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Abstract

In this thesis techniques for mbrieating tàst contraeting and relaxing shape

memory alloy (SMA) fibers are presented. Shape memory alloy fibers bave

demonstrated the largest stress and highest power to mass ratio ofany known aetuator

technology. However their practical application bas been plagued by three major

drawbacks~ namely: (1) relatively slow expansion of the material despite rapid

contraction; (2) problems ofmechanically and electrically connecting to the material

due to the violent nature of their contractions; and (3) low efficiency in the

conversion of electrical energy or heat into mechanical energy. The work associated

with this tbesis bas led to solutions to the first two problems allowing even sub

millisecond contraction-expansion cycle time~ and fibers to he attached via light

weight but high strength and high conductivity joints. The properties of these fibers

are extensively studied. Both linear and rotary actuators are bullt using these fibers.

A new technique is presented to mount nickel-titanium (NiTi) SMA fibers.

NiTi alloys are not readily bonde<!, soldered, brazed or welded to other materials. The

new method employs Metal deposited on the fiber or between two fibers or between

fibers and other parts~ creating metallic attachments that are mechanically sound and

electrically cooductive. Furthermore a new process for the three-dimensional

microfabrication by localized electrodeposition and etching bas aIso been developed.

This latter process~ combined with the first pro~ cao he used to integrate NiTi
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alIoys in micro-mecbanisms. The good electrical contacts as weIl as mechanical

contact provided by the newattachment mechanisms are important, since theyaUow

the rapid methods to he employed.

Severa! apparatus were built to study the resplnse ofNiTi fibers, in particular

to very fast curreot pulses. Experimental results were obtained to descn"be the

response of the fibers~ such as their~ hysteresis~ stiffiless and. resistivity~ and

show how these variables change dynamically as a function of time, temperature and

stress. Other measurements important for the design ofnew actuators were done, such

as those ofefficiency when fàst actuation with large current pulses is used.

In the third part of the thesis a novel application for fast fiber actuators is

presented in the form ofa fast rotary motor for in-the·wheel car rotary motoIS.
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Résumé

Cette thèse présente des nouvelles méthodes pour préparer des fibres en

alliage de mémoire de forme (AMF) en nickel-titane (NiTi) qui peuvent se contracter

et se rallonger rapidement. Les fibres en alliages à mémoire de forme donnent de

plus grandes déformations actives et un meilleur rapport. de puissance à masse que

tout autre actuateur connu. Toutefois leurs applications ont été à ce jour limittées à

cause de trois problèmes majeurs: (1) leur lenteur à se rallonger bien qu'elles se

contractent rapidement; (2) les difficultés à surmonter lors de rattachement

mécanique ou électrique dû à la nature violente de leur contraction et (3) leur grande

inefficacité dans la convertion d'énergie électrique ou thermique en travail

mécanique. Les travaux de recherche de cette thèse ont résultés en solutions aux

deux premiers problèmes en permettant même des cycles de contraction et

d'élongation de l'ordre du milliseconde, et permettant d'attacher les fibres par un

matériel léger, robuste et conductif: Les propriétés de ces fibres sont étudiées en

détail. Des actuateurs linéaires et moteurs rotatifs ont été construits égaiement à partir

de ces fibres.

Dans la première Partie des travaux la technique pour attacher les fibres de

nickel-titane est présentée. Les fibres en nickel-titane ne peuvent pas être facilement

rattachées par brasage, cimentées, soudées ou fondues à d'autres matériaux. Cette

nouvelle technique emploie une déposition de métal sur une fibre, entre deux fibres
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ou encore entre des fibres et d'autres pièces, servant d'attachement métallique

mécaniquement fiable et électriquement conducti:t: Un autre nouveau procédé pour

réaliser la microfabrication de pièces de géométrie arbitraire en trois dimensions a

aussi été conçu. Ce procédé combiné à la technique d'attachement des fibres de

nickel-titane permettent la fàbrieation de micro-mécanismes mûs par des fibres

d~alliage à mémoire de forme. Les contacts électriques de basse résistance et la faible

masse des attachements permettent également de créer des aetuateurs rapides de basse

inertie.

Plusieurs montages expérimentaux sont décrits pour l'étude de la réponse des

fibres de nickel-titane à des pulses de courant de courte durée et de haute intensité, en

fonction du temps, des contraintes et des déformations. Les résultats expérimentaux

décrivant les caractéristiques des fibres, tel leur élasticité~ leur résistivité et leur

hystérésis et comment ces variables changent en fonction du temps, de la température

et des contraintes, sont donnés. D'autres mesures aussi sont faites, tel l'efficacité

electro-mécanique des fibres lors de leur actuation par des pulses électriques de haute

intensité.

Dans la dernière partie expérimentale de la thèse une application des fibres

rapides est presentée sous la forme d'un moteur rotatif pour la réalisation de roues

motrices pour automobiles. La dernière section traite de nouveaux algorithmes de

contrôle basés sur la complexité stochastique conçu pour les applications où il est

préférable de les utiliser comme actuateur à contrôle continu.
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Preface

The manuscript-based format was chosen for this thesis. The first Coopter

provides the general background that motivated the researc~ the rationale and

objectives.

Chapter Two provides the background material and literature review. This

chapter starts with a brief historical development of shape memory alloys. Next a

general overview ofshape memory alloys is included. The purpose is to provide sorne

of the background material concerning relevant properties of shape memory alloys

and techniques involved in their characterization. The Iast part consists of a literature

review ofapplications.

Chapter Three presents a new technique to attach mechanically and

electrically NiTi fibers in order to make light and reliable actuators and sensors.

Chapter Four consists ofa paper that details experimental work done to characterize

and better understand Nickel-Titanium (NiTi) synthetic fibers. Chapter Five presents

an application of these fibers in the form of a new rotary motor. Chapter Six consists

ofthe conclusion and the bibliography.

This thesis partially consists of several articles that have been already

published in scientific joumals or that will he submitted sbortly for publication. In

addition two U.S. patents that have been obtained by the author are included in the

thesis as weil as one patent pending application. The following five paragraphs must
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he included to notifY the extemal examiner of the Faculty regulations under these

circumstances:

Candidates have the option ofincluding, as part of the thesis, a text of

a paper(s) submitted or to he submitted for publicatio~ or the clearly

duplicated text ofa published paper. These texts must he bound as an

integral part ofthe thesÏs.

Ifthis option is chosen, cODDecting test that provides Iogieal bridges

betweeD the differeDt papen are maDdatory. The thesis must he

written in such a way that it is more than a mere collection of

manuscripts; in other words, results of a series of papers must he

integrated.

The thesis must still conform to all other requirements of the

~~Guidelines for Thesis Preparation". The thesïs must include: A

Table of Contents, an abstract in English and Frenc~ an introduction

which clearly states the rationale and objectives of the study, a

comprehensive review of the literature, a final conclusion and

summary, and a thorough bibliography or reference liste

Additional material must he provided where appropriate (e.g. in

appendices) and sufficient detail to allow a clear and precise
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judgment ta be made of the importance and originality of the research

reported in the thesis.

ln the case ofmanuscripts co-authored by the candidate and oth~ the

e8ndidate ïs required to maH an esplieit mtement in the thaïs as

to who contributed to such work and to what esteDt. Supervîsors

must attest to the accuracy of such statements at the doctoral oral

defense. Since the task ofthe examiners is made more difficuh in these

cases, it is in the candidate's interest to make perfectly clear the

responsibilities of aIl the authors and the co-authored papers. Under

no circamstaDces caD a co-author of aDY component of such a

thesis serve as an euminer for that thesïs.

Pursuant to satisfying the above Faculty requirements, given below is a list of

the articles included as part of this thesis with the responsibilities of each author

detailed.

1. Hunter, 1.W., Lafontaine, S. Shape memory alloy fibers having rapid twitch

response, U.S. Patent 5,092,901, 1992.

CODtributions ofeaeh co-author:

Serge Lafontaine participated in the experiments and in the initial discovery of

the fast twitch response with Prot: Hunter. He designed with Prof. Hunter the
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experimental protoeol to measure and quantify the fast shape memory effect. He

designed the VAX-VMS computer intedàce and data acquisition Application

Programming Interface (APn. He ran with Prot: Hunter the experiments to

characterize the electro-mechanica1 characteristics of NiTi fibers and anaIyzed the

data. He measured the two way shape memory effect of the fast twitch NiTi fibers.

Professor lan Hunter initially discovered and identified the process to produce

the NiTi fibers baving rapid twitch response. He and Serge Lafontaine designed the

experimental setup for the characterization ofmodified NiTi fibers. He designed with

Serge Lafontaine the experimental protocol and he buih and assembled the

mechanical components for the experimental setup. He co-developed the data

acquisition software with Serge Lafontaine and analyzed the data with Serge

Lafontaine.

2. Hunter~ 1.W.~ Lafontaine, S. A comparison of muscle with artificial actuators~

Technica/ Digest of the Fifth IEEE Solid Stare Sensor & Acruator Worlcshop~

1992, 5, 178-175.

Contributions of eaeb co-autbor:

Serge Lafontaine wrote the manuscript in collaboration with Prof. Hunter. He

collected most ofthe experimental data included in the manuscript with Prat: Hunter.

He also derived the data required for the comparison of the various muscle like

artificial actuators with Prof. Hunter from available published data. He assisted Prof.
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Hunter in writing the manuscript for the section on muscle.

Professor lan W. Hunter conceived this review paper of artificial muscle

actuators. He completed most ofthe section pertaining to muscle, and wrote the other

sections with the assistance ofSerge Lafontaine.

3. Hunter, LW., Lafontaine, S., Hollerbac~ J.M. and Hunter P.J. Fast reversible

NiTi fibers for use in microrobotics. IEEE Micro Electro Mechanica/ Systems,

1991.

Contributions ofeaeh eo-author:

Serge Lafontaine participated in the experim.ents and in the discovery of the

fast twitch response by Prot: Hunter. He co-designed the experim.ental protocol and

procedure to characterize the eleetro-mechanical characteristics of Nifi fibers with

Prot: Hunter. He developed the VAX-VMS real-time data acquisition driver and

Application Programming Interface (APn. He aIso participated in the development of

the data acquisition and control program as well as data analysis and participated in

the writing ofthe manuscript.

Professor lan Hunter discovered the process for producing the NiTi fibers

baving rapid twitch response described in the paper. He and Serge Lafontaine co

designed the experim.ental setup for the characterization of modified Nifi fibers. He

co-designed with Serge Lafontaine the experimental protoco1 and data analysis

technique for measuring the response to electrical pulses and electro-mechanical
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characteristics of the modified fibers. He co-developed the data acquisition software

with Serge Lafontaine.

Professor John M Hollerbach participated in useful discussioDS.

Professor P.J. Hunter derived the mathematical theory for the suggested

actuator.

4. Lafontaine, S., Hunter, LW. and Madd~ I.D. Method for joining mechanically

and electrically parts made from NITi shape memory alIoys and other materiaIs

that are not readily joined with conventional techniques, U.S. Patent application,

patent pending, 1997.

Contributions oreacb co-author:

Serge Lafontaine invented the method and reduced it to practice.

Professor Ian. W. Hunter served in bis normal capacity as thesis director and

research advisor.

John D. Madden assisted Serge Lafontaine in writing the original patent

disclosure and to develop the claims.

5. Honter, LW.., Lafontaine, S.R.., Madden, J.D. Three dimens;ona/ microfahrication

by /ocalized e/ectrodeposition and etching, U.S. Patent 5,641,391, 1997.
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• Chapter 1 Introduction

•

This thesis deals with synthetic muscle actuator technologies with a focus on

Nickel-Titanium (NiTi) artificial muscle aetuators. It became clear after an extensive

survey of eurrent motor technologies that the Jack of high-performance motors is one

problem that Iimits the development of robotie devices (HoUerbach et al., 1991; Huoter

and Lafontaine, 1992a; Hunter et al., 1991). This is aise one of the main reasons why

paraplegies and Iower-extremity amputees still have to move in wheelchairs instead of

walking with powered artificial limbs. Current motors cannot generate enough power per

unit mass and enough force per unit eross-sectional area to he concealed in an artificial

limb that could then actively assist in climbing stairs. It was realized after this study that

NiTi fibers could fulfiIl this role.

Nature bas developed an actuator that is used throughout the animal kingdom.

Muscle fibers are nearly identical in size from the mouse to the elephant, and were

developed over 300 million years ago. Their architecture is highly scalable, that is

muscles consist of fibers where more fibers are used in paraDel for greater force or in

series for longer displacement.

In this thesis the term SYDthetic actuator technologies does not refer to artificial

muscles that could he surgically implanted in humans or animals to replace defective

muscles, but instead to a modular actuator tecbnology in which actuators are buih from

smaller actuators that cao he arranged in series or in parallel. The actuators consist of
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individual fibers that are made from individual contractile wires,~ DObons or

films. The synthetic muscles descnDed in this thesis consist of individual NiTi fibers. In

almost all cases, only one fiber will he used for actuation purposes. Tbese fibers can he

attached to elastic materials at either e~ just as muscle fibers attaeh to tendoDS, to store

energy and to protect them from rapid movements. Similarly to muscle, which include

proprioceptors such as spindle receptors and Golgi tendon organs, synthetic muscles

could include position and force sensors. Tbese sensors would ideally he built from a

suniIar class ofmaterials.

1.1 Muscle as an Actuator

Whole muscles consist of bundles of muscle fibers. Each muscle fiber is a single

cell which can he dissected and maintained in a functional state (alive) in isolation from

its parent whole muscle. In comparison with other aetuators, muscle ceUs are ail basically

of the same design aIthough there are significant differences in performance (e.g., force

rise-time and contraction velocity), resulting from smaII variations in the molecular

components, architecture and kinetics.

Mammalian muscle may he broadly separated into two categories: striated and

smooth. Smooth muscles are to he found controlling the diameter of various tubes (e.g.,

veÏns, arteries, colon, intestines, and the pupil in the eye). Striated muscles (50 called

because of the sarcomere striations readi1y apparent onder a microscope) may he further

divided into two type~ cardiac and skeletal As the name suggests, cardiac muscle is the
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actuator from which the hear4 a large pump~ is constructed. Skeletal muscle is the

actuator which drives alllimbs as weIl as the eye~ tongue and chest (for breathing).

A whole skeletal muscle is a bundle of parallel muscle fibers held together by

connective tissue. Nerve fibers, blood and lymphatic vessels weave their way throughout

the whole muscle. These vessels can lie beside but never inside muscle fibers. The

connective tissue (coUagen) at the ends of each muscle fiber join together to form the

whole muscle tendon which in tum attaches to bone or fascia (connective tissue). The

force generated by muscle fibers is transmitted via the tendons to the bones where it

appears as a torque about sorne joint. If the joint torque generated by a muscle is greater

than opposing torques (which may result from external loads or from opposing

(antagonist) muscles) then the limb will rotate about the joint. Thus contraction of

muscles produces angular displacements oflimbs about joints.

The muscle fibers in large muscles are long but the diameter of muscle fibers in

small and large muscles is similar. The average muscle fiber diameter in a human adult is

about 50 J.Ull whereas 100 f..lm diameter frog muscle fibers are common. It seems that

mammals do not grow more muscle fibers as they mature (or do weight lifting), but rather

the average muscle fiber diameter increases. While isolated muscle fibers can reversibly

contract by over 50% it seems that during normal Iimb movements they ooly contract by

10%.

A muscle fiber is a bundle of even smaller fibers called myofibrils, which are

typically about 2 f..lM in diameter and extend from one end of the muscle fiber to the

other. Myofibrils do not have membranes but are separated from each other by a
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surrounding network oftubes and sacs. This network bas two parts~ the transverse tubules

and the sarcoplasmic reticulum.

The sarcoplasmic reticulum (SR) is a network of tubes and sac~ which contain

intra~ellularfluid baving a high Ca++ concentration. The vohage pulse which turns on a

muscle fiber (called a muscle action potential) travels along the muscle fiber outer

membrane (sarcolemma) (at 3 to 5 mis in typical human skeletal muscle) and down holes

into the interior (t-tubules) (at a lower velocity) where it causes Ca++ to he released &am

the lateral sacs ofthe SR. The ea++ diffuses ioto the adjacent myofibrils and turns on the

contractile proteins. After the action potential bas passed, the Ca++ is actively pumped

back into the SR.

Long axis of muscle fiber

think ftlaments

... Sarcomere length ( -2J1111) ~

Figure 1.1 Myofilaments: The myofibril consists ofa bondie ofmyofilaments. There
are two types ofmyofilaments: the thin filament and the thick filament. The repeating
organization ofthe thin and the thick filaments and the way they slide is shown here.
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The myofibril is aetuaIly a bundIe of even smaller fibers called myofilaments.

There are two types of myofilaments, the thick and thin filaments. The thin filament

consists largely of the proteins aetin, troponin and tropomyosin. The thick filament

consists mainly of the myosin protein. The repeating organization of the thick and thin

filaments and the way they slide past one another is shown in Figure 1.1. The basic

contractile unit of muscle is the sarcomere (see Figure 1.1) which in vertebrate muscle

can vary in length from 1.5 to 3.6 f.UIl with a rest length ofahout 2.2 J.lIIl.

The myosin protein bas a large pair of heads, which protrude from the thick

filament backbone. These myosin heads are called crossbridges because it appears that

they reach across and attach to adjacent thin filaments during muscle contraction. There

are about 300 myosin molecules per thick filament. The crossbridges periodically attaeh

and detach from the thin filament during contraction (this is called the crossbridge theory

of muscle contraction). Each crossbridge probably generates a force of about 1 pN

(Ishijima et al., 1991) and after a power stoke of about 12 nm (during which 1 ATP

molecule is hydrolyzed) is dragged for at least 28 Dm (Higuchi & Goldman, 1991). The

rate of this crossbridge cycling apPeal"s to he more or less dependent on the type of

muscle but it is also highly temperature dependent. For example a single myosin head

apPeaI'5 to consume 5 ATP moleculesls during peak filament sliding at 2 mis.

The muscle action potential (in tom generated by a single neural action potential)

causes a burst ofCa++ to he released from the SR.. The Ca++ binds to troponin, which in

tum causes the tropomyosin molecule to ~~ve" exposing sites on the actin chain, which

attract the crossbridge. The crossbridge (initially charged with ATP (adenosine

triphosphate» rotates and generates force from the energy released as ATP splits ioto
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ADP (adenosine diphosbate) and Pi (inorganic phosphate). The ADP and Pi are released

frOID the crossbridge head. The crossbridge remains bound to the thin filament until an

ATP molecule binds ta the crossbridge head to start the cycle over again.

The number of crossbridges operating determines the total force generated by a

muscle. However, the total number ofcrossbridges operating al a given instant is in tum

dependent on the availability ofan adjacent thin filament ta which the thick filament can

attach (as muscles are stretched the overlap ofthick and thin filaments is progressively

reduced) and on the availability ofCa++ to ~'tumon" the thin filament.

1.2 Synthetic Museles

The synthetic muscles considered here are activated in a manner analogous to

muscle fibers, which are activated by action pltentials that travel along the nerves. Each

action potential initiates one twitch response when it reaches the muscle fiber. Greater

forces are obtained by summation in fibers if two or more action potentials arrive in

successio~ or by aetivating simultaneously a larger number of fibers. The control of

synthetic muscle forces foUows similar activation strategies.
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Figure 1.2 Peak stresses generated by muscle-Iike rnaterials.

The aetuator considered in this thesis contraets from changes in bulk material

properties, which limits its contractions to approximately 8% of its totallength (strain). A

second limitation of the NiTi synthetic muscles is that their total lifetime, in terms of

contractions that cao he obtained before degradation of their response, is shortest for

large contractions. This is a serious limitation for many, but not all applications. For

example a micro-stepping actuator IDOving incrementally, using for example a ratcheting

motion, can generate very great displacements, the total displacement being the sum of

small strains generated by the tiber. The latter can he small, a1lowing long lifetimes.
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Figure 1.3 Maximum strains generated by muscle-like materials.

Before starting the work on NiTi artificial muscle presented here, a review of

other actuator technologies that are in the form of contractile materials was completed

(Hunter and Lafontaine, 199~ included in Appendix ll). The study results are

summarized in Figure 1.2, Figure 1.3 and Figure 1.4. As can he seen particularly in

Figure 1.2 and Figure 1.4 and Table 1 in Hunter and Lafontaine (1992a), muscle is a

rather modest actuator. Furthermore, it cannot he used as a generator to convert

mechanical energy back into electro-ehemical energy. Only in sorne clam muscles is
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there a catch state which aUows il to maintain a static position without energy

expenditure. Muscles on the other band are environmentalIy cl~ unlike several actuator

technologies, such as the combustion engine, which release pollutants into the

atmosphere and hydraulic engines, which regularly spill oil in the environment. Electric

motors are "clean" but there is pollution created at the power plant. However, even if

muscle is a rather modest actuator, its combination of high strain, power to mass, force

per unit area, strain rate, efficiency and lifetime bas been unmatched by any other

actuator technology. Any other actuator technology, in order to he successfullike muscle,

should not he overly deficient in any ofthose areas.

From this study of new actuator technologies two materials became of interest:

nickel-titanium (NiTi) shape memory alloys and electrically conducting polymers. NiTi

alloys bave almost reached the stage ofbeing an engineering material that cao he used in

devices, although much remains to he done to improve their cbaracteristics and

understand how they operate. Figure 1.2 lists the stresses generated by each of the new

materiaIs considered. As cao he immediately seen, NiTi fibers generate much larger

forces per unit cross-sectional area !han any other actuator technology, with the possible

exception of conducting polymers (CP). NiTi fibers generate over 200 MPa, which

exceeds by 600 times the largest forces per unit area that muscles can generate. Figure

1.3 lists the maximum strains that cao he achieved for the same materials as a function of

the number of cycles over which they cao operate. The maximum recommended strain

for NiTi alloys is 8% (15% for monocrystals) for this property. NiTi is second only to

muscle. Figure 1.4 gives the maximum strain rates. NiTi aUoys surpass by far the speeds

achieved by ail other materials.
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Figure 1.4 Maximum strain rates observed in muscle-like materials.

1.3 Limitations of NiTi Shape Memory AUoys

There are numerous limitations associated with using shape memory alloys that

have to he taken into account in practical designs. One of their main shortcomings is their

low efficiency as engines converting input energy~ which can he delivered in different

forms but normally results as heat in the fiber~ into mechanical wodc. Shape memory

alloy actuators are normally activated using Ioule heating by passing an electrical cuneot
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through the fiber. In this case the efficiency is calculated as the ratio ofwork done by the

fiber over the input eIectrical energy and it is found usually to he less than 3%. There

might he in addition other lasses (e.g. friction and acoustic) in the mechanism converting

the mechanical work of the fiber when il contraets into useful mechanical action.

However~ there are numerous applications where efficiency is not a critical issue and

where power is readily availabIe. Fmthermore, material research may Iead ta more

efficient shape memory alloy aetuators. Efficiencies over 5% have been measured in a

new type of shape memory alIoy which undergoes martensitic transformations through

the application ofa magnetic field (Ullakko et al., 1997).

The second limitation is the useful number of contractio~ active or passive~

which can he achieved before the amplitude ofthe response decreases or failure occurs in

the materiaL Figure 1.5 gives estimated. limits for the shape memory effect in number of

cycles from various sources. The lifetime however is also a function of the stress~ which

is not specified in Figure 1.5. The number of cycles depeods 00 severa! factors such as

the alloy use~ the amount of strain and stress obtained in each contraction and the type

of thermo-mecbanical process used to achieve the final properties of the SMA Therefore

the numbers indicated in Figure 1.5 are ooly approximate guidelines and results may

differ greatly from those. This limitation can he taken into account in system designs and

circumvented in severa! ways. Redundancy or cycling through a number of fibers cao he

used in many situations given that the fibers can generate large forces per unit area and a

number ofthem cao he mounted in a small workspace. In many situations the cost of the

shape memory material is relatively Iow compared to the final cost of the system in

which they are used, and sa a modular design cao alIow for easy replacement ofthe fibers

1-11



•

•

1.E+08 --,.
1.Eto07 '-/

~

1.Et06 ...........
•1» ~~Ü 1.EtoOS .Van~>- )Il~

U
1 • InncMIti\e Technaogies hl

'0 1.E+04 •• • SMA Appicatioos

1

a-
I1»

~ 1.Eto03 -- - ----_.--~._---- X FunakLbl
~

z 1.Eto02 .5

1.Eto01

1.E+OO .4~

0 2 4 & 8 10

Strain (~

Figure I.S The number ofcomplete phase transformation cycles that NiTi alloys
will sustain before degradation ofthe shape memory effect or mechanical failure as
a function ofstrain. The Iifetime is also a function ofthe stress~ which is
unspecified, and actual resuhs may vary considerably from those above. Data is
from: (1) Van Humbeek et al. (1991); (2) Innovative Technology International; (3)
SMA Applications Inc.; (4) Funakubo (I987).

when fallure OCCUI'S. The cost of the fibers is small 50 that regular replacement is not

usually an important consideration in the financial balance.

