. for. actuators.. Materials and 
Design,.23,.11–19.

Huang.W. and.Toh.W. (2000)..Training. two-way. shape. memory. alloy. by. reheat. treatment..
Journal of Materials Science Letters,.19,.1549–1550.

Huang.WM,.Ding.Z,.Wang.CC.et.al..(2010)..Shape.memory.materials..Materials Today,.13,.
54–61.

Ishizawa.J,.Imagawa.K,.Minami.S.et.al..(2003)..Research.on.application.of.shape.memory.
polymers.to.space.inflatable.systems..Proceedings of Seventh International Symposium 
on Artificial Intelligence, Robotics and Automation in Space,.Nara,.Japan,.May.19–23.

Kessler.MR.(2007)..Self-healing:.a.new.paradigm.in.materials.design. Journal of Aerospace 
Engineering G,.221,.479–495.



Future	of	Polyurethane	Shape	Memory	Polymers	 355

Kim.BK.(2008)..Shape.memory.polymers.and.their.future.developments..eXPRESS Polymer 
Letters,.2,.614.

Kim.JH,.Kang.TJ,.and.Yu.WR.(2010)..Simulation.of.mechanical.behavior.of.temperature-re-
sponsive.braided.stents.made.of.shape.memory.polyurethane..Journal of Biomechanics,.
43,.632–643.

Lendlein.A,.Behl.M,.Hiebl.B.et.al..(2010)..Shape-memory.polymers.as.a.technology.platform.
for.biomedical.applications..Expert Review of Medical Devices,.7,.357–379.

Lorenzo.V,.Diaz-Lantada.A,.Lafont.P.et.al..(2009)..Physical.aging.of.PU-based.shape.mem-
ory.polymer:. influence.on. their. applicability. to. the.development.of.medical. devices..
Materials and Design,.30,.2431–2434.

Margraf.TW.Jr,.Barnell.TJ,.Havens.E.et.al..(2008)..Reflexive.composites:.self-healing.com-
posite.structures..Proceedings of SPIE,.6932,.693211.

Qi.HJ.and.Dunn.ML.(2010)..Thermomechanical.behavior.and.modeling.approaches..In.Shape-
Memory Polymers and Multifunctional Composites,.Leng.J.and.Du.S,.Eds.,.Taylor.&.
Francis,.New.York,.pp..65–90.

Qin.H.and.Mather.PT.(2009)..Combined.one-way.and. two-way.shape.memory. in.a.glass-
forming.nematic.network..Macromolecules,.42,.273–280.

Pereira.I.and.Orefice.RL.(2007)..SAXS.analysis.on.shape.memory.biodegradable.polyure-
thane..Activity.report,.Brazilian.Synchrotron.Light.Laboratory.

Pretsch.T.(2010)..Review.on.the.functional.determinations.and.durability.of.shape.memory.
polymers. Polymers,.2,.120–158.

Rousseau.IA.(2008)..Challenges.of.shape.memory.polymers:.a.review.of.the.progress.toward.
overcoming.SMP’s.limitations..Polymer Engineering and Science, 48,.2075–2089.

Sun. L. and. Huang. WM. (2010).. Thermo/moisture. responsive. shape-memory. polymer. for.
possible. surgery/operation. inside. living. cells. in. future.. Materials and Design,. 31,.
2684–2689.

Tamagawa. H. (2010).. Thermo-responsive. two-way. shape. changeable. polymeric. laminate..
Materials Letters,.64,.749–751.

Tey.SJ,.Huang.WM,.and.Sokolwski.WM.(2001)..On.the.effects.of.long.term.storage.in.cold.
hibernated.elastic.memory.(CHEM).polyurethane.foam..Smart Materials and Structures,.
10,.321–325.

Tobushi.H,.Hashimoto.T,.Hayashi.S.et.al..(1997)..Thermomechanical.constitutive.modeling.in.
shape.memory.polymer.of.polyurethane.series..Journal of Intelligent Material Systems 
and Structures,.8,.711–718.

Tobushi.H,.Okumura.K,.Hayashi.S.et. al.. (2001)..Thermomechanical.constitutive.model.of.
shape.memory.polymer..Mechanics of Materials,.33,.545–554.