A third problem that occurs in using NiTi shape memory alloy fibers is the difficuhy in

attaching or mounting the fiber in a mechanism. It is very difficult to bond, solder, braze

or weld NiTi fibers. The properties of the alloy depend critically on the exact relative

concentrations of each element and any slight deviation results in very different material

properties. Titanium is a highly reactive material that readily oxidizes. Soldering NiTi

fibers to other materials usually results in a brittle interface due to the migration ofatoms
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al the interface or the oxidation oftitanium and 50 joints readily break. It is possible using

CO2 laser welding to join together NiTi aIloys, but the technique requires a filirly large

laser power source. Clamps and screws normally used to attach metals and alIoys rely on

the forces produced by the elastic deformation of the material which is normally limited

to 0.1% in MOst materials. Shape memory alIoy materials will typically go through 8%

dimensional changes when phase transformations occur and will readily release

themselves from clamps and screws when they contract or will Ioosen their connection

after a few cycles due the huge stresses generated from repeated contraction and

expansion. The most commonly used technique to mount NITi libers consists ofwinding

the tiber severa! limes around an attachment to use the capstan etfect such that the fiber

tension itself increases the strength ofthe attachment.

A further problem with shape memory alloys is that they can he very fast when

contracting but the relaxation speed is normally limited by the rate of Deal dissipation

from the fiber. The contraction process cao occur in milliseconds when the fiber is

quickly heated with large current pulses. In air, however~ depending on the ratio of

surface area to volume the relaxation will normally take several seconds in air. There

have been a nomber of robotic bands and grippers developed with shape memory alloys

but alI of them are very limited in bandwidth (lwata et al., 1988; Kuribayashi, 1986;

Mertmann et al., 1995; Nakano et al., 1984) due to the slow relaxation times. Reat

dissipation cao he enhanced by designing actuators with a number ofsmall fibers that can

dissipate heat more rapidly than Iarger fibers, by using water or other Iiquids for cooling,

or by using thermal pumps such as Peltier devices for active cooling. A significant
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contnDution of this thesis deals with tibers having a fàst twitch response where the

rnaterial itself is modified so that it can both contract and expand rapidly.

The response of NiTi alloys to mechanic~ electrical or thermal commands is

highly nonlinear. The shape change occurs very rapidly over a very narrow temperature

range and is difficuh to control precisely. There is a hysteresis typically of 15 oC to 30 oC

between the temperature al which the fiber contrac~~'and the temperature al which

expansion occurs. In additio~ NiTi materiaIs cao go through one or two intennediate

phases hetween austenite and the low-temperature martensite (Beyer, 1995). Each phase

change occurs with a considerable latent heat and the martensitic transformations are

highlyexothermic. In aIl cases they generate work when contracting but no appreciable

amount ofmechanical work can he obtained from shape memory materials in the cooling

process. In cases where only small forces and displacements are required there is an

intermediate secondary phase transformation where the hysteresis is limited to

approximately 1.5 oC where continuous control is more readily achieved. One objective

ofthis thesis was to devise a control strategy for this particular situation. It is interesting

to note that the response of NiTi fibers to short pulses is very simi1ar to the twitch

response of muscle fibers. Similar to muscle, precise control could he achieved in NiTi

synthetic muscles by using control strategies similar to those used by nature to control

muscles.

Because of the limitations outlined above, NiTi artificial muscle fibers are not the

ideal actuators for robotics. However there are a number of applications where NiTi

synthetic muscles are apPropriate to use, in which efficiency is less important than

achieving large forces in a restrained workspace, and where the lifetime of the fiber cao
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he compensated for by redundancy. These include a nomber of areas in medical tele

microrobotics, virtual reality, and the automotive industry. Shape memory materials are

relatively new materials and have existed for only a short time compared to the

combustion engine or the eleetric o1otor. As material science progresses, the properties

ofsbape memory alloys will he improved and new ones will he developed.

New smart materials such as electrically conducting contractile polymers are one

of the more promising actuator technologies ofthe future (Hunter and Lafontaine, 1992a;

Madden et al., 1997) not only for robotic and micro-robotic applications but also for

energy storage, and information p[ocessing. It is aIso anticipated that the control issues

will he very similar for the condueting POlymer and NiTi artificial muscle technologies.

Therefore any control and design advances made for NiTi devices may contribute to a

faster development ofthe conducting polymer technology.

Two papers are included in Appendix II and Appendix m. These papers provide

additional background rnateriaL The first one by Hunter and Lafontaine (Hunter and

Lafontaine, 1992a) compares muscle-like actuators. The second one (Lafontaine et al.,

1993) overviews some applications.

1.4 Thesis Objectives

The main objective of this thesis was to develop fast shape memory alloy

actuators. To this e~ a new process bas been developed to modify NiTi fibers sa that

they contraet and elongate rapidly. A new technique for attaching the fibers bas aIso been

developed sa that the added mass required to attach them is kept minimal. In order to
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build filst micro-mecbanisms using NiTi fibers, a new 3D micro-fabrication process bas

also been developed. It is aIso the objective of the thesis to study experimentally the

response ofNiTi fibers to large current pulses tbat are required to get the fast response of

NiTi fibers.

Another objective ofthis thesis was to look at feedback control offibers to make

them useful for closed loop applications in micro-robotics. A systematic evaluation of

properties that are useful for control ofthe fibers is done.

The final objective offuis thesis was to develop a prototype ofa rotary motor tbat

couId he used in automobiles. There is very little research being conducted on radically

new technologies and concepts for car rotary engines. Most of the cunent research in the

area consists ofeither replacing the combustion engine with an electric engine, improving

the combustion engine or developing a hybrid system. A possible alternative could

consist of cars using in-the-wheel rotary motors based on shape memory a1loy fibers or

electrically conducting POlymer actuators. In this Iast coopter a rotary motor aetuated by

NiTi fibers is built and tested.
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This chapter consists of a review of the discovery, deveIopment and applications

ofNiTi alloys. The second section provides an overview ofshape memory materials and

the third section consists of a Iiterature review of previous applications of NiTi fibers in

synthetic muscle-Iike actuators, rotary motors, and micro-mechanisms such as pumps and

valves. The fourth section overviews some of the modeling attempts made in the past to

represent NiTi shape memory materiaIs in the form of fibers.

2.1 BriefHistory ofSbape Memory Anoys

Arne Olander reported the first observation of shape memory transformation in

1932 in a goId-cadmium (Au-Cd) alloy. He descnOed the rubbery feeling of the alloy

without actually observing the shape memory effeet. Chang and Read discovered in 1951

tOOt an aIloy of goId and copper wouId return to its pre-deformed state when heated after

deformation. A few years later Basinski and Christian (1954) observed the same effect in

an indium-titanium alIoy, as did Buehler et al. (1965) who worked with a nickel-titanium

(50% Ni, 50%Ti) alloy. Otsuka and Shimizu (1970) showed that the shape memory effect

was caused bya martensite to austenite phase transition. Numerous shape-memory-alIoys

(SMAs) have been studied since that time (Funakubo, 1987) with a predominant interest

in NiTi alloys.
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Following the discovery ofNiTi alloys, a number ofattempts were made to use

them in practical applications (Duerig et al., 1990; Funakubo, 1987; Gilbertson, 1994).

NASA (Jackson, 1972) looked al their use for satellite antennas that would expand when

exposed 10 the sun. NiTi alloys were also considered for a number of temperature

controlled devices such as hot water pipe valves, greenhouse windows and automobile

fan clutches. In 1974, Page and Sawyer Patented an artificial heart using NiTi.

A number ofexperimentai heat engines based on NiTi alloys have been developed

(Duerig et aL, 1990; Funakubo, 1987; Gilbertson, 1994). R. Banks designed a 500

powered generator that was driven by an offset crank engine that ran for millions of

cycles at 1 Hz (Zmuda, 1974). Cory invented a faster, scalable SMA thermal engine that

was on the Chïnese differential pulley (Cory, J.S., 1980). A small version of this was

commercialized by the TiNi Alloy Company as the TiNi-1 Engine and it ran at 1000

RPM and generated 1 watt of power. McDonnell Douglas (McNichols, 1980) developed

a 32 W engine based on 100 50 J.1Dl fibers. The rotary Banks engine developed by

Glasauer and Müller (1996) based on NiTi fibers produced a torque of 15 N·m and

revolved at 20 RPM.

Most ofthe applications descnœd above did not go beyond the research stage due

to the unreliable quality of the NiTi alloys and their low speed. In the early 19805, Dai

Homma developed an improved process for making NiTi fibers with a very uniform

diameter and low deformation force (Gilbertson, 1994). The fibers were colùDlercïalized

by Toki under the trade name of BioMetal Using this mat~ TolO and Furukawa

demonstrated many devices including a computer controUed six degrees of fteedom

robotic anD.
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NiTi libers and springs have frequently been proposed for use as artifieial muscles

because of their favorable material properties~ low toxieity leve~ bio-compatibility, and

reasonable cost (Bergamasco el al., 1989; Duerig et 0/., 1990~b; Funakubo, 1987;

Galiana and Green, in press; Hirose et al., 1990, 1989~b, 1984; Hunter et al., 1991,

1990; Homma el al. 1989). In 1989, Oalâree Automation Inc., developed the Finger

Spelling Hand, an anthropomorphic robotie device based on 36 NiTi actuators located in

the forearm. and~ whieh duplicated the motions ofa human band accurately enough

10 form the characters of the sign language (Bogg~ 1993). Hitachi (Nakano el al., 1984)

bas developed a robot band with three fingers. Reynaerts and Van Brussel (1994)

developed a two-fingered band with five degrees of freedom. Most ofthese deviees were

too slow to he use<! commercially.

2.2 Shape Memory AUoys

The origin of the shape memory effect arises from martensitic transformations

(MTs). The German metallurgist Adolf Martens first discovered martensite in steels

evan Humbeeck el al., 1991). It was found that the transformation from the high

temperature, body-centered cubic lattice austenitie phase to the low temperature~ face

centered tetragonallattice oecurs without atomie diffusion. Martensite is DOW used as a

generic name for the product of a phase change of this kind in any mate~ the phase

change itself being called a martensitic transformation. Such transformations are found in

many metals, alloys and compounds. Martensitic transformations are at the heart of the

shape memory effect.

Martensitie transformations can he defined as "a lattice transformation involving
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Figure 2.1 Model ofthe crystal structure for NiTi alloys in the austenite
phase. The crystal structure for this state is BCC as for CsCl (B2).

shearing deformation and resuhing from cooperative atomic movement" (Funakubo~

1981). An alternative definition is '''a displacive~ lattice-distortive, first order~

diffusionless, athermal transformation that is accompanied by a shape change in addition

to the volume change common to most phase transformations in metals and alloys" (Van

Humbeeck et al., 1991). There is a one-to-one correspondence between the Jattice points

of the parent phase and the points of the martensite phase. Therefore the martensite

phase is a substitutional and interstitial solid solution, the transformation is diffusionless

and accompanied by definite shape changes. When the lattice deformation is produced it

occurs with complementary slip and twinning as described in Figure 2.4.

The crystal structure of the parent phase ofNiTi alloys bas a body centered cubic

(BCC) structure like CsCl (B2), Figure 2.1. The crystal structure of the martensite phase

is not fully understood. The general agreement is that of an orthorhombic crystal that bas
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Figure 2.2 Model ofthe crystal structure for NiTi alloys in the martensite
state

been strained to a monoclinic crystal as shown in Figure 2.2.

It bas been known since 1965 that in NiTi alloys with a surplus ofnickel or with

nickel partIy replaced by cobalt or iron that a two stage marteositic transformation occurs.

The intermediate phase bas a rhombohedral crystal structure. This two-phase

transformation may not occur, depending on the annealing temperature among other

factors. At high temperatures the alIoy is in the martensite or parent phase. The material

•
employed in the studies presented in this thesis generally exhtDits such two-phase

behavior.
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• 2.2.1 The shape memory effect

As previously descn~ martensitic transformations occur with definite shape

changes which are micro-structural changes. When the transformation occ~ no

macroscopic change is observed in fibers having a polycrystalline structure, where

individual crystaIs are small and randomly orientated. However when an extemal force is

applied the one-way shape memory effect can he observed

Figure 2.3 describes how typically a NiTi tiber length changes with temperature

when under tension. This diagram assumes a single-phase transition. When the fiber is

above AF (austenite finish) the entÏre alloy is in the austenite phase. In ils high

S
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4

- 3
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Temperature re)
Figure 2.3 lliustration of the one way shape memory effect in a NiTi fiber subjected
to a constant load. The fiber, first in the parent state, is cooled and it lengthens after
it passes the point where martensitic transitions occur <Ms). When heated it contraets
once the martensite reverts 10 the austenite fonn, above~.•
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temperature fo~ the fiber is at its shortest and in the parent (P) or austenitic state. As

the fiber is cooled down below the point al which the martensite starts ta form <:Ms) the

wire will start to. As the temperature drops below the i~ensite finish" temperature

(Mf) aIl of the martensitic transitions are completed. If the fiber is subsequently heated

above the point where the phase transition to the austenite state starts (As), a point will he

reached where the wire will shorten again. When the temperature reaches Ar most of the

fiher is transformed back to the parent pbase. The fiber bas then retumed to its original

shape and length. Normally there is hysteresis as descnDed by the stress-strain curve.

This hysteresis consists of a true static nonlinearity with memory. The width of the

hysteresis is normally 15 to 30 oC. There is one known exception, namely the

rhombohedral (R) phase in NiTi fibers, for which the hysteresis is very small, on the

order of 1.5 oC, and the transformation is considered to he reversible. Unless otherwise

note<L this reversible phase is not exploited in the fibers employed in this study.

In MOst NiTi alloys, the shape memory effeet is ooly observed when an external

stress is applied as in the situation described above. Ifthere is no extemal stress the fiber,

which is a polycrystalline structure, would remain in its original shape and length. There

are ways to apply thermo-mechanical treatment to the fiber such that it will retum to a

definite low temperature shape when cooled below Mf. This two-way shape memory

effect is descnOed below.

The process descnDed in Figure 2.4 is similar to the ODe-"vay shape memory

effect. The parent phase is highly ordered as in Figure 2.4 (A). When cooled, twinned

martensite is formed, as in Figure 2.4 (C), and no shape effect occurs during cooling. If

the alloy is deformed, the martensite is un-twinned as in 2.4 (B). When heated above Mf
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(B) Defonned martensite

(A) Austenite

Figure 2.4 Illustration ofthe shape memory etfect. In the shape memory eireet
Martensitic transformations first create a twinned martensite. As the martensite is
deformed it de-twins. As it is beated again it retums to its parent phase.

the alloy retums to the highly ordered state in 2.4 (A), and contracts.

2.2.2 Kinetics

There are two main types of martensitic transformations: thermoelastic

transformations and non-thermoelastic transformations. In non-thermoelastic

transformations martensite crystals appear in the parent phase and deveJop at about one
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third the speed ofsound in the materiaL The transformation proceeds by nucleating new

crystals in the parent phase. Once a crystal is nucleated, it does not change shape with

time or temperature.

In thermoelastic transformations, once a martensite crystal is nucleated it grows al

a velocity proPOrtional to the cooling rate when the temperature decreases. The crystal

growth cao he observed onder a microscope. When the temperature increases, the crystaJs

shrink until they disappear. Nickel-Titanium alIoys undergo thermoelastic

transformations and it is normally assumed (Otsuka and Shimizu, 1970) that these

transformations occur very rapidly in time.

2.2.3 Two-way shape memory efIect

We bave descn"bed the shape memory effect normally referred to as the one-way

shape memory etfect, in which only one shape is "remembered~'. There is also a two-way

shape memory etfect (TWSM) first reported by Delaey et al. in 1975 in which two shapes

are '~ememberedn, one al a high temperature and another one at a low temperature

(Delaey et al., 1975). In fuet the rnaterial ~~emembers" aIl of the intermediate shapes

between the Lowand high temperatures. In the one-way shape memory effect described

above a force was required to deform the material at low temperature. In the TWSM no

such force is required. However the strain that cao he achieved and the mechanical work

that cao he produced with cooling are minimal in the sample in the TWSM. Special

conditioning is required to achieve the TW8M; in particular thermo-mechanical treatment

is required.

The origin of the TWSM is stress...biased martensite, which remains in the
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austenite in the high temperature phase. There are severa! training routines that can be

applied to introduce the TWSM. These methods can he snrnmarized as following (Duerig

et al., 1990):

1. The sample is cooled below Mf and deformed weil above the usual strain limit for

complete recovery of the shape effect. When heated above Ar il will not retum

completely to its initial state. However, when cooled again helow Mr the alloy will

move back toward the overstrained shape.

2. The sample is submitted several times (5 to 10 times) to the nonnaI cycle ofcooling

below Mt; deforming il (within the strain limit for full recovery of the shape memory

effect), and subsequently heated again above Ar. After a number of these cycles the

alloy spontaneously returns below Mc towards the deformed state al low temperature.

The spontaneous shape change 00 cooIing is ooly 20-25% of the training strain.

3. Another method consists of repeatedly loading and unIoading the sample above Ar

but below~ where the supereJasticity effect is expected. After a oumber of such

cycles, typically 5 to 10, the TWSM is displayed. The spontaneous change in strain in

the TWSM is here again only a small fraction of the training strain.

4. One of the most effective techniques combines the above two methods. The aIloy is

defonned above Af to induce martensitic transformations, then cooled below Mfwhile

maintaining the induced strain, and then heated up to recover the original shaPe. This

procedure needs to he repeated a number oftimes.

5. The most commonly used method to obtain the TWSM consists of deforming the

sample below Mr to produce a stress-biased martensÎtic microstructure. Theo the
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• sample is constrained in the deformed Iow-temperature shape and heated above Ar-

1bis method is relatively simple and straightforward to carry out.

2.2.4 Superelasticity

Figure 2.5 gives the stress-strain curve when the temperature is below Mf. It aIso

illustrates the shape memory effeet. The fiber can he stretched and after the stress is

released a large amount of residual strain remains in the alloy. However after heating it

retums to its initiai state. The stress-strain curve is similar when the temperature is

between Mr and As but a higher stress is obtained for the same deformation.
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•

Figure 2.5 The stress strain curve is shown when the temperature is below Mf. The
shape memory effect is aIso illustrated by dotted ÜDes indicating the effect ofheating.

Figure 2.6 displays the stress-strain relationship above Ar. The first part of the

stress-strain curve is Iinear and the slope corresponds to the modulus of eJasticity of the

austenitic phase. As the strain is increased a plateau is suddenly reached. The fiber can

then he stretched by as much as 6% with only a small increase in stress. Then the stress-
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• strain increases again. On releasing the stress a similar plateau is traversed in the

opposite direction at a lower stress. As show in Figure 2.6 the fiber recovers completely

from the applied stress. This nonlinear elasticity by which the fibers can he cycled
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o 2 4
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Figure 2.6 Stress-Straïn curve ofsuperelastic NiTi fiber.

reversibly to stretches as large as 7%, from which it recovers completely, is referred to as

pseudoelasticity or supereJasticity. As will he explained in section 2.4 the plateau

corresponds to stress induced martensitic transformatioDS.

2.3 Physieal Properties of Shape Memory AUoy Phases

Each phase in a shape memory alIoy bas ils own unique physica1 characteristics.

Martensitic transformations are associated with changes in quantities such as resistivity,

thermal conductivity, the modulus of elasticity, damping coefficient, magnetic

susceptibility, and 50 on. Table 2.1 lists the various characteristics and physical

parameters that normally differ in each phase. Each phase transition also bas its own
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• unique cbaracteristics. Phase transitions cao he of the first or second order. They bave

their own characteristic latent heat and acoustic emission as weIl.

The acoustic emission that occurs concomitantly with phase transformations is a

broadband noise that extends from low ftequencies to ultrasound (Duerig, 1990). It can

he used to detect the phase transformation and sorne of its cbaracteristics~ but it is

difficult to use as a quantitative parameter to characterize the alloy.

•

Table 2.1 List ofphysical properties that change with the phase in shape memory alloys.

2.3.1 Resistivity

Ofthe variables listed in Table 2.1~ resistance is one of the easiest to measure~ and

is often used to study phase transitions in shape memory alIoys. From the resistanee and

physical dimensions of the sample being cbaracterized it is normally straightforward to

determine resistivity. Ifthere are dimensional changes that occur with the phase transition

then it is important to take them into account. The Association Française de

Nonnalisation (1991) defines phase transistion temperatures based on resistivity

measurements as described below.
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In the case of NITi based alloy~ the resistivity is high (0.5 ta 1.1 J,LO·m)

compared to that of copper (0.017 fJO·m ) and the resistance of fibers is readily

measmed. The electrical resistivity of copper based alloys is considerably Iower than

NiTi based alloys (Cu-Zn-AI: 0.07 ta 0.12 J,lQ.m. Cu-AI-Ni: 0.1 to 0.14 fJO·m) and is

somewhat more difficult to measure. In aIl cases the changes in resistance being

measured are reIatively~ on the arder of 15%~ and 4 wire resistivity measurements

must he made.

The measurement of resistivity provides a qualitative description of phase

transformations. It bas been used (Ikuta et al.~ 1991) as a state variable in real-time

control mechanisms to determine the actual state ofa NiTi fiber. However caution must

he exercised as the resistivity-temperature curves vary markedly with thermal cycling

history (Funakubo, 1987). NiTi alIoys with R-pbase exhtoit complex resistivity changes

with temperature as three phases may simultaneously coexist (Riva and Airoldi. 1995).

Other NiTi based alloys may even have 2 or more intermediate phases (see Section

2.3.2).

Unfortunately a fair amount of confusion exists on resistivity in the literature.

The experimental conditions under which resistivity is measured are rarely descn~ and

what is typically measured is the resistance of a straight or colled fiber. Either the

percentage change in resistance is given with resPeCt ta a resistaDce al a given

temperature or resistivity is obtained from the length and area of the fiber at room

temPerature. Dimensional changes are aImost oever measured with temperature and

martensitic phase changes.-
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Figure 2..7 Resistivity curve diagram with one phase transition. The hysteresis is weil
defined. In NiTi alloys there can he intermediate phases that complicate the diagram.

The change in resistivity with temperature can he sketched as shown in Figure

2.7 for a Cu-Zn-Al-Ni alloy. Above Ar (Austenitic finish), the sample is in the parent

phase, and the quasi-linear increase of resistivity with temperature is observed. At

temperatures below Mf (Martensitic finish) the resistivity is that of the martensitic fonn,

and the linear increase in resistivity with temperature is observed. Therefore ü Pp is the

•
resistivity in the parent phase and Pm is the resistivity in the martensitic phase, we cao

write as a tirst order approximation:
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• Pp(O= Pp(To) + Cp-(T-To)~

Pm(T) = Pm(TO) + Cm-(T-To).

(2.1)

(2.2)

When going from As (Austenitic start) to Afor from Ms (Martensitic start) to Mf

large nonlinear changes can he observed with temperature. The "Iaw ofpartial fractions"

can express these:

(2.3)

•

Conversely, the resistivity plot can he used to estimate the various transition

temperatures: As~ At; Ms, Mf. This is done by drawing the lines described by estimating

the four coefficients ofequations (2.1) and (2.2). The two additionallines are drawn:

PIO(T) = (O.9·pp+O.l·Pm»·(To) + (O.9·Cp+O.l·Cm)·(T-To), (2.4)

P90(T) =(O.1·pp+O.9·Pm»-(To) + (O.1·Cp+O.9·Cm){T-To) (2.5)

As is estimated from the intersection of the P90(n line and the curve ascending in

temperature, while Af is found from the intersection of PlO and the resistivity curve.

Similarly Ms is found from the intersection of PlO and the resistivÏty curve corresponding

to decreasing temperatures, and Mf is round trom the intersection with the line.

2.3.2 Intermediate phases

In fully annealed binary NiTi alloys the~ parent phase transfonns directly to the

B19· monoclinic-phase. Recent advances in the study of martensitic transformations of

2-16



•

•

NiTi alloys indicate that there are two possible intermediate phases that may he fonned.

In binary NiTi alloys whieh have been subjected to thermo-mechanical treatment or

thermally eyele~ a two step transformation occurs: ~ parent phase ~ trigonal R-phase

~ B19" monoclinie phase (Beyer, 1995). Addition ofa third element such as Cu or Pd ean

result in a different two-step transformation from 82 ~ B 19 orthorombie ~ B 19"

monoclinic phase. Therefore the possible transformations include aIl of the following

possibilities (Beyer, 1995):

1. In (body eubic centered) ~BI9" (IIKlnoclinic).

2. 82 ~R-phase (rhombohedraI) ~B19·.

4. 82 ~R-phase~B19 ~BI9' .

In N~Ti alloys with nickel exceeding 50.5 at % (percent atomie ratio) the parent

phase slowly decomposes with slow cooling or aging at lower temperatures (after

quenching from high temperatures). The proeess involves two metastable phases Ti]N4

and ThNh and the stable TiNh. The ThN4 is important for the aIl-around shape memory

effect. A three-step transformation is also possible: 82~ R ~ B19~ B19o.

In NiTi alloys undergoing the R-phase, resistivity curves are more complex to

interpret. Figure 2.8 illustrates the resistivity in a NiTi alloy that displays an intermediate

R-phase. As the temperature cools down and point 1 is reached the R-phase starts to

appear. The resistance of the R-phase is much larger than for any other phase. With

further cooling when point '~" is reached the orthorhombic martensite appears and the

resistance fà11s until point 3. At that point ail of the R-phase bas been transformed.
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Figure 2.8 Resistivity curve ofa NiTi alloy exhibiting one intermediate phase
between the M-Phase and the R-phase. One or two intermediate phases may
appear in NITi alIoys.

When the specimen is heated above point 4~ part ofthe martensite transforms itself in the

intermediate state. The two coexist until point 5 where MOst of the sample CODSists of the

R-phase and then after point 6 the parent phase bas been restored. The transformation

P -»R is aImost completely reversible~ and is associated with an hysteresis in the order of

1.5 oC only.

The resistivity curves measured in this thesis were ail acquired for NiTi alloys

under no tension. As a consequence there were only negligible changes in either the

length or the diameter ofthe fiber.

The R-phase bas been known to occur in NiTi alloys with a surplus of Ni or

•
where Ni bas been repJaced with a third element (such as Fe or Co). Dautobich and

Purder (1965) first reported the apPear8l1CC of the R-phase. This intermediate phase
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appears wben the NITi aIloy is anneaIed at a low temperature~which is between 300 oC

and 550°C.

Study of the transformation phases using differential scanning caIorimetry (OSC)

shows that the inverse transformation from the martensitic phase to the parent phase may

occor with one or two peaks. Thus the martensite can transform directly to the austenite

phase without going through the R-phase (Jordan et al.~ 1995).

The presence of the R-pbase is also affected by cold worlcing. The R-phase will

oecur when the martensitic transformations are suppressed relative to the R-pbase. This is

nonnally achieved in three possible ways:

L The introduction of dislocations by cold-working the aIloy, followed by low

temperature annealing.

2. The introduction of precipitates in the solution and subsequently aging an alloy rich

in Ni at low temperatures.

3. The addition of a third element that suppresses the martensitic transformations (e.g.

Fe or Al).

The recoverable strain from the R-pbase is limited to approximately 1%.

Although this is small~ it is extremely useful for accurate thermal actuators given ils

reversibility. It cao readiIy he used in proportional control devices since its hysteresis is

under two degrees. Furthermore the stress-strain curve is highiy stable under cycling for a

million cycles or more.
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2.3.3 Thermoelectric effect

The parent and martensite phases have different thermoelectric potentiaIs.

Therefore if a shape memory alloy fiber is clamped at its ends to two metallic reference

connectors and a temperature difference is maintained between the two connectors~ a

potential difference will he recorded which is a function of the temperature difference.

The thennoelectric power of NiTi bas been reported by Wasilewski et al (1967) and by

Hanlon et al. (1967). The usual technique to measure the thermoelectric eirect consists of

using two Metal blocks of the same metal and fixing the sample between the two blocks.

One block is maintained at a reference temperature and the temperature of the second

block is varied. The potential is then recorded as a function ofthe temperature difference.

Plots ofthe thennoelectric eirect versus temperature are simiIar to those ofresistivity and

the interpretation is the same.

2.4 Thermodynamics

IfTo is the temperature at which the chemical free energy of the P phase and M

phase are eqüa4 the alIoy must he supercooled below T0 before martensitic transitions

start to occur. In other words the transformation requires an excess of non-chemical free

energy such as strain energy and interface energy for the transformation to begin.

Similarly a driving force is also required for the reverse transformation to occur. If we

assume cylindrical crystals with a radius, r, and a thickness, t, change in chemical free

energy density, L\~, and A(t1r) is the elastic strain energy per unit volume, the total

energy change due to nucleation is:

(2.6)
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• When reaching Ms the first term. on the right will exceed the second term and the

crystal will grow. However the crystal will grow even if the temperature is above Ms as

shown by the superelastie effect. This oœurs because an applied stress contn*hutes to the

nucleation ofthe M crystals. IfAGs(cr) is the amount ofenergy introduced by a stress (J',

nucleation will start when the first term on the right ofEquation 2.6 is now:

(2.1)

•

The transformation will start al a higher temperature, which is a function of the applied

stress. In filet the transformation temperatures foUow the Clausius-Clapeyron equation

(Duerig et al.., 1990):

dPIdT = MlffAV., (2.8)

where P is the pressure., T is the temperature., MI is the transformation latent heat and AV

is the transformation volume change. For metallurgical purposes the equation can he

rewritten as:

doldMs = -MIlTEQ., (2.9)

where (J is the applied~ Ms is the shifted temperature and EQ is the strain. Therefore

the transition temperatures will normally vary aImost linearly with the applied stress.

2.S Latent Beat, Specifie Beat and Efficieney

Associated with each phase transformation is a corresponding latent heat., specifie

heat., and also thermal conduetivity. Appendix IV lists values for both the latent heat and

specific heat. The specifie heat of transformation for NiTi is 31.5 kJlkg (Funakubo.,

1987). For NiTi with an intermediate R-phase, (Ti-S1 at % Ni) the specifie heat for the

transformation from the low temperature martensite to the high temperature is 24.3, and
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(2.8)

(2.9)

•

•

for the intermediate phase to high-temperature it is 6.43 kJlkg. Those have been

measured for most alIoys by differential scaooing caIorimetry (OSC). For ~47.5TisoFeu

alloys they have been found to be 7.79 kIlkg for the ll->I transformation and 15.5 kI/kg

for the m->II transformation. The specifie heat (QM) is 837 JIkg.tJC.

VaIues for the latent and specifie heat can he used to caleulate the amount of

energy required for a transformation to occur. They can give sorne estimates for the

effieieney and energy required to produce a contraction. Given the resistivity diagram for

the NiTi material used in this thesis~ the fiber is in the R-pbase at room temperature (200

C). A stress ofapproximately 50 MPa starts to induce martensitie transformations. If a

100 MPa stress is appli~ the stress induced change in transition temperature would rai.se

Ms by 23 oC ~ 1990)~ whieh would introduce stress indueed martensitic

transformations. Ms is raised from 5 oC to 28 oC and Ar from 70 oC to 93 oC. In order to

contraet the fiber the temperature must he raised from room temperature to At; whieh is

near 73 oC. The amount ofenergy~ W" in Joules~ required for this is equal to:

W1 = QM·(A.-n,

W. = 61 kIlkg.

Next an amount ofenergy W2 equal to the latent heat must he supplied:

W2 = (24.3+6.4) kIlkg.

Therefore the total amount ofenergy, W~ to produce a contraction would he:

W = 91.8 kIlkglcycle. (2.11)

Ifwe assume the fiber dimensions to he 100 mm in length, L, and with a diameter, d, of

250~ and given a density of6,450 kglm3
, the weight, ID, ofthe fiber would he:

0) = (nd2/4)xLx(6450 kglm3
) = 31.6 J.1g, (2.12)
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• and the amount ofenergy in Joules to contract the fiber is:

W = 91.8 kJlkg x O.0316xl0-3 kg = 2.9 J. (2.13)

Next ifwe assume that the fiber contracts by 5% at SN (100 MPa) the mechanical wor~

Wm done is:

Wm =F·d=25mJ (2.14)

•

The efficiency in this case is 24 mJl2.8 J = 0.8%.

This is a theoretical example. However values are quite close to those obtained in

laboratory tests (Gilbertson 1994; Lafontaine et al.., to he published., apPended to cbapter

4) and it demonstrates the origin ofthe low etliciency of the fibers quite weil.

2.6 Applications of NiTi Shape Memory AUoys

Shape memory alloys bave been used in a number of fields, such as medicine.,

electronics and textiles. Table 2.2 descnœs past applications or prototypes that have been

built with SMA's (Duerig et al., 1990., Funakubo, 1987, Patoor and Berveiller., 1994.,

Van Humbeeck., 1992., Weynant et a/.., 1993).

NiTi a110ys bave been used in preference to other shape memory aIloys in

industrial applications because of their larger recovery strain and stress., their longer

repetition life, their excellent resistance to corrosion, and relatively low cost. They have a

very good bio-compatibility but in-situ applications in medicine are restricted by the slow

diffusion ofnickel which is bighly cytotoxic (Funakubo, 1987).
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Field Application
Electronic Equipment Circuit breakers

Zero force insertion connectors (ZIF)
Memory elements
Disk-drive beads
Pen recorder
Cell phones antennas

Automotive Head lights actuation
Noise reduction (damping)
Radiator thermostat

Arts Moving sculptures
Home and Textile Circuit breakers (eotfee mak~ ete.)

Underwire bra
Permanent press sbirts
Air conditioners (louver actuation)
Toys, ashtrays, etc.
Asbtrays (Iow hot cigarette butts)
Eyeglass frames

Food Temperature extrema marker (thennomarker)
Smart Materials Composite materials, building dampers
Roboties Robotie aetuators (grippers, arms, bands)

Sealing ring
Actuator for camera

Machinery Pipe joints
Fixation mechanisrns
Valves

Medicine Artificial joins, spines
Vascular, esophageal and biliary stents
Artificial heart
Micro-pumps
Guide wires for catheters
Guidepins, localization books
Actuated catheters
Mammelak breast book
Blood clot fIlter

Dentistry Orthodontie wires
Spaee Antenna releasing system

Release mechanism and bolts
Vibration damping durinR launching

Photography Shutter mecbanism for teleseope CCOS.
Security Systems Fife alarm and extinction actuators

Anti-scald deviee
Gas-valve lock

Table 2.2 - AppUcatioDs of Sbape Memory Materials
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2.6.1 Muscle-like actuators

A number of robot limbs bave been constnleted using NiTi fibers. For example,

Hitachi bas produced a robot band (Nakano et al., 1984), and Homma et al. (1989) have

built a small 5 degree-of.freedom robot arm. Bergamasco et al. (1989) bave descnDed

experiments using an agonist-antagonist NITi actuator for robotic applications. A NiTi

actuated worm-like endoscope bas been built (Hirose et al., 1990; Ikuta et al., 1988).

A number of robotie end etIectors were built (Stoddard and Schifer" 1986;

Reynaerts, 1991). Iwata et al. (1988) developed a four fingered ~~anemone-like" gripper

for space applications, and more recently Mertmann et al. (1995) have built a flexible

rabotic gripper. WhiIe the developments ta date bave been impressive, a major problem

with all current SMA-based robot aetuator designs is that the total contraction and

relaxation time is slower than muscle and most electromagnetic actuators.

Many applications ofNiTi use the fibers wound in the form ofa coil spring. The

maximum shear strain is usually limited to 1% to avoid fatigue (Tamwa and S~

1988). For applications requiring rotation (e.g., robotic limbs) the two NiTi coiI springs

are often attached ta a circular pulley to fonn an agonist-antagonist pair. A problem with

this design is that as the NiTi spring shortens, the force it generates, and hence the torque

delivered by the joint, varies. Recently, Hirose et al. (1989) have proposed a non-circular

pulley that is designed to enable the maximum generated torque to he held constant with

rotation. Van Moorleghem discusses other applications based on SMA springs, including

a robotic finger actuator, a micro-actuator and a space gripper actuator.

Mertmann et al. (1995) used a different approach in designing flexible robotic

grippers where the NiTi fiber was imbedded in a flexible silicone matrix with a steel leaf
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spring to provide a restoring force. The robotic band included four fingers made from

these grippers.

More recently Grant and Hayward (1995, 1997) developed a high-straïn NiTi

actuator for robotic applications and used it to control a camera platform. The main

originality ofthe actuator came from the weaving geometry ofa NiTi mesh that provided

a mechanical gain to amplify the limited displacements ofthe NiTi fibers.

2.6.2 Miniature actuators

Ikuta (1990) bas developed a small (30 mm x 40 mm x 14~ 27 g) gripper

having NiTi coil spring actuators (l mm diameter coil, 0.2 mm diameter fiber). The

gripper response time is >700 ms. An innovation in this work (see aIso Ikuta et aL, 1988)

is the use of the change in resistance (which accompanies the martensite to autenite

transformation) to control the NiTi directly.

2.6.3 Valves

Kohl et al. (1995) have developed prototypes of membrane microvalves using

microstructw"es made from 157 J.UIl NITi sheets, reduced by HF and HN03, and eut with

a Nd-YAG laser or electrolytic photoetching. The NiTi sheets displayed an R-phase upon

cooling but retumed directly to the parent phase on heating. For their tests, only the R

phase transformation was used which resulted in a very low hysteresis. An array ofeight

NiTi beam-cantilever devices of 1.5 mm in le~ 0.1 mm in width and 0.15 mm thick

were used to realize the first microvalve. These devices controlled the deflection of a
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polyimide membrane on a valve chamber~ which was biased by an extemal pressure•

The TiNi Alloy Company (San Leandro~ CA) aJso fabricates thin film shape

memory alloy minivalves ranging between 0.1 ta 10 mm in size. These valves are

fabrieated with micromachining and microelectronic processes and materials. They are

proportional control valves where the t1ow~ of up to 1 liter per minute~ is aJmost

proportional to the current used to control the valve.

2.7 Models of NiTi actuators

There bave been a very large number of models developed in the Iiterature to

simulate the electro-mechanical and thermodynamic response of NiTi shape memory

fibers. They full in the following categories: (1) models of the thermodynamics of

martensitic transformations (Achenbach, 1989; Gillet et a/.~ 1995; Müller, 1995;

Lexcellent et al, 1993; McNicho~ J.L. (1987); Thuillier et al., 1995), (2) development

of the constitutive equations and solution by finite element modeling of the stress-straïn

cuves of springs and and fibers (Patoor and Berveiller, 1994; Trochu and Yuan-Yao,

1997; Leclercq et al., 1996), (3) models of hysteresis including Preisach models

developed for the ferromagnetic magnetization curve (Hugues and WeIl, 1995;

Likhachev, 1995), (4) electro-thermo-mechanical models representing the bulk properties

for control purposes~ 1990; Ikuta et al., 1991; Ikuta et al.~ 1988; Liang and Robers,

1992; Malygin. 1993).
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• Wbat is more relevant to tàst shape memory aetuators are lumped modeis that are

simple and efficient to use for real-time control purposes. For simulation of mechanisms

Ikuta et al. (1990, 1991) developed one of the most complete models to date. The

"variable sub-layer model" includes either 2 Jayers or three Jayers wben there are

intermediate R-phase transformations. The model includes the heat transfer function of

the fiber, the hysteresis in the phase transformatio~ the IlOnlinear stress-sttain

relationship of the martensitic aud rhombobedral phase, and the thermoelastic

transformation including the stress dependence of the transformation temperatures.

However Ikuta did not properly apply the variable sublayer model to calculate changes in

resistance. While in a variable sublayer model the resistances of the various layers are

effectively in parallel, he added the resistances to represent the total resistivity of the wire

as if the layers were in series. As shawn in Figure 2.9, the currents of the difTerent

sublayers add. Given a voltage V, the total current will he:

2.15

•

L

Fipre 2.9 Variable sublayer modeL

1

+- V -+
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• where pp. Pi and pm are the resistivities of the parent (austenite), intermediate (R) and

martensite phases, Lis the length of the sub-layer, V the voltage, 1 the total curren~ Ap,

Aï and Am are the respective areas of the parent, intermediate and martensite phases.

However the ratios of the different areas, Ap, ~ and Am to the total area A are the same

as the fractions of the respective phases (by volume, or weight given that the densities of

the various phases do not differ markedly). Assuming that Xi is the fraction in the

intermediate phase and Xm the fraction in the martensite phase, we get:

IIR = (AIL)-( (l-xi - Xm)/ pP + x/Pi + Xm/Pm). 2.16

•

Or if crp, O'i, and O'm are the conductivities of the paren~ intermediate and martensite

phases we get:

llR = (AIL)·(1 - Xi - x.n).O'p + Xi·cri + Xm·O'm). 2.17

In other words, the variable sublayer model prediets that the additive mIe of mixing in

solids should apply to the conductivities and not the resistivities (like they apply to

stiffuess but not compliance).

More recently Lu (1997) improved the parallel two-layer model of Ikuta's

variable sub-layer model 10 incorporate the temperatW'e-current relationship of the NiTi

fibers and improved the representation of the hysteresis that occurs in the martensitic

transformations.

2.8 Conclusion

Three documents are included to complement the material given in this cbapter.

The first one (Appendix n is a U.S. patent entitled ''Shape memory alloy baving fast

2-29



•

•

twitch response" (#5,092,901) which descn"bes the process for creating NiTi fibers with a

fast twitch response. Normally NiTi fibers will contract very rapidly. The rate al which

they can he heated and the speed of sound in NiTi mainly limits the rate al which they

contraet. However they take a long time to elongate back to the originallength. As will

he shown in chapter 4, we have developed a process that modifies NiTi fibers 50 that they

can contraet and elongate more quickly. In addition fibers that are modified with this

process bave a strong two-way shape memory effect.

The second document (Appendix fi) is a conference paper by Hunter and

Lafontaine (l992a) that reviews artificial muscle actuators. The content of the paper is

briefly summarized at the beginning ofthis cbapter.

The third document (Appendix llI) is a conference abstract that descnèes some of

the research projects reJated to NiTi a1loys.
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• Chapter 3 Growing and
Attaching NiTi fibers

•

The main technical difficuhies in bringing NiTi artificial muscle fibers ta real

engineering applications bave been described in the Introduction. The difficulties are also

outlined in Funakubo (1987) and are:

1. SMA~s cao aetively contract and expand by 2 to 8%t while typically appropriate

contact materials are limited to 0.2%. (In particuIart for the case offibers activated by

current pulses, metals are sought as joining IDaterials because oftheir combination of

high stiffiless and conductivity.) Rence even ifSMA's can he clampe<!, they normally

will easily free themselves.

2. The properties of shape memory alloys critically depend on the exact ratio of

elements, nickel and titanium in the case ofNiTi alloys. Even a slight deviation from

the required stoichiometric ratio can lead to a brittle material. In brazing an alloy

formation occurs between the braze and the substrate. Therefore brazing usually does

not work weil because ofthe brittle interface formed at the surfilee of the NiTi alloy.

3. Titanium is a highly reactive material that readily oxidizes. A clean surface oxidizes

in air in less than a second. Many operations require working in an inert gas.

Otherwise, a titanium oxide layer rapidly fonns al the surfàce of the fiber and

prevents fluxes from wetting the surface and the solder from tlowing.
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4. The capstan effect can he used to effectively attach NITi alloys. In this case as the

tension builds in the fiber it further tightens inner lo0ps ofNiTi fiber which then hold

better in place. However in many applications the fiber expands rapidly and becomes

loose. lberefore sorne additional mechanisms must be used to prevent il from

unwinding when it expands. Furthermore a capstan tends to consume a large amount

ofspace and mass relative to the fibers it holds.

5. It is impossible to glue, cement or bond NITi alloys. After a few cycles ofcontraction

and expansion they will crack and fracture ail known adhesives.

6. When a NITi alloy is heated weIl above its temperature At; its shape memory effect or

superelastic effect is normally 10st. It is therefore difficuh to use any high

temperature process to join them. Welding, brazing or soldering involves heating the

NiTi alloys whose properties end up being severely degraded. Brazing can be

effective however in joining two NiTi a1loys, providing of course that the shape

memory effect is not lo~ because diffusion of Metal atoms between parts does not

change the net stochiometry. Rence embrittlement is not an insurmountable problem.

Soldering when used in electrical devices is only safe for electrical connections,

components having to he mechanically held in place by sorne other means. Otherwise,

soldered joints f.clil if subjected to cycling stresses. Therefore soldering as a means to

hold electrical wires for example is not alIowed by industry standards.

It is a1so difficuh to effectively make use of NiTi in micro-mechanical parts.

Such parts are becoming increasingly popular as micro-switches and sensors (e.g. airbag

accelerometers). The most widely known and used micro-tàbrication techniques are

based on silicon lithography or related methods such as LIGA (a German acronymn
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Lithographie-Galvanofurmung-Abformung, meaning lithography, electrodeposition and

molding). Theyailow fabricating only parts in two dimensions with thickness. They are

aIso restricted to a few materials such as silicon and gallium arsenide, and do not lend

themselves to micro-fabrication using metals, aIthough LIGA allows fabricating 2D parts

with a high aspect ratio from nickel Three-dimensional structures cao. often he built by

stacking 2D layers but applications of this technique are limited. If for example it was

required to build a hollow sphere none ofthese techniques would aIlow il.

We have included a D.S. patent application with this chapter that addresses the

frrst issue. It is a new process that allows mechanical and or electrical attachment to NITi

alloys. This process is currently patent pending. The second document included with this

Chapter is U.S. patent #5,641,391 entitled '7hree dimensional microfabrication by

localized electrodeplsition and etching". This latter U.S. patent addresses directly the

issue of microfabrication. The two processes are fully compatible with each other, 50 that

NiTi alloys can he joined with the first process to micro-structures or micro-mechanisms

formed with the second process, aIl in one combined apparatus.

3.1 .Joining NiTi aOoys

The technique for joining NiTi a1loys is described in the US Patent application

entitled "Method for joining mechanicallyand. electrically parts made from NiTi shape

memory alloys and other materiaIs that are not readily joined together with conventional

techniquesn.

Fibers may either he joined togetber by an electrodeplsit, in which case they are
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placed in close proximity in an electrochemical bath, and a plating potential is applied to

both, or a layer ofmaterial is grown onto the fiber which can then he connected to using

traditional joining methods. The technique developed to joïn NITi alloys can he

summarized as follows: (1) the shape memory effect is inhibited or destroyed locallyon

all areas where the fiber or fibers need to he joined (heating the liber for example); (2)

the surfaces are cleaned; (3) some areas may he protected using an insulating material

painted or applied otherwise on the surfàces; (4) the fibers are positioned in a specially

shaped electrolytic bath in order to maximize the current density where joining is

required; (5) the metal or other substance that can he electrodePQsited is formed

electrolytically by passing a current between an appropriate anode and the fibers which

are all electrically connected together as cathodes.

The process nonnally involves dePOsition of a thickness comparable to the

thickness of the fiber or fibers to he joined. The current may also he reversed to etch

certain areas as weIl. Etching and dePOsiting cao also he repeated until the desired resuJt

is obtained.

3.2 Spatially Confined ElectrodepositioD

We have developed a new process based on spatially conf'med electrodeposition

(SCED) to build 3D components and structures. The technique bas beendemonstrated on

objects such as a spring, which would he impossible to build with LIGA or silicon

photolithography. The process was designed to fabricate objects by electrodeposition and

also to machine parts by electrochemically etching material. The process is descn"bed in
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the US Patent 5,641,391.