Tobushi.H,.Matsui.R,.Hayashi.S.et.al..(2004)..The.influence.of.shape-holding.conditions.on.
shape. recovery.of.polyurethane-shape.memory.polymer. foams..Smart Materials and 
Structures,.13,.881–887.

Tobushi.H,.Hayashi.S,.Hoshio.K.et.al..(2008)..Shape.recovery.and.irrecoverable.strain.con-
trol. in. polyurethane. shape-memory. polymer.. Science and Technology of Advanced 
Materials,.9,.015009.

Tobushi.H,.Hayashi.S,.Sugimoto.Y.et.al..(2009)..Two-way.bending.properties.of.shape.mem-
ory.composite.with.SMA.and.SMP..Materials,.2,.1180–1192.

Toohey. KS,. Sottos. NR,. Lewis. JA. et. al.. (2007).. Self-healing. materials. with. microvascular.
networks..Nature Materials,.6,.581–585.

Wischke.C.and.Lendlein.A.(2010)..Shape-memory.polymers.as.drug.carriers:.a.multifunc-
tional.system..Pharmaceutical Research,.27,.527–529.

Xie.T.(2010)..Tunable.polymer.multi-shape.memory.effect..Nature,.464,.267–270.
Zhang.Y,.Wang.C,.Pei.X.et.al..(2010)..Shape.memory.polyurethane.containing.azo.exhibiting.

photoisomerization.function. Journal of Materials Chemistry,.20,.9976–9981.





K11723

Polyurethane Shape M
em

ory Polym
ers

Huang 
Yang 

Fu

Shape memory polymers (SMPs) are some of the most important and valuable 
engineering materials developed in the last 25 years. These fascinating 
materials demonstrate remarkably versatile properties—including capacity 
for actuation and stimulus responsiveness—that are enabling technologists 
to develop applications to be used in the exploration of everything from the 
outer reaches of space to the inside of the human body. 

Polyurethane Shape Memory Polymers details the fundamentals of SMP 
makeup, as well as their shape-recovery features and their seemingly endless 
potential for use in applications ranging from macro- to submicron scales. 
With an abundance of illustrations and vivid pictures to explain how SMPs 
and composites work and how they can be used, this book covers:

• SMP history and most recent developments
• Thermomechanical properties and behavior of the polymers and  
 their composites
• Modification of SMPs and novel actuation mechanisms
• Large-scale surface pattern generation
• Multi-shape memory effect
• Fabrication techniques
• Characterization of composites

A must-have reference for anyone working in the materials science and 
engineering fields, this book outlines the properties—such as light weight, 
low cost, and ability to handle high strain—that make the easily processed 
SMPs so useful in fields including aerospace, biomedicine, and textiles. It is 
intended to help readers understand and apply the knowledge and techniques 
presented to develop new innovations that will further benefit society.

Polyurethane Shape
Memory Polymers

W.M. Huang
Bin Yang
Yong Qing Fu

ISBN: 978-1-4398-3800-6

9 781439 838006

90000

Materials Science

6000 Broken Sound Parkway, NW 
Suite 300, Boca Raton, FL 33487
711 Third Avenue 
New York, NY 10017
2 Park Square, Milton Park 
Abingdon, Oxon OX14 4RN, UK

Polyurethane Shape
Memory Polymers

www.crcpress.com


	Front Cover
	Contents
	Forewords
	Preface
	Authors
	Chapter 1: Introduction
	Chapter 2: Thermomechanical Behavior of Polyurethane Shape Memory Polymer
	Chapter 3: Effects of Moisture on Glass Transition Temperature and Applications
	Chapter 4: Electrically Conductive Polyurethane Shape Memory Polymers
	Chapter 5: Effects of Moisture on Electrically Conductive Polyurethane Shape Memory Polymers
	Chapter 6: Magnetic and Conductive Polyurethane Shape Memory Polymers
	Chapter 7: Shape Memory Polymer Nanocomposites
	Chapter 8: Porous Polyurethane Shape Memory Polymers
	Chapter 9: Shape Memory Effects at Micro and Nano Scales
	Chapter 10: Wrinkling atop Shape Memory Polymers
	Chapter 11: Medical Applications of Polyurethane Shape Memory Polymers
	Chapter 12: Mechanisms of Multi-Shape and Temperature Memory Effects
	Chapter 13: Future of Polyurethane Shape Memory Polymers
	Back Cover