The technique cannot he used to directIy form. NiTi alIoys with sufficiently high

Ti content to demonstrate the shape memory effec~ and fibers will have to he fabricated

using conventional techniques. However the two processes are inherently compatible and

SCED could he used to fonn metaI around the fibers 10 he mounted in a micro

mechanism fabricated with SCED. In other words~ metaJs, such as Ni, and conducting

polymers, such as polypyrrole and polyaniline, could he grown directly onto fibers, and

in arbitrary geometries~ forming micro-devices.

3.3 Resolts

Figure 3.1 is a photograph of a NiTi fiber, which bas been "grown"

electrolytically at both ends (only one is shown). The fiber was mounted for mechanical

testing by soldering the nickel ends to hollow hexagonal rods. None of the fibers tested in

this manner failed at normal operating stress levels (<200 Mpa). This technique allows

dynamic measurements at high frequencies since the added mass of the nickel is small

compared to the total mass of the fiber. If other means of clamping the fibers are use~

their rnass is 50 large that it must he included in a lengthy cahoration procedure to get at

the dynamics of the fiber. Other groups (e.g. Hall, 1993) have tried electroplating and

soIdering the plated fibers but the resuhs were not satisfactory. In our tests the fibers

often broke before the joints, and the joints typically failed at stresses greater than 500

MPa
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Figure 3.1 NiTi fiber grown at one end for attachment.

Figure 3.2 The fibers at the top were embedded together in
copper using electrodeposition. The fibers at the bottom fonn a
copper-constantan thermocouple.

Figure 3.2 illustrates another application ofthe process. In this case a copper wire

has been directly joined to a NiTi fiber using copper electrodeposition. In this way the

thermocouple effeet can be directly recorded from the two pieces. It is the only known

technique that a110ws the creation of a NiTi thermocouple having a very small volume.
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Figure 3.3 Example ofa NiTi liber tirst twisted in a loop and subsequently fixed
in place by coating the fiber in electrodeposited nickel.

Otherwise the two pieces must he attached together to Metal blacks that have intrinsically

a very long thermal equilibrium lime.

Figure 3.3 gives one more illustration of the process. In tbis case the fiber was

wrapped around itself to make a loop al the end. It was subsequently coated in a nickel

sulfamate bath for embedding the loop in nickel. AIthough it is difficult to see in this

picture a copper wire was soldered to the loop al the bouom left for electrical stimulation.

The unevenness of the nickel layer was caused by an excessively large deposition rate.

3.4 Conclusions

The new technique employing eleetrodeposition to grow mechanical attachments

has been extremely useful for most measurements in this thesis and should prove

3-7



•

•

invaluable to applications in generaL It is novel in that a step is used to remove locally

the shape memory effect and in that a large thickness of deposited material is used.

Electrodeposition bas been used in the past to make electrical connections to NiTi parts.

However this bas not been successfully used for mecbanica1 attaehments because the

deposited material fails ailer a few cycles as the NiTi part goes through the expansion

and contraction associated with phase transitions. This bas never been the case for the

electrodeposition method reported here.

The main disadvantage of this technique is that few metals have the exact

mechanical characteristics of NiTi alloys. Nickel for example is much stiffer than NiTi

As a resuh if stresses are not in line and if the forces generated at the point of junction

with the nickel generate points ofconcentration of stresses~ tben the NiTi fiber will break

earlier than normally expected.

Although full cbaracterization bas not been done~ the force al which the nickel

interface detached from the NiTi fiber was in some tests 27 N for a 250 J.lDl fiber~ which

corresponds ta a 540 MPa stress. Although not as high as the yield stress ofNiTi fiber,

this is still 2.7 times higher than the maximum reeommended stress for this fiber size in

normal applications. Methods have also been reported to directly electrodeposit onto

fibers parts of arbritrary geometry. This ability could lead to the development of many

novel electromechanical parts. This technique bas been used extensively to test the

mecbanical properties ofNiTi tibers (see chapter 4) and in our experiments none of the

joints ever firiled•
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Background 01 Invention

1. Field of Invention

The present j~ventionreI~ to an electrodepositioD process wbereby a
pan ofa mecharoca1 or eJeancal component ll; groWD din::tJy on a shape
memory aUoy compoaenr. Conveutional œchniqœs C4Ul men be used ta ioin or
mount the resuJting part by joining ta the electrodeposi~nwerial. Thi;
process can incJude aIso etcbinl and machiDiDl [0 obaùD the desircd shape (tf
me final producr. The present invention consists aIso of 8 technique to join
several disaeœ pans toptber ","ben one or more part must be made from a
shape memory a1loy. For düs purpose elearodeposirion is donc
simultaneously on lWO or more puts until they are joined by the
efectrodeposiœd rnatenal

The invention wu tint conc:eived and put ta practice by the lWO in,-entors
in lune 1994 and subsequendy contÎlluousl)' imçroved and developed. This
document describes the concept and deveJopment to date.

2. Description or Prfor Art
Shape Memory Alloys3 (SMA)" such as NiTi alloys. consist of a

class of materials whicb undergo diffusionless mattensitic
transfonnatioDS accompanied by definite shape changes. The sbape
memory effect accurs wben a $MA aIloy \\'hich is deformed in the
Martensite temperalUre range retums to its original undefonned
shape when heateci above the Manensite inverse transformation
temperature and œtums ta its Parent (austenitic) phase. The
superelasticity effea is one of stress induced manensitic
transformations. The material is deformed in its Aastenite
temperature range and internai stresses in the material cause
martensitic transformations which are associated wim large elastic
deformatioDS. These deformations are typically at leut an arder of
magnitude greater tban what would be expected from thermal
expansion ove.. the applied range of temperature or the maximum
elastic deformation in a metal.

WU'eS made fiom Nin shape memory alIoys, often referred to as
muscle wïres. can contraet by as mucb as 8% when heated to the
austenite temperatUre rànge and in the process exert extemal forces
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exceeding 150~1lof/m1.Tne extemal forces per cross-sectional acea
exerted by NiTi wires exceed by a factor of500 or more those
generated by human skeletal muscles. The heating process can occur
in less than a milIisecond when using Ioule heating and the
conceaction in Nin wires cau be completed withÏn 10-20
milliseconds. Typically it takes a long lime for Üle wire to retum to
its original Iength. When using Nm wires modified by very large
current pulses during stretehing (see ref. l) the authors completed
twitches including both contraction and relaxation 10 limes raster
man muscJe. NiTi wires càn potentiaUy find a large range of.
applications as actuators in robotics and micr~roboticsdevices.

NiTi SMA alIoys consist of intennetallic compounds which have
an atomic composition ratio close to 1:1 and may inclucie a very
small percentage of a third element. The atomie composition ratio
over which the shape memory effect is observed is very n&n'Ow and
the alloys very rapidly become very brittJe as this range is exceeded.
These alloys also have a very high chemical 3CtiYÏty and reacl readi1y
with metaIs such as Ni. Cu and Fe to produce a brittle reaction phase.
For these reasons it is difficult 10 solder NiTi alIoys or to weld them
to different rnetals.

Doring phase transitions SMA alloys may undergo large
dimensionaI changes. This effect is puticulady great in NiTi alloys.
As a result if a surface is bonded or joined ta another material which
does not go through similar dimensional changes very large stresses
are generated at the interface tbat break or weaken the jOÎDL Large
extemal forces C8D aIso be generated by marteositic b'8IlSformatiODS.
When mechaDicalaulCbments the parts may become loose tbrough
cycling. For this talOn it is difficult to mate reliable mecbanical
attachments to SMA alloys by the means ofclamps, rivets or
tightening with screws.1n order to generate enough force and
compression clamps used to secure Nin wires must therefoœ he
extremely large and beavy compared to the wïres. One of the most
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reliable method. [0 anach a NiTi wire is to lo wind the wire severa!
times cn an anchor and utüize the capstaneffecL

NiTi alloys can be joincd together using fusion welding
techniques such as Jaser weldingC

, na welding. pressure welding.
electron beam weJding. pressure welding methods. flash bua welding
and friction pressure welding. There is stilileft the problem of
joining Nin aUoys to a dissimilar allav or metaL

A teehnique bas recently been deveioped to jaïn SMA alloys to
other metalsz. One of the method for joining parts consists of .
contacting the surface of the Nin alloy ta the surface of tbe other
metal to be joined, fonning a mell-forged structure interface by
heating the parts to cause a reac:tive fusion of the NiTi allay and the
other metal. With the application of sufficient heat and pressure to
the NiTi alloy and the other metal hot-forge<! structures are formed
on the two sides of the interface.

Another known method1 ofjoiningNin alloys to other metals
consist of a sequence of plating and soJdering. The joining surface of
the NiTI part ta be joined is fmt plated \Vith a metaI which is easily
solderable and demonsttates a good adhesion ta the Nin alloy. The
pan to be joined is then soldered at the plated metal. The plating
whose thiclcriess typica1ly does not exceed 10 microns prevents a
reaction between the Nin alloy and the brazing rnateriaI. It was
found impossible however té subject the joined pans to high streSses
because of the dependence of the joint strength on the adhesive
strength of the solder and of the plating substrate2

• Soldering is
known ta provide poor mecbanical mounting properties. and it is an
industry pradice and an elecCrical standard ta provide ~ure
mechanical attaehments of components such as electrical wires
before soldering.
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Summary of Invention

:ne iDventi~c:onsists in eJee:troehemicaUy ~wing the partS to be joined
until they~ Iink~by the elec:trodeposited material or 10 grow one part 10

fonn a s~t1on WhlCh cao men be used for mounting. The fOnDAtion process
can aJso mclude e1«llod1emicaJ etchinS of me electtodeposited aweria1 or of
the original part.

The eJecuodeposition technique QIJ c:onsist of conveationaJ
electrodepositio~spatially consttained electtodeposition1• laser enhanced
electrodeposition (LEEP) used alooe or in combination of other medlods 10

control the raie o{ plating and spatial distribution of die electrolytic cwrents.
The eIectrlc field which drives the electrolytic cuaenlS cao be spatially
conrroUed in duee dimensions with the use ofmaso and resists. and
designing the shape ofelecttodes and container holding the plating solution.
Other lechniques can be used ta accelerate electIOdeposition such as local
heating, ultra-sound and controlling the tlow and replenishment of dIe plating
solution.

Electtochemical ecchilll cao also be use<! as described in the patent on
spatially constrained electrodeposition1. The electrodeposition cm be reversed
and material cao be removed by reversinglbe polarity ofelectrocles and the
direction of the currents. The spatial distribution ofelec:trolytic cunenrs cao
be controlled with the desip ofelectrocles and eleeuolytic bath. with masks
and resists.. by conuolliDl d1e tempenuuœ and local f10w of electtolytes. Othee
etching techniques, being cbemical. e1ecttica1 or electroebemical and
mechanica1 macbining can also be used ta create the desired final shape.
Ultimately, the proœss may only involve etelüng or madûlling of the SMA
component witbout any electrodeposition.

This technique cm also he used to jaïn direcdy SMA and non-SMA
parts. For examp1e. two Nin wira with diffecent ttansition temperatuœs and
properûes ean bejoiDed by bringiD. tvto eods close logetber odIer.&Dd locaJly
deposiq Dicbl ta fiD the pp. 'A1tenWively one of the wiœs could be a
copper wim providiDa aD elecUical CGIlbId.

The r\lbustDesl ofdie jaillIS usÏDIIbis tedmique is maiDly a fuDClioa ofdie
mecbanical properties of the deposited maœrial and of the adhesion strength
of the deposited material aD che SMA aIloy. 1bermal or mcdwûcal processcs
May he used ta chanac the properties of the SMA alIoy &rOund the interface of
the electrodeposircd maII:rial to prevent phase transformations and bip
stresses tbat arc induœd al the inreâace.
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The ~eductio~ in size and weighr afforded by me mechomica1 and electrical
co~ecuonmeth~ of this invention is particulady vaJuable in building micro
devlces. where SlZe and weigh~are critical. The ability to electtodeposit onto
the fibers aUows mccbanicaI partS tO he electtoehemicaJly grown from the
fibers. ln one microfabricatioll method, described in US. patent application
number 08/4409491

• Hunier et al. descnèe a process in which tbree
dimension;u micro-sltUctures are aeated by localized electroehemical
deposition. By localizing e1ecuic field in a platinI solution to a region on a
substrate. deposition.is also localized. In this method., fields an be spatially
constrained on a substrate by placing a sman eleçtrode close lO the substrate
surface. A potential is applied between the electrode and th~ substrale to
gener.:tte a field and induce 10000lized deposition. 1bree dimensional structures
are formed by moving the eleeuode appropriately relative ta the surface ta
build up depositS. Thus wires and mechanicallinkages can he connected
directly to the artificial muscle fibers. Among omel' mllerials. copper. chrome
and nickel cao readily be deposired omo plated nidce1. !bus allowing
mechanical and eIeeuical connections. The combiDation of d1e localized
electrodeposition tecJmology and die medlod ofthis invention mus allows the
fabrication of acmared miçro-electro-mecbanical devices. The ratio of force to
cross-sectionaJ aRa pcovicled by the anificiaI muscle fibers and tbeir rapid
contraction times mate tbem vet). weil suir.ed ta incorpocatiOD in micro
structures.

BRIEF DESCRIPTION OF THE PROCESS

Figure l describes a method ofembodiment which permits to attach a
NiTi wice ta a rad or motherNinwiœ. A NiTi wire %is joined la a niclœ1 rad
3. An electtodeposition bailli coosisu of. recranplar section of plastic with
a chamber in the center ta the plating solution. There are two slirs in the waU
of the mambec wheœ the wire lIId die met CD be ÏDIeIfed. lbese sIiIs are
coverecl widla tbiD laIex lIIeIIIIJnM ID prPat Ieabpofdie eJecIIOlidc
solution. OR Ibe riabt sicle die Ieft ead ofa Nin wiIe 2 enters the cbamber
and coiDeS iD close contact widl die md. On die left die riabt CIId of die nicb1
cod 3 enters the c:IJaa1IJu. A nidœl aaode" witb a c:ircuIar bole in che ceatet is
positioned vertically in the œmerof the dwDber. The roc! and Nin wiœ are
ceDteree:I atong Aline whidl aoes tbroup die center of tbe bole. The
elec:trodepositiOll is lberefexe œucerdIaIed lI'OUDd die pp betweeD die Hm
wire and the nickel roda Bach the niclœl rod and die NiTi wire are connected
ta the negative side ofa eutrent source ad serve as cathodes. The
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eiec~posited nickel grows simuitaneously on the lwo ends wbich come in
?~Y~lCaJ contact and subsequend}' nickel grows in rhe fonn. of:1 spindie
JOlmng the two wîres.

The NiTI surface of the sample must firS[ be prepared for the
eleetrodeposilÏoD 3S described. ic JobDSO:ls. The sur!xe is rarst cleaned with
alcohol and a silicon cubide abrasive. The final tenloval ofdJe oxyde layer
and other impurities is achieved by cbemical etching in a solution of 16%
nitrie acid and 4" hydrofluoric acid. The part subsquently wasbed with
distilled or deionized water.

The prefered plating solution coosists of approxinultely 1~1 nickel
fuImanaœ. The sulf.unare is chosen because i1 produces Dickel deposits witb a
high teosile streDgtb (620 Mpa). Low residual stress (3.5Mpa) and even
distribution. The anode nonnally consists of pure nickel but an also c~nsist
of other materials.

Figure 2 depicts a NiTi wire 1 afœr a buIk eleetrodeposirion ofNickel 4
at one end. Typically the dimleter' of the wire 2S0J,a. and the diameter which is
grown to approximately 7SOJ,L Sucb a wire cm then be mecbanicaIly mounœd
by inserted in a holder 2 which bas a sUt of 27SJL at the boUom and a
cYÜDdrical cavity of 8OOJ&. where the enlqed end ofthe NiTi liber is
deposited. A screw 3 secures mecbanicaUy che NiTi Wue in place.

In irs simples fonn. one end ofChe wite is growa widl buIk
electrodeposition ofNickel The end of the fiber is cheu soldered or brazed on
the nickel for elecrrical coo.nection. Soldering C-G11 be used ta IDOUDt me
electrodeposited oictel mecbanically for temporary use or for applications
which do Dot involve any electtîca1 safety hIzald ifdie coanection breaks.
The main diffaence betweea this metbod and the already mown metbod
consistiD& ofpIIIiD. aad IOlderiDc is tbat in the knov.'1l med10d • nicJœl
mari"g of. few microm oaIy is usecL We used. sufficieatly Iaqe amount of
electmdepolited nickel is 10 iDctase the diameter ofdie Nin fiber by a
significan amount. typically by a fIaor of4 and more. Our tes1Ilbow mat che
force requirecl to puB the NiTi wüe out of the nickel is œucb pater daan the
force required ta bœak the NiTi liber. Our tests show also tbat it œsists to
repeated cycJiDl ofdie tempemuœ belWeea me Martensite œmperanare range
and the Austenite t.emperature range.

-7-
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1. A methocl for eIectricaIly and lDC'C:f!uricaUy coUPliD& demen" c:ompriuog
thesteps of
Ca) providiDg two or lD01'e element5 positioned close ta each othez:
(b) pmvidina a lOIu1ioD 1bat wm. Ùl Ul eJcc:IrochaDica ramon• cIcposit a
desired pmdw:t 0Jl die demeura;
( c) providiq a c:oaDta clecuode;
(d) cfepositiD&dia prodactœb eIaDala byP"'ÀD& a cum:atbetwem the
elemeDlS ancllbe COUIIIeIe1ectto lIId tbroup the solutiOD. Ibereby
inducing elec:cmdepoâIioa of the product 0Dt0 the eJemcnts;
(e) conÛlluing the deposiIiDD ofItep (cl) lUCh Ibat die prodDc:t bridges Ihe
gap between die elemaatl;
wbereby a mecJwriQ) aDrl eledricaJ coapling is foaDed between the
elementl.

2. The method ofdaim 1 wben:in the product ù al Jeast iD pat a mataial
selected from the poup. COIIIisting ofe1ec:tLodepositable mclals. alloys.
polymers and semic::onductors.

3. The methocl ofclaim 2. wbeœin the procIw:t is atleut iD put Dicbl..

4. The metbocl ofdaim 1 wherein the elemeDts are al Ieast in putm-mals
selected from die group COJISÏJtiDI ofmetaIs. deys. polymen 8Dd
semiconductms onto which electrodeposilian is achievabJe.

s. The methocl ofcIaim 4 wbeœin the elcmcats am al Jeast in part a material
selected !rom die pœp coDSistiDg of IitaDium and titaDium aBoys.

6. The mcthod ofclaim 4 wherein the eJcments ÎIœ al least in part compoaed
ofnickel titanium .oay.

7. 'Ibe methocl ofclâIll wbeœin the spacing between the e1c:numts is
betwecn contactand 0.2. mm..

8. The metbocl ofcWm 1 wbeœ mmdreIs are used to CODJtrain the
electtodepolïted meW in space.
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9. 1'be methocl ofcIaim 1 orcJiim 6 wbeœ die e1cctmclepDIÏIed metal is
then attaçbed ta~picœÙsiac IllY other k:aow teebaique.

10. The meIbod ofcIaim 9.~ oaly ODe eJaneut ÎI ued..

Il. Tbe metbocl ofcIaim 1 cr cSaim 10 wbae fiat d1~cum:at is CO etch put
of the eJemmts and Ibeu reveded ta decuodopo.sit matmjal

12 Tba medlocl ofc1Iim Il repceet a nnmberoftima.

13. A metbod of~ 10wb~ the deposited mareraïl exceeds a thickness
ŒIO~ .
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Abstract

This disclosure descn"ba a pmcess wbicI1 perm.its the mechearial and.
e1ecaical joiDing ofparIS made fIom mctel-tiClDium sbape memory aUoys
(SMA) and ocher materiaIs tbI1 are dilficult ta join usioJ coovealÏona!
techniques such as weldiDg. bruing. 501deriDg, boDcIin" clampiq and
pressure assembly.

This procas wu deve10ped more puticular1y for nickel titaDium (NiTi)
shape memory aUoys (ofteo œferred ta u aiMol) and superelastic aDoys
whose ranle of applicatiOIII as ae:tuators and flexible joinrs is sevaely ümited
by the difficulties aaCOUDIeIed in IDOUDtinl daem usinl Iœown teehDiques.
The new process coasisIs of usinl electrodepositiOD or spatiaUy constraiDed
deposition (see rel. 1) tG pow allWeria1 sucb as nickel on tbe parts ID be
joined until it CODIIedI pbysicI11y die parts toptber or UIItil it fonDs a DeW
section ofdle part daat cali cben be usecl for aaachmeats. 'Ibis pmcess bas a
wide range of applicatioal aad cao be useeS ta jaïn a very Juae rmae of
materials iDcludiDJ ïataDium days in genen1 and omer mawials such as
synthetic meWs.
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• Chapter4 Experimental
Characterization of

NiTi Fibers

•

This chapter descnbes the experimental procedure and the analysis of the data

acquired ta cbaracterize the NiTi shape memory aIloy fibers. Over six different

experimental setups have been constructed to characterize different aspects of the

materiaI properties or the dynamic response of the fibers. Most of the experimental

resuhs are outlined in a paper included. after this chapter. Section 3 of this chapter gives

additional information on the results. Section 4 concludes the chapter.

4.1 Experimental Setups

The mechanica1 and dynamic properties of the NiTi shape mell10ry alloys as

descnOed before are complex, highly nonlinear, and are funclions oftemperature, tîme,

stress, strain and the past history of the fiber. It is not possible with one experimental

setup ta characterize ail ofthe different properties. Over six different experimental setups

were used ta obtain the results described in this chapter. The first setup was used to test

the reSPQnse of the fast twitch NiTi fibers. The second setup was designed ta study the

electrical resistivity of the fibers since it bas been suggested !hat resistivity can he used

for control purposes. The third setup was designed 10 study the mechanical properties as a

4-1
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function of temperature and rate of change of the temperature. The other setups were

designed to look al the mechanica1 properties ofthe fibers.

4.1.1 Study ofNiTi fibers with fast twitch response

The NiTi fiber was bathed in a 500;'Q methanol-water mix, which was pumped

through a 1200 W refrigeration unit (polyscience, model KR-60A) in series with a

variable voltage heater (peak 3 kW). The temperature of the NiTi bath was controlled

over a temperature range of 10°C to 70 oC using a semiconductor temperature transducer

(National Semiconductor LM35) and a variable voltage heater. One end of the fiber was

attached to a strain gauged proving ring with a flat bandwidth of 1~ Jater repJaced

with a Bruël & Kjaer Ioad cell and Bruël & Kjaer charge amplifier model 2635. The

other end of the fiber was attached to a voice-eoil electromagnetic motor. A photodiode

and lateraI effect photodiode (LEPD) measured displacements of the voice coiL A

United Detector Technologies analog processor was used to obtain a signal proportional

to the displacement of the photodiode. A digital micrometer (Mïtutoyo, 1 J.1lIl increment)

was used to adjust the static force in the fiber.

The setup was controlled by a MicroVAX computer system running V AX-VMS

and the experiments were run from the LISP programming language.

A Data Translation multifunction board was used to sample the position and force signaIs

and to control pulses applied to the NiTi tiber with a DIA converter controlling the gate

voltage of IRe HEXFETS (200 A peak). A detailed photograph of the setup is given in

Plate 4.1 .
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Figure 4.1 First experimental setup for data acquisition and control for modifying
NiTi fibers. A Micro-VAX Il was used for the experiments. A Data Translation Q
BUS muhifunction board was used to acquire data and control the HEXFETS.
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Plate 4.1 Experimental setup built to characterize the NiTi libers with fast twitch response,
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4.1.2 Resistivity and modulus ofelasticity measurements

The previous setup was redesigned to use a much more powerful electromagnetic

motor required to run experiments on 0.8 mm diameter NiTi fiber capable of actively

generating over 100 N of force. A Bruël & Kjaër (model 4808) linear electromagnetic

voice-coil motor capable of generating 180 N peak force was mounted on an optical

table. The position of the voice coil assembly was measured with a variable inductance

displacement transducer (Data Instnunents FASTAR FS380) and a signal processor (Data

Instruments SP300A) provided the position signal. A connecting rod was mounted to the

motor shaft and at the other end crimped ta the NiTi fiber. The other end ofthe NiTi fiber

was attached to a strain gauge force transducer (Omega Engineering Inc., LCC200 shear

beam type). The fiber was mounted horizontally and was enclosed by a clear plastic tube

where a 50% methanol-water mix was circulating. The temperature inside the chamber

was measured using a 100 Cl RTD pJatinum wire. The temperature ofthe methanol-water

mix was controUed by a 1200 W refrigeration unit (polyscience, model KR-60A) in

series with a 3 kW variable heater. The refrigeration unit and the variable heater could he

individually tumed On or Offusing semiconduetor AC switches.

The system was controUed with an mM RISC SYSTEMl6000 (Model 320) using

FORTRAN-90 as a programming language. Extemal devices were controlled from a

National Instruments NI-Gpm (lEEE488) interface using the IEEE 488 bus. The NiTi

fiber resistance and impedance was measured using the standard four wire (Kelvin)

technique using an HP 3458A 81h digit precision muhimeter. For impedance

measurements the HP4194 Impedance GainlPhase instrument was used. Impedance

frequency response functions were taken with a 2 oC temperature increment and the

4-5



resistance every 1°C. Force and displacement were read using HP34401 muJtimeters and

read via the IEEE 488 bus. Temperature measurements were obtained ftom the resistance

and using an 8111 order polynomial giving the relationship between resistance and

temperature.

IEEE 488 (GPIB) Bus

HP6652A
Power
Supply

HP3245A
Precision
Source

Power
Amp

Keithley
2001

HP34401 A
Multimeter

HP34401A
Multimeter

B&K
4808

•
Figure 4.2: Second apparatus to characterize NiTi. This diagram sketches the data
acquisition and control system used to characterize stiffitess and resistivity as a
function oftemperature.
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• Plate 4.2 Experimental setup developed to do resistivity and stitTness
measurements as a funetion of temperature.
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4.1.3 Study ofthe stress-strain response as a function oftemperature

This experimental setup was designed to study the dynamic properties of the

fibers as a function oftemperature, stress and electricaJ pulses. The NiTi fibers 0.1 mm in

diameter and 100 mm long were clamped between two General Scanning (GT350)

galvanometer motors. The NiTi fibers were mounted horizontally between the motors in

a water bath machined into a copper bar (see Plate 4.3). The top surfaces of 14 Peltier

effect heat pumps (Marlow Industries MII0641) were attached to the copper bar to

provide temperature control of the bath and hence the NiTi fibers. The other faces of the

Peltier devices were attached to another copper bar which in tom was bolted to a 19 mm

thick water-cooled a1uminum. plate which served as a water-cooled heat sink. Two

parallel water cbannels were machined inside the bottom plate and water entering one

input port flowed to the other extrem.ity ofthe bar where il was re.circulated through the

second channel and collected at an output port. Each heat pump could carry up to 5.3 A,

at up to 4 V, which was supplied from a Hewlett Packard HP6652A DC power supply.

Each motof was capable of producing 0.2 N·m peak torque or 10 N peak force on the

fiber via a lever extending 20 mm from the shaft.

An IBM-RISC Model 6000 computer was used to control the experiments via a

National Instruments Microchannel IEEE 488 interface. The bath temperature was

controlled via the HP6652A DC Power Supply (25 A) by a PI (proportional &. integral)

controller running at 5 Hz. A relay controUed by the HP6652A relay control output was

used to reverse cuneot. Temperature as measured by a Keilhley 2001 5.5 digit muhimeter

via a type K thermocouple was sampled at 5 Hz.
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Figure 4.3 Diagram describing the experimental control and data acquisition method
used for a first set ofresistiVÏty measurements.

For the first series of experiments, where the stress-strain response was analyzed

as a function of temperature, the setup was as descnDed in Figure 4.3. HP34401A

multimeters measured the force and position signais and the samples were downloaded to

the hast via the IEEE 488 intedàce. The HP3245A precision source and arbitrary

function generator was used to generate a triangular force command signal to the

GT350DT galvanometer.

In a second series of experiments designed to look al the pulse responses of the
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NiTi fibers the data acquisition and control setup was as descnDed in Figure 4.4. The

position and force signais trom the General Scanning GTISODT galvanometer were

sampled by a HP54S0lA digitizing scope and the sampled signais were read via the

GPm bus.

The HP6652A was programmed to provide the required output voltage and the

HP3245A was programmed to generate lOV pulses to switch ON/OFF an insuJated gate

bipolar transistor (lGBT) that delivered the current from the HP6652A voltage supply to

the NiTi fiber.

This setup bas also been used for resistivity measurements. In this case a 4 wire

(Kelvin) resistivity measurement was taken either with the HP3458A 81h multimeter, or

for fast measurements a 10 mA constant curreot source was injected in the fiber and the

potential difference measured with an instrumentation amplifier (Analog Deviees AMP

02).
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Figure 4.4 Description ofthe experimental system used for data acquisition and control
ofdata acquired to study the response ofNiTi fibers to electrical pulses.

In these experimeots a cuneot with proportional, integral and derivative feedback

(PID) servo was used to cycle the motor force with a 1 N amplitude, lOs triangular wave.

The motors have inbuilt capacitive angular position transducers with a noise level orO.Ol

mdeg nns at 10Hz. The force was obtained from the curreot running through the

gaivanometers.The sensitivity was obtained from cahoration with known weights. The

teIIIPerature ofthe bath was regulated by a proportional-integral (PI) controller, based on

telIJPerature measurements taken at 5 Hz by a platinum thin RTD element (Omega

IOOW30 thick film sensor) via a Keithley 2001 S~ digit muhimeter. HP34401A
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multimeters were used to digitize the outputs ftom the position and force signais. A

HP3245A Universal Source was used to generate the command to the mators. An mM

RISC/6000 with National Instruments GPm microchannel card was used for bi

directional communication with the muhimeters and universal source.

4.1.4 Experimental setup for agonist-antagonist double pulses.

An experimental setup was designed to study the response of NiTi tibers

configured in an agonist-antagonist pair where each tiber provides a direction of motion

opposite to the other. For these experiments 100 J.UIl diameter and 150 mm long tibers

were attached at one end to a Sigma force transducer and at the other end to a Mitutoyo

micrometer used to set the initial tension in the fiber. In its Middle the fiber was attached

to a brass Metal sheet which in tum carried a lateral eifect photodiode (United Detector

Technology (California») used to generate a signal proportional to the location of the

photodiode. The brass sheet was connected to ground. Each tiber was connected at one

end to the brass sheet and at the other end to an IGBT. The IGBT's were controlled byan

HP3245A precision source. The HP 54501 digitizing scope acquired the measured force

signal from the Sigma force transducer and position signal ftom the diode.
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Plate 4.4 Experimental setup to study the pulse response of NiTi fibers configured as agonistRantagonist pairs.
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4.1.5 Experimental setup for pulse and heat trans fer experiments

In a fourth series of experim.ents fibers with 250 fUD diameters and 50 mm

nominallengths were grown electrolytically at each end ta a nominal diameter of 400

JlDl. The ends were then soldered to brass hexagonal rads for bath elcctrical and

mechanical attachment. One rod was mouoted to an Entran force transducer (model

ELF-TC13-25). The other end was attached ta a Bruël & Kjaer mini-shaker (type 4810)

with ION maximum force and ±3 mm range. A FASTAR snOOA and FS380 Iinear

position transducer, mounted between the Bruël & Kjaer mini-shaker and an hexagonal

rad, was used to measure the changes in fiber length. The fiber was kept in a distilled

water bath as shown in Figure 1. The hexagonal rods were extending outside the bath

through two round windows at each end No seal was used between the lOds and glass

plates so that friction was rninirnized. Water from the middle chamber freely ran through

the windows to he collected and re-eirculated in the middIe chamber. The ENTRAN

force transducer was mounted on a New-EngIancl stage motorized by a Compumotor

LN57-51-MO stepping motor and controlled by a Compumotor LN-Drive for large

adjustment ofthe distance between rads and for initial tension in the NiTi fiber.

An mM RISC/6000 model 520 with VXI data acquisition and control modules

was used for experimental control and data acquisition. VXI modules include a Hewlett

Packard HP1413A 16 bits (18 bits internal cahoration), 64 channel AID module for AID

conversion. A TASCO VXI/DAC16 16 channel 16 bit analog output module and C&H

Engineering model 441 C digital lIO module were used for DIA conversion and digital

outputs respectively. Digital pulses from the C&H 441C were first converted to 15 V
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• pulses which were then used to switch current from an 60 V APEX PA04 power

amplifier (whose output voltage was controUed by a DIA) through an IGBT (model

IRCPCSOU). A PlO control Ioop, implemented digitalIy by the mM RfSC-6000

computer at 5 kHz, controlled the motor. PuIses from the C&H 441C were used to

control the LN57 stepping motor. In sorne experiments the cuneot going through the

NiTi fiber was measured from the voltage drop in a 0.1 Q inline resistor.

In another series ofexperiments using the same setup the st:i.ffi:less ofthe fiber was

measured as a function of the temperature. For these experim.ents a tyPe K cbromel-

alumel thermocouple was bonded directIy on the NiTi fiber using a thermally conduetive

VXIBUS

HP6035 High
Voltage Power
Supply

Tasco VXI
Digital
output

HP1413A
16bits AJD

Figure 4.5 Experimental setup for data acquisition and control of NiTi bath with an
IBM RISC SYSTEMl6000 and VXI data acquisition instruments.•

-.....,..-- B&K
Liocar
Motor

Fastar Position TraDsdueer

EDlnn Load CeU
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epoxy cement (Wakefield Laboratories). The thermocouple junction consisted of a

welded ball ofmetal that was 250 f.lD1 in diameter~ the same diameter as the NITi fiber

used for these experiments. AlI of the experiments were carried out in air. Assuming

that the thermal conductivity ofmetal is much higher than air and that only a thin layer of

epoxy separated the thermocouple junction from the NiTi fiber, the temperature measured

via the thermocouple can he assumed to he close to that of the fiber. The fiber was

directly heated using an electrical current that could also he used to measure the

resistance of the NiTi fiber. The temperature was varied quasi-statically in these

experiments. Using a pseudo-random perturbation in the stress applied to the fiber

dynamic measurements of the stiffuess were made. For these experiments a Keithley

2001 multimeter was used to record the temperatw'e.
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Plate 4.5 Experimental setup to study the pulse response ofNiTi fibers in water and to study nucleation and heat transfer
phenomena at the surface of the fiber.
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4.2 Experimental Resolts

Most of the experimental results are given in the publications included with this

thesis. However sorne of the resuIts will he outlined here with additional resuhs!t

background and justification. Where appropriate the resuIts are also discussed in more

detail. However sorne resuIts (i.e. resistivity) were taken with more than one setup and

justify a discussion in themselves.

4.2.1 NiTi fibers with a fast twitch response

The basic results are outlined in as the U.S. patent 5,092,901 (Hunter and

Lafontaine, 1992b) and in the paper"Fast reversible NiTi fibers for use in microrobotics'~

(Hunter et al., 1991) as weIl. These two documents describe a technique to modify the

characteristics ofNiTi fibers using brief current pulses while the fiber is stretched. After

modification the fiber shows a much faster twitch response. That is, a fiber's reSPOnse to

an electrical pulse will cause a much more rapid contraction and elongation than in a

normal unmodified fiber.

The basic results are descnDed in Figure l, Figure 2 and Figure 3 of the US Patent

5,092,901 (Hunter and Lafontaine!t 1992b; Appendix nand Figure 2!t Figure 3 and Figure

4 of Hunter et al. (1991) included with this chapter. Figure 1 of Hunter and Lafontaine

(l992b) displays the resPOnse ofa 0.8 mm diameter 100 mm long NiTi fiber following a

very briet: large current pulse. This figure gives the absolute change in strain as a

function oftime. The fiber contracts rapid1y but takes over 300 ms to retum to 500i'O ofthe

maximum strain and the full recovery takes over 1 second.
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The process 10 modify the fiber consists of applying short puIses (1 tolO ms) of

voltages ofhigh enough amplitude to cause the fiber to fully contract while subjected to a

constant stress (e.g. 40 MPa) • The stress is maintained sa that the fiber elongates under

the extemally applied stress after the pulse. After the process bas been repeated 10 10 20

times it is observed that the fiber recovers S()O/'o of the strain in less than 40 ms and the

fail lime (10%-900/'0) is under 130 ms as show in Figure 2 of Hunter and Lafontaine

(l992b).

It is unclear what causes this phenomenon. Shape memory alloys are complex

materials whose properties can he greatly modified by a number of thermal and

mechanical processes. There are a number of thermo-mechanical processes leading to

new properties such as the two-way shape memory effect (Duerig et a/.., 1990) or the

introduction ofthe R-phase.

There is an important effect of this modification process that bas not been

reported elsewhere., which is that modified NiTi fibers display a very strong two-way

shape memory effect. When heated above Ar and then cooled down below Mf., their

length increases actively by over 4% without the application of an extemal stress. This

can partially account for the fast twitch response., in that tbere is an active re-lengthening

ofthe fiber and less energy losses in friction between intemal surfilees

It is unclear also why large current pulses produce such a modification. It is

known that eleetric current can modify the properties of the fibers. In NiTi alloys various

phenomena such as precipitation and oxidation oecur in a complex manner and there is

no clear understanding of how best to mechanically process the tibers for optimal

performance and no satisfactory heat and mechanical treatment bas been established yet.
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Furthermore the exact process is normally kept as a trade secret and not made generally

known.

Normally NiTi fibers available commerciaIly have been obtained from an ingot of

NiTi alloy which is hot worked around 800 oC into a shape close to the desired final

prOdUcL Next cold working and stress reliefannealing are rePeated until the final shape is

obtained. Subsequently three different methods are normally used to give the as-drawn

NiTi alloy its shape memory effect. A first method consists of annealing il at a

temperature between 400 oC and 500 oC for approximately 15 minutes ta 1 hour with its

shape restrained. A second technique consists of beating at 800 oC, rapidly cooling to

normalize its structure, then cold working and annealing at a low temperature (200 oC ta

300 OC) with it shape restrained. The third technique consists of heating it to 1000 oC 50

that it becomes a homogeneous salid solutio~ quenching and aging at 400 oC. The Iast

method is preferred for NiTi alloys with more than 50.5% Ni..

In aIl these cases when the as-drawn alloy is produced and delivered without

further processing the crystal grains within the fiber are randomly orientated. NiTi fibers

consist of polycrystalline materials where transformations occur within the grains

themselves. In large reason because of this random orientation a maximum of 2% length

change can he obtained from commercially available fibers that are straight annealed

without further processing.

In 1990, Homma et al. were granted a US patent for a process based on heating

NiTi fibers with a current in order to improve their characteristics such as improved

lifetime, stability of the shape memory effect, maximum achievable~ as weil as

efficiency ofconversion ofelectrica1 energy to mecbanical wor1c.. In this process the fiber
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is first kept below Mf and under a moderate load (l00 MPa). Then an electrical pulse

generating very large currents and very rapid heating ofthe fiber is applied until the fiber

displays a plastic defonnation, at a temperature close to Mf. At this point the cunent is

stopped and the tiber is cooled at a high rate using forced air. Then the stress is rapidly

increased ta 200 MPa for the time needed to extend the fiber (and decrease the diameter)

into super-plastic deformation. At that point the stress is reduced to 100 MPa.

Homma el al. 'ts theory of modification was based on the hypothesis that the

resistivity of the tiber is small within the crystal grains and large between the randomly

orientated crystals of the polycrystalline fiber. By rapidly heating the fiber, the

temperature wouId consequently increase first al the grain boundaries, without

significantly heating the grains if the pulse is kept shorter than the time for heat diffùsion

to take place. WIth the grain boundaries heated and under stress, the crystals reorient in

the fiber a10ng the direction ofthe stress. The improved characteristics of the tiber would

therefore he related to the orientation of the crystals within the fiber. This technique was

developed for NiTi alloys which have a greater concentration of Ti and where the

transition temperature is close to 100 oC.

Homma et al.'s technique differs from the process developed by Hunter and

Lafontaine (1992b) in that the fiber does not actively contract under the heat generated by

the current pulse and that the stress must be increased in a controlled manner al the end of

the pulse. The technique aIso bas been developed for NiTi alIoys where the alloy had a

slightly larger content of Ti than the 50-50% concentrations, while the technique

described in Hunter and Lafontaine (1992b) worked with alloys having a very large Ni

concentration (55%). Nevertheless one of the possible explanations for the fast twitch
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fiber response descnDed here could aIso he related to the reorientation of the crystals

within the fiber. In addition the technique descnDed here allows the fibers to actively

expand as weIl as contract as in the two-way shape memory efIect.

To properly understand the mechanism responsible for the observed changes in

properties, other studies such as time-resolved X-ray diffiaction and neutron diffiaction

wouId he required.

4.2.2 Resistivity measurements

The tirst resistivity measurements are included from a conference abstract

(Lafontaine et al., 1992). The abstraet outlines early resistivity measurements. More

important are the measurements of impedance. Figure 4.6 shows a typical resu1t. The

electrical imPedance of a NiTi fiber was measured in a frequency range extending from

100 Hz to 40 MHz. The data indicates that the NiTi fiber was purely resistive up to

several hundred kHz. The implication of this result is that if the resistance of the fiber

cao he measured at the same time as the fiber is electrically heated for control purposes, a

high frequency electrical signal cau he used for impedance measurements in a frequency

band outside the frequency band used to control the fiber.

Other typical resistivity measurements are given in Figure 4.7. The first curve in

Figure 4.7A covers a temperature range from 20 oC to 95 oC. These measurements were

made using 250 ~m fibers, under zero externalload. The resistivity versus temperature

shows only a small hysteresis of less than 2 oC. The resistivity is quite high at lower

temperatures which is indicative of the R-phase. Therefore onder small load and above

room temperature the fibers change only hetween the parent phase and the intermediate

phase. The transition temperature Ar is 70 oC.
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Figure 4.6 Impedance measurement ofNiTi fiber at 20 oC.

The resistivity curve given in Figure 4.7B was taken over a larger temperature

range, from -30 oC to 95 oC. In this case the resistivity curve displays a very large

hysteresis. Below 20 oC the resistivity drops rapidly as the R-phase transforms into

martensite. This curve indicates that Ms is close to 10°C. Unfortunately it was not

possible to lower the temperature enough to find accurately Mf and As which are at a

temperature below -20 oC. The next salient feature from this curve is that on the heating

side of the resistivity curve (the lower curve), the R-phase transition did not fully

complete as the resistance remained much lower than 0.91 fJO·m. Therefore sorne of the

martensite transforms directly to the parent phase without going through the intermediate

phase.

The resistivity curve given in the conference proceedings is quite different again.
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In this case the resistivity remains almostco~ the minjmum value being 1.005 J,IO·m

and the maximum is 1.034 J.dl.m. The total relative change is only 2.8%, while for the

previous resuhs the change was greater than 16%. As descn"bed in Lafontaine et al.

(1992) the most Iikely reason is that the fiber was clamped and could not change in

length. As a result stress induced martensitic transformations prevented the parent phase

from fonning and there probably was very little phase transformation.

Figure 4.8 (A) gives a resistance curve of a NiTi fiber under constant load (40

MPa) as a function oftemperature. The length changes by 3%, and the resistivity curve

is estimated based on the assumption that the volume remains constant. The resistance

curve shows a small hysteresis as the fiber contracts and lengthens. Figure 4.9B gives the

hypothetical resistivity as a function oftemperature, taking into consideration the change

in length and diameter, assuming tbat martensitic transformations don't cause large

volume changes and that Poisson's ratio is 0.33. Dnder such assumptions there are

marked differences between the resistance and the resistivity curves.

This change is significant considering that the resistance bas been proposed as a

~~state variable" for control purposes (Ikuta, 1990). From these considerations it is

expected that the NiTi fiber properties would change in a complex manner with

resistance. In order to get the resistivity, the length and area of the fiber must he known.

Riva and Airoldi (1995) also conclude from different considerations that it would be

difficult to use resistance as a "state variable" in situations where the load changes in

time, and that il would only he appropriate when the NiTi fiber is onder constant Joad.
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• 4.2.3 Changes in the fiber stiflhess as a fonction 0 f temperature

The main results are reported in the manuscript (Lafontaine et al.., to he

submitted) included at the end of this chapter. It is first reported in this manuscript that

the hysteresis in the change in fiber length versus temperature was a function of the rate

at which the temperature was changed. The significance of this result is further discussed

in the manuscript. In these experim.ents the stiffiIess (young"s modulus) was estimated as

a function of teDIPerature. A stress that varied triangularly in time and with a peak to

peak amplitude of60 MPa was used in these eXPeriments. The measured strain was fitted

to the measured stress using a general procedure to fit a straight Line with errors in bath

coordinates (press et al.., 1992). Figure 2B (Lafontaine et al., to he submitted) gives the

'~ariance accounted for" CVAF) as a function of temperature. The VAF is defined from

the variance ofa signal and the variance ofresiduals after fitting the signal:

4.1

•

When the VAF is close to one the fit is very good It can he seen here that the

VAF was close to one everywhere except where the stiffiless went down. The estimated

stiffuess curve showed a very large decrease in stifthess at the transition temperatures,

larger than what is found in published data. It bas been reported that there is a decrease in

stiffuess associated with the intermediate R.phase transition. A 35-S00At decrease in

stiffuess is reported (Wu el al., 1995; Jordan el al., 1994; Duerig el a/.., 1990; Funakubo.,

1987). After inspection of the data il was round that large deformations occur in the

material. Figure 3 (Lafontaine et al., to he submitted) illustrates one stress...strain cycle on

the cooling part of the cycle. When the stress exceeds a certain threshold the fiber
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Figure 4.9 Young's modulus computed using a system identification technique.

suddenly elongates.

In the presence of large nonlinearities, non-stationarities or time-varying

dynamics an adequate model is essential before estimating the stÏffiless. In the absence of

an adequate mode~ the best alternative technique is to use nonparametric system

identification. A series of experiments were performed using a pseudo-random binary

sequence to vary the stress. Then the strain, considered as the output si~ is

deconvolved from the input to find the nonparametric linear relationship between the

input and the output. Ifthe impulse response is then integrated the steady-state stitliless is

•
found. Figure 4.9 shows the stiffiless as a function of temperature. In this experiment a

decrease in stiflhess was still observed but it was ofa much smaller magnitude (<200").
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• 4.2.4 Response ofthe fiber to short electrical pulses

Here again the main results are outlined in the manuscript appended to this

cbapter. The manuscript aœlyzes important issues such as effieiency of the fibers as a

function of stress and duration of the pulses. It is found generally that the greatest

efficiency is reached wOOn larger energy pulses are used.

4.3 Discussion and Conclusion

One rationale for using short electrical pulses is that for very long cunent pulses

more heat would he dissipated before the contraction occurs than for short pulses. On the

other band if the pulses are extremely short there might he a surfàce effect where the

current would travel only at the sudàce of the fiber and local heating would occur.

Furthermore the fibers consist of a polycrystalline material where the conductivity and

hence heating would change across the fiber. An estimate of the time required ta reach

thermal equilibrium within the fiber is given by:

4.2

where T is the therrnalisation time, d is the distance, and a is the thermal diflùsivity and

is given by,

a = k/pc, 4.3

•
where k is the thermal conductivity, p the material density and c is the specifie heat. The

therrnalisation lime for a 250 llDl diameter fiber is calculated to he 3.5 ms. This number is
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only an approximate value but it matches well with the experimental resuhs that pulses

longer than 5 ms did not produce as much contraction for the same energy. It a1so

explains why for pulses shorter than 5 ms!t there was no significant variation in efficiency.

Furthermore, if the explanation of the process to modify fibers given by Homma et al.

(1990) is related in sorne manner to the process developed for this thes~ it means that

pulses shorter than 5 ms wouId be best to modify the fibers.
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Experimental Study of Fast Contracting NiTi Fibers

Lafontaine, Serge, Stein, R.B., Hunter, I.W.

To he Submitted.

Introduction

None ofthe current actuators satisfactorily meet the design requirements essential for

robotic and prosthetic applications. Muscles, on the other~ bave been in widespread

use for over 300 million years througbout the animal kingdo~ even though their overall

performance is rather modest in. many respects. Muscles are exceptional for their large

range ofmotion (approximately 200/0 oftheir body length in-situ) and very long Iife time

(over 2.5 billion cycles). The efficiency of conversion ofchemical to mechanical energy is

moderately low (35%), as are the force per unit area (350 kPa), power to mass ratio (50

W!kg, 200 W/kg peak) and bandwidth (10 to 20 Hz) (Hunter and Lafontaine, 1992). They

are scaleable in design such that more force or displacement can he obtained byadding

muscle fibers in paraDel or series. Their sti.ffiJess changes over a range of 100:1 and can he

modulated by co-contraction. Muscles have local energy storage for about 35 full

contractions 50 an extemal energy supply does not need to he provided for a high-speed

low delay muscle reSPOnse. On the other band they have no "catch staten and require

continuous energy expenditure to maintain a fixed position even though no mecbanical

work is done. Finally muscles cannot he used as a generator to recover energy from

mechanical work.
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In a review ofnew actuator technologies Hunter and Lafontaine (1992) evaluated a

number ofmaterials that could he used in artificial muscIe-like actuators as fibers, films or

rods and tbat could he assembled in a series or in a paraIlel configuration and controlled

like muscle fibers. Out of that study two materials became of great interest: nickel

titanium (NiTi) shape memory alIoys and electrically conducting polymers. NiTi alIoys

bave reached the stage ofbeing an engineering material that cao he used in actual designs (

Funakubo 1987; Duerig et aL, 1990). They generate huge forces of more than180

MN/m2
, about 700 greater tban muscle, large displacements (>7%), and bave very large

power to mass ratios (>100 kW/kg). The main limitations are their very low efficiency

(<2%) and a limited lifetime that cao he compensated by redundancy given high power-to

mass ratio and force per unit area.

New smart materials such as electrically conducting contractile polymers are one of

the most promising actuator technologies ofthe future (Hunter and Lafontaine, 1992), not

only for robotic and micro-robotic applications, but also for energy storage and

information processing. While we are actively pursuing research in polymer aetuators, we

are working on practical applications using our fast contracting NiTi artificial muscle

fibers for immediate use such as in haptic interfàces. Similaritïes in control and design

considerations between the two technologies are anticipated.

Methods
In the first series ofexperiments, designed to cbaracterize the properties ofNiTi tibers

as a function of temperature, NiTi fibers 0.1 mm in diameter and 100 mm long were

clamped hetween two General Scanning (GT350) galvanometer motors. One General
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SC8nning AE1000 analog control board was used to maintain one end of the fiber at a

fixed location and a second modified AE1000 board applied a force proportional to the

input voltage. Each motor was capable of producing 5 N of force on the fiber via a lever

extending from the shaft. In these expetiments a current servo-control system with

proportio~ integral, and derivative feedback (pm) was used to apply a trianguJarly

varying force of 1 N with a 10 s periode The motors have inbuilt capacitive anguIar

position transducers with a noise level of 0.01 mdeg l'tm at 10 Hz. The force was

calcuJated from the current nmning through the galvanometers. The sensitivity was

obtained from cahlxation with known weights. The ratio offorce change to length change

was used to calculate the stiffitess ofthe fibers. The NiTi fibers were mounted horizontally

between the motors in a water bath machined into a copper bar. The top surfilees of 14

Peltier etTect heat pomps (Marlow Industries MII064n were attached to the copper bar

to provide temperature control of the bath and hence the NiTi fibers. The other tàces of

the Peltier devices were attached to another copper bar which in tum was bolted to a 19

mm thick water-cooled aluminum plate which served as a heat sink. Each heat pump could

carry up to 5.3 A at up to 4 V supplied by a Hewlett Packard HP6652A ne power

supply. The temperature of the bath was regulated by a proportional-integrai (PI)

controller~ based on temperature measurements taken at 5 Hz by a type K thermocouple

using a Keithley 2001 5.5 digits precision multimeter. HP34401A muhimeters were used

to digitize the outputs from the position and force signaIs. A HP3245A Universal Source

was used to generate the command to the motors. An IBM RISC/6000 with National

Instruments GPIB microchannel card was used for bi-directional communication with
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muhimeters and the universal source.

In a second series ofexperiments, designed to characterize the pulse response ofNITi

fibers, the HP3245A precision source was connected to the gate of an Insulated Gate

Bipolar Transistor (IGBn to switch the bigh voltage from an HP6035 bigh voltage power

supply. Pulses generated by the HP3245A precision source controlled the gate of the

IGBT. As before an devices were controUed via the IEEE488 data bus. The output

voltage of the HP6035 power supply was controlled via the IEEE488 bus under program

control. The position and force signais from the AEl000 galvanometer control boards

were acquired by the HP54501 digitizing scope and were subsequently uploaded to the

IBM RISC/6000 and saved to disk.

In a third series of experiments9 whose purpose was to look at the response ofNiTi

fibers to very large current pulses, 100 J.1D1 diameter and150 mm long fibers were attached

at one end to an InterTechnology force transducer (mode19363-DI-IOO-20P3) and al the

other end to a MiMoyo 164-152 micrometer used to set the initial tension in the fiber. In

its middle the fiber was attached to a brass Metal sheet which in tom camed a miniature

HP photodiode. A Iateral eireet photodiode and United Detector Technologies (UDn

processor generated a signal proportional to the location of the photodiode. The brass

sheet was connected to ground and each end ofthe fiber was connected to an IGBT. The

coUectors of the IGBT's were connected to an HP6035A power supply and the emitters

to the fiber. The IGBT's were gated from an HP3245A precision source. The force signal

from the force transducer and position of the diode were acquired by the HP54S01

digitizing scope and read via the IEEE 488 bus.
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In a fourth series of experiments, performed to investigate resistivity, 100 mm long

fibers with a diameter of250 J.LDl were electrodeposited with nickel to a d.iameter of 500

J.llI1 at each end. Two wires were connected at each end for four wire ohm measurements.

A type K chromel-alumel thermocouple with a 250 J.llI1 welded bail al its end was used to

measure the temperature right at the surfilee in the middle ofthe NiTi fiber. Approximately

10 mm of thermocouple wire was wrapped around the fiber and bonded with the

thermocouple baU. A constant current of 10 mA was passed through the fiber and an

instrumentation amplifier with a gain of 10,200 amplified the voltage recorded by two

sense leads. A Fisher 2101 heater and NESLAB cooler were used to provided two water

baths at different temperatures between which the fiber was quickly switched. A Pentium

based Wmdows NT system with a National Instruments PCI-MIO-I6XE multifunction

board was used to acquire the temperature and resistance data.

Results

Figure lA shows the mean length changes for a 100 mm long NiTi fiber when the

temperatme was increased and decreased slowly from -lOto +110 oC. When the

temperature increased, the fiber shortened abruptly by more than 2.5 mm (>2.5% strain) at

about 72 Oc and when it decreased, the fiber relengthened at about 42 oC. Thus, there was

a considerable hysteresis in the transitions. Figure lB shows how the hysteresis changes

with the rate of cooling and heating. The hysteresis in temperature was marked1y smaIler

for tàster rates oftemperature changes. This topic is considered further in the discussion.

(Figure 1 near here)
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It is now weil established that in the phase transitions ofNiTi aIloys, there are one or

two intermediate phases as descn"bed by Beyer (1995). It is often assumed that there is a

large change in stifIitess associated with R phase transformations as descnDed by Jordan et

al. (1994) and Wu et al. (1995). Using a Iinear fitting procedure between stress and strain

to estimate the stifIitess showed a much larger drop in the stiflhess than previously

reported for the R phase. However the apparent decrease in stif1Ïless shown in Figure 2A

seemed an artitàct of the poor fit as indicated by the variance accounted for CVAF) in

Figure 2B. Inspection of the data showed large nonlinearities in the reSPOnse such as a

large plastic deformation on the cooling part ofthe curve as shawn in Figure 3. This could

he partIy accounted for by fitting only the sections of the stress-strain curve, which lie on a

straight lîne. Figure 4A shows the corrected stifli1ess that remained large over aIl

temperatures and is in agreement with other reported values. Figure 4B shows the VAF.

Transitions to either the high (Austenite) or low (Martensite) temperature states were

associated with a moderate decrease (<30%) in the fiber sti.fIhess (see Methods for details

of the measurement). This suggests that there is also a third state in the sample, which is

con:firmed by the resistivity curve shown in Figure 5. The resistÏVÏty curve clearly indicates

an R phase with low hysteresis al intermediate temperatures (between 20 Oc and 70 oC),

and the martensite phase al lower temPeratures.

(Figure 2, 3, 4, and 5 near here)

6



•

•

Figure 6A shows the effect ofa 0.5 ms 60 V pulse ofcurrent on a fiber that was

maintained at room temperature in air. The pulse is sufficient to heat the fiber above its

transition temperature and there is a 4% change in length that then decays exponentialIy

with a time constant ofabout o.s s. Wrt.h larger puIses (80 V) the response saturates at a

length change near 9 mm for severa! hundred milliseconds., but then decays more rapidly.

A simiIar experiment is shown in Figure 6B in water. The cooling and the relengthening

associated with the pulse ofcurrent is much quicker, even though the pulse is longer (5

ms~ 36 V). The 6.4 mm shortening and relengthening is ail completed in about 100 ms.

(Figure 6 near here)

Using two fibers in series and activating them sequentially produced even better

temporal resolution. Figure 7A shows the effect of pulses separated by 100 IDS. 80th

pulses were 80 V~ but the pulse to the second fiber was longer than that to the first (1.3 vs

1.0 ms). Although the length changes cancel out, the force from each pulse will sum as

shown in Figure 7B. The speed of shortening and lengthening that is possible is seen in

Figure 7C in which the interval between the two pulses was shortened to 1 ms. The width

of the response is only 1.6~ which is more than an order of magnitude better than fast

twitch muscle fibers. The velocity of shortening was nearIy 1.7 mis or 17 fiber lengthsls,

which again is an extraordinarily high value, compared to muscle.

(Figure 7 near here)
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The use ofvery short pulses bas other important consequences.. Figure 8A shows the

etfect ofdifferent duration pulses in terms of the energy requirements in VA ms. There is

litt1e difTerence in the length change produced for a given energy input with inputs briefer

than about 2~ but the efficiency is less with longer pulses (S or 10 ms). Efficiency was

studied more carefully in a second series ofeXPetiments. The integral of force times length

represents the work done wbich can he compared to the electrical energy input. The

efficiency is low (Iittle work is donc) for energy inputs less than 1 Joule, but increases

rapidly ta hetween 2 and 3% for Jarger energy inputs. A steady stress of 40 MPa was

applied in tbis series of experiments, which were conducted with the fibers in water at

room temperature. The energy efficiency was relatively constant for pulses below 5 ms,

but declined abruptly for longer duration pulses (not shown).

(Figure 8 near here)

The energy efficiency is relatively low, but was not optimized in these experiments.

Two fuctors could he varied to improve efficiency: first the force could be altered since

the length change depends on force. Figure 9A shows the effect of varying the force on

the length change and the product of force and length. The optimal efficiency was

obtained al a force level of 4. N in this experiment, but was only 1.3%. The speed of

shortening is also reduced at bigher force levels as shown in Figure 9B. Secondly, the

temperature of the bath could he maintained nearer to the transition temperature 50 that

less energy than the 1 Joule, shawn in Figure 8 would he required. Ofcourse, sorne energy
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will he required to maintain a higher bath temperature and the reverse transition will he

sIower. The dissipation of the applied energy into air will aJso he Jess than into water, but

this severely restricts the~ as descnOed above.

(Figure 9 near here)

One final point of interest is the response of the system to series ofpuIses. In Figure

10 responses are superimposed for 1, 2, 5, 10, 15 and 25 puIses at 5 ms intervaIs. Each

pulse was 55 V and 1 ms in duration. WIth the fiber in water, the total response to one

pulse was quite brief (20 ms), but subsequent puIses could add to the response and

maintain a partially fused contraction. At bigher rates the response would he completely

fused. This hehavior is rerniniscent of the twitch and tetanic behavior of muscle fibers

when stimulated with a brief pulse (the action potentiaI) and a series of such pulses at

varions frequencies. This pulse code modulation may he a more efficient way ofactivating

NiTi fibers, as well as muscle fibers.

(Figure 10 near here)

Discussion
The thermodynamics of martensitic transformations is compJex and not fully

understood yet. There have been many modeling attempts and il is generally assumed that

martensitic transformations oœur al close to the speed of sound in the alloy and that the
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temperature completely detennines the thermodynamic state of the martensitic

transformations. Hirose et al. (1989) and Ikuta et al. (1991) assumed in their lumped

model that the martensitic transformations occur instantaneously and any dynamics are

related to heat exchanges to beat or cool the fiber. More recent1y Lu (1997) used a simiIar

approach and combined Ikuta~s model with the thermal time constant of the NITi fiber.

Experimentally Loo et al (1992) have found that the hysteresis curve ofsuperelastic alloys

depends on the strain rate. Similarly Shaw (1997) recorded thermal images of the

nucleation and propagation ofphase transformation fronts in a NiTi alloy and illustrated a

process in which the latent heat released or absorbed in a superelastic alIoy in air is

sufficient to heat or cool the metal and contnbute to the martensitic transformations.

However this process does not occur when the fiber is immersed in a liquid and the stress

strain curve ofsuperelastic alloys is weil defined.

In real alloy crystals the manensitic transformations depend on severa! tàctors such as

plasticity. Silling (1992) developed a mathematical model where he showed that

martensitic plates can propagate at subsonic speeds. The results observed in Figure 1

however clearly indicate hysteresis in the stress-strain curve of a shape memory alloy

rnaterial which depends on the heating or cooling rate. This indicates a dynamic process

by which martensitic transformations occur at a low speed. To further test this possibility,

the state of martensitic transfonnations was measured by resistivity when the aIloy was

subjected very rapidly to a large temperature change and then kept at a constant

temperature. There was a very rapid change in resistivity over temperatures where only

transitions to the intermediate R-phase are expected. The results for larger changes are

10
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given in Figure Il, where the NiTi alloy temperature was between 95 Oc and -16 oC. It

can he clearly seen that the resistivity decreases almast instantaneously when the fiber is

heated to 95 oC. However when the fiber is cooled down to -16 Oc the resistivity changes

very slowly wbich indicates that even after 20 seconds the transformations are not fuJly

completed yet. In this alloy the resistivity of the parent phase is 0.78 J.L!1.m, the resistivity

of the R phase is .92 f.l!l.m and the resistivity of the martensitic state is .86 tJ!l.m. When

cool~ the R phase appears very quicldy and rapidly transforms into the M phase. When

heated, however, the R phase does not seem to reappear completely and there is a

significant portion of the M phase that transforms directly ta the parent phase. Based on

these considerations a model of the transformations is being developed to explain the

resuIts displayed in Figure 1 and will he presented in a future paPer.

(Figure Il near here)
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Figure 1 Hysteresis in Iength versus rate of change in Temperature. Top curve (A)
shows how the relative fiber Iength changes as the temperature is cycled between -20 Oc
and 120 oC. The bottom curve (D) shows the hysteresis width as a function of the
temperature rate change.
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Figure 8 The mechanical work done by a Nui fiber is a function of the force
against which it is acting as show in Figure 8A at the top. Figure 8B at the bottom
shows the efficiency ofconversion from electrical energy to mecbaniall work.
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Figure 9 The amount of mechanical work done by the fiber depends on the stress
maintained in the fiber and the strain in the fiber. Figure 9A at the top displays the
mechanical work as a function of the stress. Figure 98 at the bottom displays the
correspooding change in Iength.
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Figure Il The temperature ofa NiTi fiber was suddenly changed by transferring the
fiber quicldy between a hot water bath at 950C and a cold water bath at -16 oC.
The corresponding temperature changes as measured by a thermocouple are
indicated in Figure 10A above and the corresponding resistivity changes are shown
in Figure lOB below.
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We report die experimemaIly detamincd~
ofNin fibcrs whicb baftbeIlIlmadificdusial a lftPUUÎGIl
proc:cdme in which the f1t:len ... sabjeaed 10 briâ vay
brie c:umnt pubcs darina !œ:cd suacbift&- na. madified
fibcrs COftttaetandrelafutcaaapto beofascin miao-ro
botic:s. The madified fibcn aaaue a maxh.wm t:IdnpO
laœd stress of2JO MNIftl1ladyicJd a pealtll....cd powcI
masuppmachinl50kWlq.1lleihealyofamicro ICft'JUIr
incorparatinc lhe modifiai fihers is pacnIItCL

INTRODUcnON

The shape mcmory aJloy Niti lencnteS Iule rorœs
(>100 MN[m2) wich subsIIacW dïsplaœmealS (up ID 1015
SIr.Iin). md appeus 10 hoIdcansidaabJe promiseas&Il aetua
tor either in 6ber Conn in rQbotics [1] orin dliD film Conn in
miao-mechanics (2)(3l[4].ho drawbacks dlal ba'I'C Iim
ited the usef'u1ncss of Nin KQIaIQrS lIœ 0) Iow blndwidlh
(&rOund Ilhin6berCorm(llUldSlhindüD6I.,.Corm[4D
and (2) nonlineudJ1WnÏCS. 'The Iow t.ndwiddl is duc 10 the
long reWwion lime which is 1IS1IÙ1y assumai to be detcr
mined by the rdaliYC1y lonl COOIiftI menna1 cime CODSDnt.

EXPERDŒNTAL APPARATUS

Figure 1 shows a sIœtda oCdie appuaiDS used ta pcrform

mechanial experimenlS on me Ni1i fibtrs. A NiTi fiber is
cI:unped bei"'CCa a foIœ ansdw:u al oae end and a Iincat
motor lIIld displacemefttausduœrUlM odlcrcad.The dis
placement nntducer wu a Wcral drcet pIIor.adiade wilh a
fbl bandwùhh ID 1 kHz. the f'or= lI'aftSducer wu a Slr.lÏn

....pnMal rinl wûh a n.t budwicbh tG 1 kHz. ExIefM1
!arcawaeçpliedusinlasavo-connDcd~·
ic Iiaar (voice-cail) 1IUftar. ne Nili fibas wae immersed
iIl ndrcuJaIinl medIaDal wbich wu s1imll1lld coolcd to
-lo-c. AB experirœNs wae uader COl.+Uca conaol and
rarœ ud cIispI.......daI:a wae AmpIcd 'lia 12 bit AJDs.
11Ic Niü libers wcre subjeced ID eidlcr sasWned COftSQnt

QIIftIlII or coRipllC'c:omroJIed carrent pulses ddivaed lIS

ÏDI200 A power-MOSFETS.

Fipœ 2 shows che conanction ofa 100 mm Ion! 0.8 mm

o 2GO ... &GO
Ttme(ans)

rapre1.Cw!aein IeftpoCaO.lmmdiametcrl00mm
IGneNiü fiber followiDC a brie(cum=nt puIse.

diameœr Ni1i fiber foUoWÎDI a sinpe brief currenl pulse.
ne rduuiOCl '-ck ID il arilinallcnJih is slow c:ompmd
widl che cO'l1nCliGtl timc. lJIdeed in roboùc appUCltions lbe
lime cakeft ta rdu is lIIUa1ly much IOIIF dLIn dûs ~use
coalinlcondiâoas were very Cavenblehae. Wc tried li~
ecy ofcooliDl malhods inc1udinl vorteX cooUnJ :and Pcloer
effea bcat pumps wilhoul sipdficanl ü.....UycmenlS.

Wehaveauanpœd to shcxten lhercJ.uuion Ume:and have
round that brcxpasiDl Ni1i fibers 10 \ICI)' larpbric!cunent
palleS (> 10'Nnrwhic:h ...y be pneraecl fDl' example us
inl2000 A nlbrtllyris1as) darinl ex1ttftllly imposed shan·
cnine&ftdlcnpheftinl~laWCCllft cbanse chcirprupcmcs.
11Iealren:dNi1lnow win bath shonen and lencthcn very f2P
id1y :as shown in Fipre 3. The lime courte cCmis lWÏ'Ch re·
sponse is shawn in more det&il in Fipre 4. It is uncle:ar 10 us
wtay me rdaulion cimebas cbanltCl 50 cfr.unatic:ally.ltcould
bcdIa1 themaœrialpraperûeI haeben altcrCd in some VIIY
u410IC dIal medwûcal recoil via the Nrri saffncss is ilt
volved..
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Fipre5. ExtemaJly applied saas ID ÎfICIemImaJ StteSS
pnerued by madified Ni1i &bu.

l
~

1
UJ

)

modirM:d ftbas is • fuccdon ofextemaUy imposed SQ"eSS as
sboWil in f"lJIft7. Noet mal e.ven widt a laid of 100 MNfml
the fibas sbClIWl by cm:r 1~.

SIIorUDiaI VdDdty

CllARACI'ERISTICS

VIe now praaI11t1c œsalt of e:ape:tânems par.....ed 10 J
~ the mech lJ'ica1 prapenics of..maditlCdNiti 1
@las. l.

_Force

• When the modi&dNi1i fibca aresubjec:œd al aconscam.
load (m lbe liaar macar) thcy podaœ a pak Carœ wbich
if an:aœr than the imposed laid c:aases sboncaiDI- ne dif'-
CCRDCC bctMea the peak foIœ p:IliCI8I&id ml ... imposai
lom (Le." ÏDaaultmalllrcD) la a fGDCIÎClD f1l .. imposed
10id (ie., appUed SII'US) U sbown in Fipae S. 11ûs 611ft
aIso shows thIlme 611e11'emapoIala! fœœllwhidl1h&lOld
fon:e equaJs die fon:e aeftIftII:d (Le.. iDCta.1LiIIIl fon:c is
J:en» cofiespoud:s ID a SftSI 01235 MNJra1. Farc:omparison
the peak saas pnenaed by Isaman sIcdcIdJIIlUdeil about
350 kNfm1•.

. .-.
'ê
.!
1 1

1·I!t -+-"--..,--------....---~
ou. • •

~ Tame(_l
~ Fipre •• Chance in Icftp of 100 mm lonl modificd

NiTi liber CoUO'IriDI a brie!amall pulse.

.......
·1 :

l's 0 -+--..;:::r==-- ---_--_-Io QIO _

'ta-<_l
, FJpre 3. Qanae iIl __ of 100 mm IODIIIIDdified
; tli11 fihet foUO'!ftn1 a bricfcunat pulse. .
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PowerIMass

l'be peak pc:.wcdalUS ordlae madified Nrn 6hcrs is a
functioft of extanaDy imposed saas u sbo.at in Fipre 6
Whcn Ioaded 10 a mas of 100~ die madified fibas
producc 1 powerlmus ofnad)' 50 kWIq. ,.campIrison
die pakpowerlmaa pueraIIClby ...........1IIUIdc is
about200WIkI (about 50 WIIq JaI1aiDaI).

~ Coatrac:lbl

Whcn Iseared widl CGIIStUl.ampJitude ud duntian cur
teftl pulses die muimum sIaoneDinllll'liD adüeved by die

'1be aniD ma (shGneniJll vc1ocity) is • monolOnicaUy
decreuin& funaioa oC load as shawn in Fiaure 8. Noœ that
alun» impoIed JOId the SVIin raie is 3 S-I and ~YCII with an
imposcd laid Œ 100 MNfm1 is still 1 ri .

~

Henœ il nowappears Ibal NiTi eu œillide (ast enoulh
IlalftlClQQrmic:rD ICIUalOr. widlimprasive forœlmus Iftd
powai....mdoL Fipae 'shows a comparisoft olthe paw.
er/Inus of aun's accaaIIIr" mutele. modified Nili and a

. lUlF~ aircrlCl iaœrul combustion capnes. 'The modificd
Nin bU a pat powa/mUS about 100 limes pearer than
1IlIIICIe.B~1hecamplrisoadaaaotQlœÏftlOcoasidcr·
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Cl}V-ri

MaiIllUlll powert- (W1q) ,30,000 <SGO

Mad........ stnia raie Cr) ,3 <1

1)pfaI mu. d'spl.......t (,.) 5 20

Power eIIIdeac1 (,.) ,1 '35

o.Ol.-+--T'""'~~~-""""-_-_....J

0.01 CUO 1 10 100 1000 looeo

Mata<'C)

FIpre ,.The pat powcrs praduœd by modified
Nm fibers. a Jan" oflIircnft m.nw combasdon
saines lDd human mucIe.

pa",,- pmwdMg pf'ModllJcsl NiD .nd "'IRIs
NITI Muscle

Vuioas CODlrGl schancs bave becn usa! ID control Ni1i
fiIlers[loS'.10].Whcftfcm:esluprdwlasinllefibcrcanpro
duccmustœpacnœddieNi1i fiberareamnpd in pataUd
mec:haJric:lDy. Whca tbisisdone we Iwre round dwllcombi
amoaofpalsente......rion andrecnilmentorfibas ma,.
bc ased ra caaaol fcxœ. This SIII1C scbeme is a:Rd in age
in die roaaca.iGICiIIU'ccanrol ofwhole rnuscJc (muscle liber
buadIa) foIœ. Indeed for Ilip bMdwidlh Ipplicaioas lIf'/
sin&lc Nin fiber shoaId nat be aadmuIated for • rew
buadnd rniIliIeconds ta Cftable il ta rdy recoverto ilSorip
na1 aœ (secFi~ 4."here itmay beobsaYed dlat the fiber
tapidly leaphens only by about 213 and tbc:n for &he ranain
inl an~vca more sIowly).

CONTRACI'ION OF PmUWOtJND CYLINDER

lWcnowc:oasillSwa~dailft whicbcanmüc
11&aL_papaliUof..anodifieclNi'Ti fibas. Wc prapot&
usinc smaIl caall'Ollal1eaph chanps of me Ni1i fibas iD

pradacc a .... dispJaœmcnc.. 1Irp forœ rnicro;aaua&or as
foUows. 1'heNi1l fiberis wounduound acyUndriCll aube of
1cIlpili. ndius r Iftdcœsœnl volume

L6;--.,...--r-~-~-""""-""""""-l

o 40 60 10 100 UO 1.

Stnss (MNIJ)

FïCU_1"e 8. Peak shorœninl vcJocity (sniD rare) of
modif'lCd Ni1i fibcr u a f1maiOft orSU'eSS ccncnœd-

o.s;--'r---r--Y--"---r-__~
o ~"ID 100 120 1.

Stres (MNIJ)

PlIUre 7. Maximum slKmeninl (snin) of madifit:d
Ni'Ii fiber as a fuaaion of aœmaIJy app6cd lIraS.

NONLINEAR PROPERiŒS AND CONi'llOL

The eIcca'ornechani prapenia of 1be Nm fibas arc
dynamicaDy nonIiDeu ud~ayinl[10]. Fardrecùve
control oC Ihe fibcrs far fUI movcmaus ..hhe (o1lllli dw
il is necessarytoc:huacfaïzc1heapropaliaexpc:rimaItally
usine nonlinear time-vlryinl syaem idpnrifiC'1Îoft rech
~~~ (6.7]"'boI4 ""·;nbleprom
ISe far use Ul clw8cfaizinc die awopuliesofochermicra Il:

tuaIar œchnolOJies.

. The Table shows. compuison ofsamc prapcnicsofma
difiedNili and muscle (hamanshJaaI).ltisimpanantto Fe

member tUt sorne of lhe values far the Nin sboWIL in the
Table will be considerably Jess wben the musand volume of
the coaling system is incIœtcd.

ation me tn:ISS of IheCOOÜftI sysII::m smroaadin, dieNin&
ber. When this is dalle bada _ pat saas pncnœd ad
power/mus ofmasde and lI1aitificd Ni1laœ simiI&

•



Theneorchanac oCcylindcr Icnllh 1with n:spcct 10 radius
ris

•,..

aeums

v
p-~ (5)

(6)

c:orrespondi ra an uiaI disance oC 2mp • Md me Icnllh fCll'
Il lIU1lS is

1.rpa2z ('2)

tIs 6s ~ 6s ~ dp r:---; ~ dp-a_ +- --k.,I+p-+~.-
b Ir 6p dT -Il+{i1 dr

The Iengdl of fibre iD one tum is dp 3V 3p
whcR -;;--~.--;:-

2w k

saJJttr2+dT+dil- rfJI +rrdB - -h +p1 (3)

o 0

usine the recunpIar c:anesian cocmfinaœs X a rcosB.
1 • rsia' and % - rp/I shawn ia Fipre 10.

ils [~ 3,r] l-~-.~ .,1+p--~ E2z~
tir 0+"- -Il+p-

and beace EqUlÏOll 6 becomes

This Rlationsbip is plolœd in Figure Il.which sha~"s the sin-
....1........._. • • 1
-- ugQlYllr OCCUITIng al p .. 72 .

From Equation 1. widl V constant.

dl 2V
tir --;;S

and from Equations 1 Md 2

dl 2V .[1;p1
tIs • -;;;:r. 2s(1 -~

b+,r
.-1np~

1 -2p"'-
(7)

11.5

NOleifp -O. "II.~

dl -1.-. -E_
cU .,.

o.s

fibre contnetion~
cylindcr elonption

-._---.-----------------

o

t
dl

ds

p ---.

fipre Il. The effect of fibre pi~ p. on the ratio bctwecn lbe chance in cylinctcr lenp and the chanp in tiber
·Ienp (i.e.. amplificadan r.ctar).
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or Slnacos-a=7

Now if we put siaazz

r -z+a -0 lI.-na.~

Punin, p .. QI! lx. where ex ïs die anlle subœndcd by die
cangent lO the fiber in dle c:ircumfcn:nti.. dire:tion. Equaion
g bccomes

For a &iw:n cansaat~ V. liIJer-4am _&th s. lIId
numbc:r ofturmIt.lbcndias. Jenph_piIcIaafdlecylindcr
CUI bc cak:uJaIaI al foOaws: Fnxn EquaIions 1. 3 and 5

(l+p-)t-~a

lU1d EqU2tion 8 becomes

At P .., -5. c;orrespondial to the fibcr makïnl an ancJe

a = tm-t P .. 35.260 wîth the c:ircutnfemuial direction. the

fibcr le."'lgth s. is a minimum and die nie ofcylindriallenph
chans;e with fiber lenph chaDee is infinile (hete Yo"e are con
siderinllcinematics araly - of caaac the Con;es RqUÏftd ta
;1Çhieve this lenllh chmse waoa1d lie cormpandinl1Y Iule).
Whcn the piœh is less dwt Ibis critical value conlnClioft of
the fiber causes me cylindcr 10 lcaphen :and the pÏIdl ta in
c:rcase.. Similarly. far III ilûlial pia puta'dIu the cridcal
value. fiberconlllCtiOlllads U) cyUnder'contr:lC1ÏOn 01' fibu
lcngthening to cylindcr' lenJ1heninl. Thus. by suicably :ad
justing the shape of !he cylinder and henc:e the initial pilCh
priortoccntnlUedfibercancnc:tianarJenpbefUnc.tbecylin-

Solving thiscubicequation foczyiclds the pitehp. Cora IÏven
volume V:ux:I fiber lcnph s. 11Je cylindcr radius and lenph
men CoUow (rom Equations 2 and 3.
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TEMPERATURE DEPENDENCE OF NITI FœER IMPEDANCE
Serge LatontaiDe, Kunbao Cal aad laD~ Bunter9

Biorobotics Lahoratory9 Oepartment orBlomedlc:al E......eering,
MeGUt University, MODtriaI, Q.aee, Cao__ H3A 1B4

lN'ntoDUCTlON

We (Hunœr and Lafontaine) have recendy developed a technique 10 producc NiTi shape-memory alloy
fibers which are fastetand morcpowerfullbm fasttwitch ske1eIalmuscle fibeIs. Semeofdleebanctaistics
of these ..artificial muscle" fibers have becn reponcd iD Hunier et al. (l.2). However much œseardJ needs
ta be undertaken befme Ihese libers will be undentoocI sufficiendy IDconaol them eff'ectively. In this paper
we examine die dependence of die electrical impedance of Ihese fibers on temperature. 'The original goal
of this worJc was ta find a rnethod to control the length and force of these fibers underc:lynamic conditions
using electricaI impedance as a staIe variable. 'The motivation cornes froID previous SIUdies in which die
resistancc change ofNm fibers ha beeo measURd duringlhe reversible martinsite ID austenite metaIlic
transformation which occurs with ranperature change. A compmion paperexplores the change in stiffness
of these NiTi libers over the Ame temperuure range(3).

APPAIlATtJ5 AND PROCEDUIlE

OUT original Nin IeSting appualUS usee! a linear actuator havinga radier Iimiœd peat continuous force
generation c:apacity. Wc have~dyrebuilt lhisapparalUS using a much more powetfid lïneare1cetroma&
netic actuator (B11le1 and Kj&r. model4808) wilh a 187 N cootinuous force capabnity. This KIUaIOI' is driv
en by cuslom built dual 2000 W waœr~)ed low-noise (c:1ass AIB) power ampIifiers (100 kHz band
widlh). Movemcnt ofthe aetuaIOr is measured by an inductive displacement transduc:er (DaIa Insuuments.
FastarFS380) which bas a ftatfrequençy responsc to 15kHz. The strain gagcforœ tnnsducer(QmepEngi
neering, Inc. LCC200 shear bcam type) and associated amplifier bas a similar mcpaeney response. Statîe
changes in the length of the NiTi fibcrs are rude via the digital rnicromeIa' (Mibltoyo. 1 J.IIIl ïnaanenl).
The NITi fiber resistance is rneasmm by an 8.5 digit rnultimeœr(HP 3458A) and its impedance over a 100
Hz to 1S MHz range by an impedance anaIyzer (HP4194). Boda resistance and impcdance are measwmus
ing the standard four wire (Kelvin) technique.

TheNin is balhed in a~melhanol-watermix which is pumped throuab a 1200 W refrigeralion unit
(polyscience. model ICR.-6>A). The œmperalUJ'e of the melhanol iimnediaIefy adjaœnt 10 the Nin fiber is
measured with a semiconductortempenlUre trmsducer(LM3S) with alinearity bederthan 0.3 oc."Thetem
perature of the NiTi bath is conuoDed over a -10 10 70 oC range by a variable voltage heater (peak 3000
W) in series wilh the refrigcralion unit. The apparatus is controlled by an IBM RISC SysœmJ6000-320
workstation running an carly version of Fortran9O. The various instruments are controDed via an lEEE488
bus connecled10 the computer. Impedanœ frequency response functions were taken every 2 oCœmperature
increment and the resi~ every 1 oc.

REsULTS

Figure 1 shows the impedance frequenc;y respoose (magnitude only) function obtained At 20 oc. Notice
dlat the impedanœ is fiat to about 300kHzabave which it abrupdy increases. Figure 2 shows the impedaDce
at OC (i.e., resistanee) plotted as a function of Ie111pera1U1e. For the dimensions of the NiTi fiber used here
(177 mm long. 0.8 mm diameter) a resistaDce of0.36 a corresponds ta a resistivity of 1 )JQ·m. We find mat
changes in impedanœ wilh temperature below 300 kHz closely foUow changes in resistance.

CONCLUSIONS

Wehavemade the firstdetailed rnea.sumnentsofNm impedanc:eas a funclioo offrequençy _ tcmpera
lure and observed Ihat the impedance does notcliffermarkedJy fiom the resistance up 10a few hundredkHz.
Impedance measuremcots shouId therefore reflectas weD changes in the manensite ta ausœnite transforma
tion as OC measuremcnts. It bas been suggesœd (4) that Ibere is a one-to-one correspondence betwecn
resistance and transfonnalion ratio from a martensite 10 austerlite phase. and that resistance cao be used as



•

o
E
io

a stale variable in Nin aetUator c:onuol. ThecbanÇ resistanœ reporrcd by odIers (e.g~ 4) is typicaDy
in the ordcrof 15-3()'I) forNin wire wound iD die ofa coO spriDg. Unliketaught wires (15 uscdhae).
coil springs are free to chanacdimension duriDg temperaIUJ'ecIwlJes.lflhecross 5 ctional araand lenp
ofa maœrial are Cree ID change wim œmperalUJe (via lhennal exJ*lSiœ orOlherwise). the measam:d resis
tance will be found to change even wben the mlleri.J bas • consrant JeSistivity. The change in resisrance
observed here sbould ref1ect more closely die dwlF in resisâvity ofNiTI tbm most 0Iber mcasuranents.

In an actuatorwhere the Ni1i liber is submiaed fi) snesses.like tbosecauseclbyextaDa110ads anddïstur
~ stress induccd marteositic ttansfonnations occ:ur. The resistaDce ofNm is a function ofresistivity.
dimensio~tem~md the a.sformationnlioofnwtcnsiœ co austeDite phases (S). The reason why
d1e resisrance change reponed bere is smaIler il probabIy due ID mas iDduœ marIaISitic: 1nnsfonnaâ0ll
and aJso because of more tipdy controlled cIirI'Ieosions. It may be 1bat the resisIivity. even in looscly
constraincd fibers. may notChangelS muchas lberaislanœ.lnorderto beUerUDdcrslancl these IaUIts and
to galber a more infomwive setofmeasurements for control purposes wc areCUII'CIldy perfonninl experi
ments to measure the impedance as afundionoftemperature atdiffeœntlevelsofstresses, and aIsomeasure
the impedance as a flD'lCtion of stn:ss al diff'erenl temperacures. measuring continuously dimensional
changes.

1. FI&are 1 .1.;J6ll1r-------::I~---=FiI~---e~2--~
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• Chapter 5 An Application:
A Rotary SMA Motor

•

Currently the electric motor is the major alternative being developed to replace

the intemal combustion engine in automobiles. InternaI combustion engines have

power/mass ratios in the order of 1 kW/kg and utilize the 43 MJ/kg energy density of

gasoline with about 35% efficiency at the crankshaft, or 25% efficiency at the driving

wheels. Thus, the effective energy density of gasoÜDe engines is about 10 MJlkg. By

compariso~ high-revving electric mators cao he over 9()OAJ efficient, but generate

considerably less power/mass and typically draw 00 low eoergy density battery

technology, e.g. lead-acid at 0.15 MJ/kg. We have developed powerful novel contractile-

fiber technologies; they could potentially lead to a superior alternative to the use of

electric motors for automotive propulsion.

As discussed in earlier chapters, this contractile fiber technology is an electrically

activatecL shape-memory, contractile aUoy actuator, which generates over 235 MN/m2
,

and cootracts by up to 8% of its rest leogth. We have measured power/mass ratios

exceeding 100 kW/kg and have developed a demonstration rotary motor that spins at

more than 15 revolutions per second (ie. 900 RPM). Unlike an internaI combustion

engine and a high-revving electric motor, our sbape-memory alloy rotary motor generates

peak torque al 0 revs, and can accelerate very quickly. Furthennore, the torque/mass ratio

of this motor is orders of magnitude higher than tbat of a direct-drive electric motor.
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Ind~ the IOOtor is sufficiently small and Iight to he mounted inside the wbeels of a

vehicle. With ail four wheels so-equipped, traction contro~ variable four-wheel drive,

independent wheel-speed contro~ etc. become largely software control issues. With this

engine-in-the-wheel approac~ engine replacement could he as simple as cbanging the

wheel. Unfortunately, the efficiencies of these shape-memory alloy motors is currently

low~ which in part motivates development ofan alternative contractile material fabricated

from conducting polymers and new types of shape memory alloys. The results of tbis

materials research will not be conclusive for at Ieast 2 to 3 years (Madden et al., 1996). In

the meantime, the memory-alloy otIers the potential to at Ieast match the efficiencies of

the gas combustion engine. In other words., while the efficiencies of NiTi actuators are

not yet high enough to justify application in an autoDOroous vehicle., there are two

principal reasons for pursuing this research. (1) The feasibility of the concept is

demonstrat~ allowing future versions to incorporate bigher efficiency fiber aetuators

(either improved efficiency NiTi fibers, or conducting polymer actuators), and improved

battery technology (e.g. Li polyaniline batteries having 10 times the energy density of

Iead acid batteries). (2) There are a number of non-autonomous or non-continuously

running applications where the high torque to mass and high power to mass of the NiTi

actuators are heneficial and where efficiency is not criticaL Some of the latter are

mentioned below under autolllOtive applications.

In this project we have deveIoped an early prototype of a NiTi rotary engine

which could he used to study issues such geometric design and control strategies

common to the new wheel design, regardless of the selected contractile material.

Knowledge of the contractile impulse response shouId he sufficient to adapt the new
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wheel ta various actuator-fiber materiaIs.

Plate 5.1 shows our tirst early prototype ofa rotary engine. ft used ooly one NiTi

fiber to activate a water wheel We bave observed rates as high as 20 RPM with this

wheel. Given that there was onlyone fiber il had to he started manually. A Hall effect

sensor detected the position of the wheel which then triggered al the right moment either

a HEXFET or IGBT to send a cunent pulse to the fiber.

A second prototype was subsequently buih. This proto~ with 8 dual fibers cao

self-start and is descnèed in this chapter.

S.l Automotive Applications

Besides replacing combustion engines there are a number ofother applications of

shape memory alIoys in cars. In a modem car there are more than 100 actuators used to

control the engine, the transmission, suspension, seats, and windshield wipers. Shape

memory alloy actuators been considered for a number of thermal control and

management systems, including the radiator shutter, fan clutch, climate control, engine

radiator control and brake ventilation. Table 5.2 lists the main thennal actuators in a car

that could he controlled with shape memory alloys.

Doors in an automobile for example are extremely difficult to manufacture

because of the large number of motors and amount of electrical cabling that must he

included. They include actuators for lifting the windows, moving the extemal mirror and

locking the doors. Shape memory actuators would offer the benefit ofactuation in a very

small space and hence greatly facilitate the design ofcars.
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Another potential application involves the safety beh. The main reason why

people die from a car accident is the sudden deceleration of the body. The heart is IlOt

firmlyattacbed inside the torso and the seat belt always bas a certain amount ofslack. In

the case of a collision it therefore takes some time before the body is decelerated by the

safety belt. When the torso bits the safety belt and after the belt is lock~ enormous

forces stop the body. The heart is already in motion and is only retained by arterles and

blood vessels that cao. rip apart onder the tremendous forces required 10 decelerate the

heart. Shape memory alloy libers could pretension the safety belt very quickly in case of

impact and save many lives.

Other applications include adjusting body seats to conform to the driver's

morphology. There are over 6 actuators right DOW in a car seat. Shape memory alloys

could allow many more degrees of freedom. Another important application is windshield

wipers. Current motors are large, bu1ky and consume large currents. Shape memory

alloys could aIso serve in highly efficient windshield washer tluid pump.

5.2 Rotary Motor for Car Engines

The main application considered here is for in-wheel rotary mators. There is

currently no research on completely new design technologies for automotive engines.

Most car manufacturers work on electric vehicles. Electric motors have been in existence

for a long time and most of the new vehicles will consist of hybrid vehicles where a

standard gas engine or Sterling engine will actiwte an electric generator that will in tum

power a central electric motor. A large amount of research a1so goes into improving
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existing combustion engines from incremental improvements such as aetuating each

piston valve independently with electric aetuators for example.

What we advoeate however is that researeh should he done on completely

different rotary motor technologies for cars. One such design is a rotary motor with

synthetic muscle actuators inside the wheel. The artificial muscle actuators would he

fixed at one end to a crankshaft and at the other end tixed circularly around the shaft. The

shaft would then power the wheeL The ideal design wouid also include the control

electronics right inside the wheels. IGBT's can switch extremely large currents in a very

smalI space and power to the wheel could he transn:ûtted inductively above 100 kHz for a

totally wireless assembly.

We aIready referred in Chapter 2 to heat engines that ran rotary motors from NiTi

shape memory alloy fibers or springs (Funakubo, 1987; Duerig et al., 1990; Gilhertson.,

1994). Banks designed a sun-powered motor that used an offset crank engine and ran for

millions ofcycles at 1 Hz (Zmuda, 1974). Other rotary engines mentioned by Funakubo

(1987) include Johnson's thermal engine that was scalable and was based on the Chïnese

differential puIley. A small version ofthis was commercialized as the TiNi-1 generated 1

watt of power. McDonnell Douglas developed a 32 W engine based on one bundred 50

J.lm diameter fibers. The rotative Banks engine developed by Glasauer and Müller (1996)

based on NiTi fibers produced a torque of 15 N·m and revolved at 20 RPM.

NiTi rotary engines with offset cranks have been designed previously (Funakubo,

1987). Ginel's offset crank engine that used coiled NiTi springs was extremely limited in

the torque that could he produced. A reciprocal offset crank engine bas a1so been

designed based again on coiled-springs. The main disadvantage of this design is that
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fibers are arranged inline Iike pistons and. aetivate individuaUy a different segment ofthe

crankshaft. The only rotary motors that have been designed that were not thermal engines

were the "Kick'" engine and the "Stepping" Engine (Funakubo, 1987) which also made

use of coiled springs. Gabriel et al. (1988) developed a micro-rotary engine where a

twisted fiber rotated by changing the state of the shape memory alloy. This motor is not

easily scalable nor can it tom continuously in the same direction.

Wiper pressure control Foglamp Louver

Seat-beh adjustment Engine hood lock

Shock absorbers Retraetable head-Iight

Trunk Lock Fuel management

Suspension Adjustment Engine control

Centrallocking system Transmission control

Filler inIet Jock Climate control

Windshield Wipers Rear-view mirror adjustment

Wheellateral control

Table 5.1 List ofPOssibJe applications ofshape memory alloy
actuators in a car.

The limitations of shape memory alJoys as actuators have been discussed in

Chapter Two. Large improvements in material properties and or battery technology need

to he made before considering seriously NiTi as a viable technology for car engines.

NiTi is however only one artificial muscle technology. There are projects on a1ternate
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materials, and recently rapid advances have been made on conducting pllymer actualors

(Madden et al, 1996). One of the most promising classes of materials is eleetrically

conducting polymers.1n the meantime, knowing that better technology is on the horizon,

research cao. he done aD new designs, control strategies and applications.

5.3 Requirements

There are a number of requirements for the design of a car engine. Sorne useful

general guidelines are listed below.

5.3.1 Peak torque and acceleratioD.

The peak torque to he generated al the wheel should he approximately 450 N·m.

Given four wheels and a wheel radius of 375~ the total force al the wheels should he

4800 N. Assuming a nominal weight of 1000 kg (the typical weight ofan electric vehicle

(EV) without the power train), the peak acceleration should he about 0.5 g. Cars are

normally designed to provide an acceleration of 0.5 g for 05 s (personal communication

from GM engineers). A sports car such as the Corvette can accelerate at 0.7 g for 0.8 s.

5.3.2 Lifetime

Current combustion engines have an extremely long usefullife, exceeding severa!

hundred thousand kilometers for a car and over 720x106 cycles assuming an average

speed of 50 kmIh and 3000 RPM. This greatly exceeds the capability of shape memory

alloys. However the cost of shape memory alloy is quite low. The motors could he

designed 10 have a numher of redundant fibers in case of breakage. Furthermore the

wheels could he designed to be replaced like tires and serviced at regular intervals, Iike
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• 10,000 km, or rougbly 5,000,000 cycles. Dy cycling fibers once every tenth tire rotatio~

such performance could he achieved. Note that the fiber redundancy will not cause a

mass problem - the power 10 mass is 50 large that the motor itself is a negligible portion

ofthe mass.

5.3.3 Active braking

All of the newelectric vehicles will use active braking and convert kinetic energy

back into electric energy when the driver brakes. Approximately 25% of the car

NiTi fiber (contraeted)

Steel Rod

NiTi fiber (elongated)

-.;~
Mass with adjustable
distance

Nut

Rotary Seosor

•

Figure 5.1 Diagram of the R8 motor tlywheel.

inefficiencies when driving in traffic arise from constantly accelerating and decelerating a

car. It is not currently possible to use shape memory materials to convert mechanical

energy into electrical energy. However this will he possible for conducting polymer

actuators.

It is possible to use active brak.ing with NiTi motors and achieve very high
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deceleration rates. Furthermore the braking could he closed-Ioop as in ABS brakes.

5.4 Experimental Setup

The experimental setup is shown in Plates 5.3 and 5.4. ft consists of an R8

engine. There are 8 pairs offibers arranged circularly as can he seen in Plate 5.2 They

all extend from the periphery where they bave individual connections to electronic power

switches (HEXFETs). At the other end they are ail connected to a crank (plate 5.2). The

fibers are electrically connected to the crankshaft where they receive electrical power

frOID a common source. The motor is designed to work horizontally and the tibers are

kept in water for rapid cooling. On the bottom side ofthe motor there is a tlywheel with a

variable moment ofinertia ta reguJate the motion of the fibers.

A Pentium Pro computer nmnjog Wmdows NT controlled the system The

National Instruments PCI-MIO-l6XE digital 1/0 port was used to control the motor.

Each port was individuaIly connected to a HEXFET that switched the vohage to the

motor. The control was done closed loop and the position ofthe wheel was acquired frOID

a potentiometer with output between 0 and 5 V over 360 o ofmotion.
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Inertia ofFlywheel O.OO4kg.m2

Flywheel steel rod length O.25m

Flywheel steel rod diameter 7.8 mm

External Weights Hex Al sectio~ 25.5 mm OD,

20.4 mm in length

Nuts: hexagonal Steel

00=13 mm, ID=6.7 mm, L=6.34 mm

Center connecting piece Al Hexagoœl rod

00= 21.7 mm, L= 36.8 mm

Crankshaft eccentricity 5 mm (adjustable to 4,5~6 mm)

Fiber eleetrical resistance 4.8 Cl (2 in parallel for 2.4 Cl)

Fiber length 215 mm

Peak force per NiTi fiber pair 20N

NiTi fiber diameter 250 f.UD

Peak Torque (per pair oftibers) 0.1 Nm

Distance ofweights in tests 65 mm

Operating Voltage 24to 48 V

Table S.2 Characteristics ofR8 NiTi mator
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Plate 5.2 Crankshaft ofthe R8 engine. The eight fibers terminate on the
crankshaft mounted eccentrically on the main shaft. They are ail electricaIly
connected to a cornrnon electrical power source.
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Plate 5.3 R8 NiTi prototype rotary motor.
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s.s Resolts

The resuhing motor characteristics are shown in Figures 5.2, 5.3 and 5.4, and

Table 5.2 outlines the motor's physical properties. The peakacceleration recorded was 4

revs/il which corresponds to 0.96 g ifthe wheel had been moving and the radius ofwheel

from the axIe to the ground was 750 mm. The peak speed that was achieved was 6.5

rotationsl~ which corresponds to 55 kmIh under similar assumptions. The efficiency

recorded however was very low, in the order of 0.27%. This can be explained partly by

friction in the mecbanism. What further contributes to the inefficiencies is that one way

shape memory alloy fibers are use<!, which had to he stretched passively ailer their

contraction.. Also, even if we recorded theoretical efficiencies of 3% observed in pulse

experimen~ there are always losses in the transmission ofthat power.

The next step in the rotary motor development will he to construet an R128 shaPe

memory alloy rotary actuator, with 128 fibers, integrated IGBT"s and sensors.
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Figure 5.2 Position signal (A) at the top and speed (D) at the bottom achieved by the
R8 motor. The peak velocity was 6.7 rotations per second.
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Figure 5.3 The top diagram (A) gives the total energy in the flywheel with lime. The
bottom curve indicates the total amount ofelectrical work delivered to the motor as a
function oftime.
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Figure 5.4 Efficiency achieved at the begiooing ofthe acceleration. Initially most
ofthe energy goes into the flywheeL As speed is gained most ofthe electrical
energy goes into friction and the efficiency drops.

5.6 Conclusions

We bave buih a new rotary motor. This motor will not he used in the near future

in cars. However it is a prototype that can he used to make further tests on control

algorithms and to look al methods for improving the geometry of future engines. It was

computer controlled and hence~ acceleration and brak.ing all become software

control issues. This type of motor is self..starting which is a large advantage over the

combustion engine. .
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• Chapter 6 Conclusions
and Future Work

•

r have in the previous chapters described sorne advances towards the development

ofa synthetic muscle. Much remains to he done however. It was not possible within the

time limits to actually build a synthetic muscle with a large number of fibers, with

individual control, baving tendo~~ strain and force sensors an of the same

material The building blacks are in place for the future. In this chapter areas of future

research will he discussed tirst then the original contributions will he stated.

6.1 Areas of Future Research

The u1timate goal ofSYllthetic muscle technology is to imitate muscle by building

larger actuators from many smaller (ultimately nano-scale) devices. The aetuator

considered in this thesis contracts from changes in bulle material properties, which Iimits

its contractions to approximately 80/0 ofits total length (strain). A second limitation ofthe

NiTi synthetic muscles is the total lifetime in terms of contractions that can he obtained

before degradation of their response is shortest for large contractions. This is a serious

limitation for many applications but a micro-stepping actuator (like muscle) couJd

potentially move over much longer strains, and this could he achieved without impairing

6-1



•

•

their useable lifetime.

Compared with other actuators (e.g. combustion engine) shape memory alloys

were discovered only recently (Chang and Re~1951). They are complex materials and

much remains to he done to properly understand them. New types of shape memory

alloys have been discovered, such as amorphous forms ofshape memory alloys (Shi, J.D.

et al., 1996) and shape memory alloys activated electro-magnetically (Ullako et a/.•

1997). From a materials science viewpoint, control, modeIing, optimal control purposes

are all areas that will require more investigation.

More directly related to the research reported in this thesis, further work is

required 10 understand the mechanism of tàst contraction in the fibers that 1 00

developed. Time-resolved X-ray diffraction would enable changes in the crystal structure

to he followed as the NITi is modified and would enable a better understanding of the

contraction mechanism Other measurements, such as differential scanning calorimetry,

additional resistivity measurements, and optical and electron microscopy would he

required to further elucidate the phenomena.

Several new areas of research are suggested by this thesis. Some resu1ts strongly

suggest slow dynamics in martensitic transformations. These are extremely relevant from

a control and modeling viewpoint as they may affect the stability ofclosed-loop systems.

Although there is a strong indication that they exis4 as they should he expected from a

material that shows primary phase transformations, more experiments should he

performed to contirm that these are not artifacts and the resuh of spontaneous nucleation

from energy liberated from the latent heat. This could he revealed by thermal imaging of

the fibers inside the water.
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Further wade will he required ta complete a mathematical model for control

purposes. This model will need ta incorporate a1l ofthe major phenomena that are part of

the shape memory etrec~ such as friction of intertàc~ the thermodynamics of the

hysteresis, OO3t latencie~ heat transfer, intermediate transformations, etc.

The R8 NiTi rotary engine bas been developed ta ïnvestigate the geometry,

control and eventual performance oftbis class ofmotor. The R8 engine developed in this

thesis bas been done in arder to develop a tool for furtber research and it was not the

immediate objective to fully characterize it. The performance under varying voltages,

pulse wid~ and pulse sequence strategies should he investigated. Optimization could he

done after a proper control model bas been fully developed. The immediate next step

(currently underway) will he to build a R128 engine, with more fibers, integrated power

electronics, sensors and control system. This new rotary motor will include also

redundant tibers and will used to test ditrerent control algorithms.

Finally one of the most exciting research area for the future is that of conducting

polymers. Out ofthis single class ofmateriaIs il is possible to co-fabricate an of the basic

elements required for gynthetic actuators and synthetic Iife forms. These include

actuators, high quantum efficiency light sensors, gas detectors, position sensors, force

sensors, very high energy rechargeable batteries, super-capacitors, transistors (chemfets),

light emitting diodes, wires with very low resistivity in one direction and insulating in the

others, electrochromic windows, electro-magnetic shielding and memory elements.

It will therefore he possible to fàbricate aIl of the building elements of artificial

life forms, including synthetic muscles, nerves, neurons, spindJes (length sensors), Golgi

tendon organs (force sensors), for chemical energy storage (like ATP), artificial eyes and

6-3



•

•

re~ artificial ears, artificial bones as structural elements~ tendons, ~ arterles.

Actuators surpassing a frequency response of 10 Hz bave been reported (Madden et al.,

1997). These actuators do not have the same theoretical low efficiency limitations or

limited lifetime as NiTi fibers. Conducting polymers will he one of the most exciting

research areas in the years 10 come.

6.2 Micro-actuators and their Control.

6.2.1 R-phase based micro-actuators.

Muscle like actuators with enough artificial muscle fibers should he as accurate in

motion as human fingers. However technology bas to he improved before we will he able

to build synthetic muscles with a large population of fibers that can he controlled either

individually or in small groups as they are in muscles.

There is another large range of applications where NiTi fibers could he used

individually, in pairs or in small numbers if each one of them could he operated in a

continuous precise manner. One of the great difficulties encountered in this type of

application is that martensitic transformations are tirst order phase transformations.

Properties change discontinuously during the phase transition and there is a large

hysteresis in temperature at which the transitions occur. Most existing control strategies

fail in this situation.

There is however the intermediate R-phase transition that is a second-order phase

transformation with aImost no hysteresis. It is therefore possible to accurately control

NiTi fibers in a graded manner using the R-phase transition. There are limitations to
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these applications hecause the range of motion tbat can he achieved from the R-pbase is

only 0.5% to 1%. Maximum forces are aJso smaUer. However, for in micro-robotics or

microsurgery large motions are not required. A 100 mm long fiber concea.Ied in a scalpel

could provide motion over 500 J.UD. This is enough to remove tremor from a surgeon's

han~ 10 manipulate individual ceUs or to assemble structures al the micrometer IeveL

6.2.2 Stochastic control.

There are a number ofproblems that occur in digital control when high accuracy

is required. Numerical instability often occurs because of ill-conditioned numerical

procedures. A major source of inaccuracies in traditional approaches of the systems

theory literature arises from fitting discrete-time models to sampled data (pintelon and

Kollar, 1991). At high sampling rates the design of accurate digital controllers aIso

becomes încreasingly difficuh. As sampling rates increase, all the poles of difference

equations tend to unity. When the poles differ by a value that is too small to he

represented accurately by the computer's numerical precisio~ the difIerence equation no

longer represents the continuous time system and the system can no longer he identified

accurately. Furthennore as the sampling rate increases the number of floating point

operations also increases and numerical roundoff errors accumulate. This is particularly

the case for many real-time controllers based on embedded digital signal processors,

which currently support only single-precision, or in rare cases extended precision (40

bits).

High sampling rates, typically 5 kHz and above, are used in digital controllers for

most of our control systems. At lower sampling rates, transients caused by discrete

changes in the control signaIs can he perceived by the human operator either as a
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vibratio~ a sound (due to mechanical vibrations) or jumps in the trajectory. Lower

control rates can also limit system stability due to additional delays introduced in

feedback loops.

In a prelimioary study ofthis problem, il was shown that numerical instability is

not inheren4 and that it can he eliminated using continuous-time models (Gerencsér et al,

1994; Gerencser and Rissanen, 1986). However the full potential of continuous-time

modeling is still to he explored. The diversity of the Iiterature indicates that continuous

time identification remains a challenge.

The superiority of continuous-time models over discrete-time models can be

restated as the superiority of one parameterization over another one. Pammeterization

issues in connection with system identification have been studied for a long lime. An

attractive parameterization with a simple range for the parameters is considered in Ober

(1991, 1987). New ways of balancing are aIso of considerable interest for high-accuracy

control

One problem in controlling NiTi fibers is their nonlinearity and their time-varying

dynamics. Therefore for accurate control a continuous identification and control strategy

is required. Nonnally it is difficult to identify a system at the same time that it is

controlled. However il bas been shown that identifiability cao be obtained at the same

time as control provided that a dither is added to the input signal. The covariance matrix

must he controlled however.

On the other~ adding a dither degrades the performance of the control

scheme. Therefore there is a balance hetween identifiability and control that must he

achievecL where a large enough perturbation must he added to achieve identification but
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it bas to he kept small in order to preserve the accuracy in control

In recent years it bas heen shown that the stochastic complexity theory developed

by J. Rissanen., mM Research, San Jose., cao he successfully applied to the above

problem of interaction. It bas been observed that the problem ofcomputing the effect of

statistical uncertainty on control performance is anaIogous to computing excess in mean..

codelength when estimated frequencies of the letters of an alphabet are used in an

encoding procedure. The basic problem of applying information theory of stochastic

complexity to the statistical analysis of linear stochastic systems bas been previously

studied.

The stochastic complexity theory is close to real world testing. One of the major

remaining issues is that simulations have been done for first order systems only.

Additional work remains to he performed for the implementation of the theory.

Additional measurements should he taken to characterize more accurately the

thermocouple effect in shape memory alloys.

6.3 Originality of the Research

The research done in this thesis was original from many viewpoints. The major

areas oforiginality are listed below.

6.3.1 Fibers with fast twitch response

1 have co-developed a completely new way to produce fibers that have a fast

twitch response. The same simple technique can also he used ta induce the two-way
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shape memory effeet in NITi fibers•

6.3.2 Fibers with two way shape memory efIect

The process described in the patent application presents also a new and simple

technique that cm he used to induce the two way shaPe memory effect in NiTi fibers.

Other techniques exist but the process descnDed in the patent is simple compared to most

other techniques.

6.3.3 Stifthess Through in Modulus ofElasticity

1 have observed that very large nonlinearities and non-stationarities occur in the

stress-strain relationship wOOn there are sudden decreases in the modulus of elasticity. 1

have shown that these can he partIy compensated by pr0Per stiffiless measurements.

6.3.4 Time dynamics ofMartensitic Transformations

1 have observed a very large change in hysteresis with changes in the rate al

which the temperature is changed. These measurements indicate that martensitic

transformations can occur much helow the speed ofsound in the material.

6.3.5 Growing and Attaching NiTi fibers

1 have devel0Ped a new process to attach NiTi fibers. The new method employs

metal deposits on the fiber or ~/een two fibers or between fibers and other parts,

creating metallic attachments that are mechanically sound and electrically conductive.

6.3.6 Thermo-electric measurements

1 have devel0Ped a new practical technique to use the thermo-electric effect to

study the state of the martensitic transformations through the new method of attachment

of NiTi fibers. Wrth this technique we were able to record large potential differences

6-8



•

•

between copper and NiTi libers of 10 JIV fOC•
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SHAPE !\IDIOR\' ALLO\- FlBERS HAVING
RAPID TWITOf RESPO~"5E

5,092,901
1 1

Il is a still f'unhcr abject oC this iDvaltion la J»rOvide
a mator unit (or pnet'alion oCa werm,. fora based on
al least one Klualor clement or che invention.

BACKGROUND OF THE ~""'~"~O"- 11 bas DOW beeD round that subjec1inl an elonple
U ....~.. a a ... , liber of a wpe mcmory alla)' sùnuhancously la •

i) Field of the Invention SUClclUnl (oree ad a shan. powerful eleclromalDetïc
This invenlion relaies to modified donpIe a fiben of pulse efrcetive tO cause contnetion of the tibcr lenl'h

a shape memory allO}o. their preparatioD and use as ad c:h&Dle material propcrtics. resultS in a modification
acluation clements for ,eneration of a wortinl force. or the shape memor)· parameten of the fiber: mon:

i11 Description of Prior An 10 especiaIly the Modifiee! fiber bas a to&al contraction and
Meul alloys are Iutov."ft which uluDit • shape mcm- re!ualÎOD lime much shoner chan Wt of the unmodi-

ory effea. Such alloys eahibit a thenaodastic bchavior ficd liber.
resultift! from tramponatioa from a parent phase subie ID particuJar the rcluatioft lime of the moclified liber
at an eJevated temperature to a manensile phase at a is muc:h moner tban chal of tIle coaespondinl umnodi-
lower remperaa:ure. U the aIIo)" is cSeformed la a (lm U rled fiber. with the rcsuIl that the 6ber abJ"bits • rapid
parricuJar shape while in the parent pbae ad ÏI tben twilCb response UDder aimuJalioD by • CUrtalt pulse (an
sbape Idjusted while in the ~easitepbue to. -=oad KIioa pocemiaI).
shape. the fint shape is restored wben the aDoy is ne modified elonple libers may fUftction as an artï
healed la th~ tempenture at wlric:h transformation (rom 20 rK:ial muscle-h1te aetuator clement for smeration of a
the man~teophase la the parent phase occurs. workial (oree in rDbolics or prosthetics and MaY fonn .

ln cansldenng the use of shape memary aIIoys in pan of. motor unit for lener'alion ofa "A-orkin, force in
robolic:s and prosthesis. it is instructive 10 compare the robotics or prosthetics.
properties ofshape lftealOry allo)"I with those ofsteletal
muscles and the ubiquilous elecuomapctic actuaton. DESCJUPTlO~OF PJlEFEJlIlED

In askeletal mascle ofa mammal the tensioll or mai- 25 EMBODINEJl-ïS
mum force generated per unit c:ross-scctional &Ra is a .) Elonpee Fiber
subsl&Dtiall)" coftStant 350 kN/ml . In comparison the 0

muimum substainable force 'eDented br commercial The ~IraedeloDlal~ liber.em~loyed tO produce
high performance linear electromapctic mototS is the moddied fibet of the Ul~ntJOIl as fonned from a
more than 100 times las. Thus & Bruel. JCjaer linear 30 shape memo~metalalla)". .
motOr (!'ofodel B ~ Je 4110) Icnerales • muimum len- .The most widely cmployed fiben of this Iype~ lhc
sion of 2.6 kN/m1. A shon muscle haviDl a muscle NI-Ti fiben available ~dcr the Tnde Mar~ NllIlloL
length ....·hich is lhe same as tlle muscJe cliameter an The phase tnnslonnatloQ IcmpcrarurCS which are a
Bcncrate • (oree pu unit mus of about 310 Nika. 35 chancteristic ofDe shape lDetaory are weU esub1islied
whereas Model B • Je 4810 ,eIICr&tes 0lIl). 9 Nika. and are dependalt on the Rlative proponiofts of the
Muscle usualh' shonens by more lhan 2QC.i in a limb. alloyïnl. detDa!~Ni and Ti and the 0plional inclusion
whcreas Model B &: Je 4810 sbonens by a muimum of of .noyml adcllnves.
89éo Other shape manor)· aIlO)"S inc:lude AloCd. Au-Cd.

A skcletal muscle comprises a bundle of muscle r... .a Au-Cu-Zn" ~-AI.Cu-Al-N. Cu-Zft. C,:Zu-AL Cu·Zn-
bers. lenerally in paralld relationship. More powerfw Ga. Cu-ZoeS.. Cu-Zn-Sn. Fe-Pt. Fe-Na. In-Cd. 1ft-T ..
muscles have more libers. and muscles thal must Ti-Nb and T..Ni.
shonen over considerable dis1anca have Jonler muscle Coaunen:ially avaiIable fibers typicaJly have a diame-
libers. 1er of 0.01 tO 10 mm. lISually 0.025 10 1 aun. usually

Robot limbs have bcen COnstnlCled usinl elonple .5~ than 0.1 mm. The Imath depcnds on the .pp!:-
Ni-TI .shape maDor)' tibers. A Ni-Ti shape mcmory cancm. .
ûber ha..--mg a diametu of 0.8 mm will aenerale over Ni-Ti fibas are preferred fibers of the invention.
100 MS/m~ tension and shoncn by up ta I~ of ilS "Ille UJUDDdified fiben t)'pically bave a total contrac-
lenlth. These shape aletDory libers suffu a major draw- tion and re1ualÏall lime in e2CesS of 1000 ms for a 0.8
back iD that the total conuaeùo" ad reluatiOD tilDe ÎI 50 lIIIIl diuncter tiber. Typically lhe c:oatraetion lime is IlOt
UDduly slow and in puticuJar the reJuation lime is morc thu about 50 ms. and the reluatioa. tilDe is iD
unduly slow. Tbese sbape memory 6bcn bave a lotaJ aœss or 950 IDS for. 0.11DIII diuDeter fibero
contraction and reJuation'~e dower lhaD both mus- b) Modificati
cie and most e1ecttomapetlc aetualal'$. on

SUMMAIlY OF nIE INVENTION 55 The elonlate libers are modilied to produce modified
liber eùibiriq a chan.e in malcrial propenies by the

Ir is aD object of tJüs invention ta provide aD elonpœ lÎIIluJtaDCOGS application or a SUetchiD. force and •
fiber of a shape aacmory alloy of .odi(. cbancter. abor't. powerf'ul. clecIJ'OIDqftetic pulse.

ft is a flllthu abject of tbis invadÏOll ta proWlc aa III arder 10 acbiew dûs the &ber issuitablyCOIIMCUJCl
dOtllate fiber or shape memory .Doy havia•• 1bon.6O al ODe ead 10 • liDear dectromapeIic IDOCOr and al the
toul contraCtion and reluation tilDe. ocher end 10 • force uansduc:cr. ne lDOlor applies a

Ir is a still funber abject of tbis iDveation ta provide 1DOdenœ. linear IUetchiDa teasion (i.e.. forcel1lllÏt
a method of produciD. modified eJoapte &ben or a Cfa. seclÏODal ara of the libers). for eumple. of the
Ihape memory aIloy. orcier oC 40 MN/ml. A shon. very pawcrful e1ecuic

Ir is )·et aaOther abject ofchis invention 10 provïde an 6S potenlial is applied aaau tbe ends of che fibu ta pro-
ae:t1Iator element for laCtation of a wortinl (oree. iD dgce aa elearomapclic pWse ef'f'ec:tÏ\re 10 achieve a
the (onn ofa modifia! elonsale fibct ofa shape memory contraction iD lenath of the fiber. while the linear
allo)Oo lU'etchinl force is maiDuiaed.

•
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Suitabl)' mis eIectromapetic pulse bas a cunel il is pOiSible 10 operale tbe unit wbiJe avoidin, ralimu.
densil)' of 400 10 4000 MA/ml and is orshort duralion talion ofa stilnuJated fiber wllicb bas nOi completed tbe
50 as not 10 destro)' the iruqrilY oC the libers. rduation phase; ud the wodon, (orœ is &cneraled b)'

ln the case or a pulse of 0400 MA/m~ the duntioD of a c:ombiallioa of nIe and recruitmenL
the pulse is suitabl)' nOI more than S ms. ....·huas iD the 5 Ile-SlÛD1IJarioa oC a plurality of 'limalaled libers dur.
case of a 4000 MA/m: pulse Ihe duration is 5lIitably not inl the relaution phase nsullS in a aon·linear SWIlftUl.
more than 0.5 ms. tian of the Ffter&ted (orœs producift, a JalUmed or

For a 0.8 mm diameter fiber, sun.bly about 7S la IlS, constant force I~'el lermeeS the tewùc: force..
preferabl)' about 100 eJectromapebc pulses are ap. A pair of anirlCial muscles each comprisin,a c:ol1ec-
plied, and the pulses are. required 10 have a bigh rite o( 10 tian of IDOtor UlÙU in paraUel may be arranpd as an
changc of currenL Thus (or a D.lmm diameter fiber a a.onist-antalOnistic pair which Kt in opposition but
,nIe of chanlC o( curran of 10.000 A/sec. does DOt IlOt simwtaneousJy; ÎJl this way a workin, (orœ my be
produce a satisfutOf)' mOdifieeS fitier. where.as a rate of Ialcrated by CODtneIioD or die- fibers of one anificia1
chanae or c:urrent of200.000 A/ftCC. doc5.. An optimum muscle of &he pair for worIt in one dincüon. faDowcd
rate of cbu,e of cvm=t iD the pulse is IO' A/sec. 15 by work in the otJIcr direction by the other anif.c:i:tl

The modification may CODvenientJy he carried OUI in muscle; lhe -aOlÜStooUlUaclÜSt pair cu aIso be stimu-
a coalinC cavirotunent 10 cool the 6bft r~inl the lued sialultaneouly tO 1WOduc:e a IlilfcaiDl ef'I'ect.
lempenllure iDcrease auociated witb ac:h pulse. For If i:ncreued workÎJll force is required titis cu be
Ibis pwpose die modiracation is collvCftÏC!ltly carrïec1 achieved by employin, more libers. i.e.. recnilmeftl, Of
OUt ~;tb the liber immcned in a bath of liquid coolant. M by Ilimulatinl the~ more rapidl)-.
for eumple,~ mctbanoVSOX water at -20- c.. BRIEF DESCllIPTlOS OF DRAWINGS

c) Modifaed Fibers The iDwabcn is funher illUSU'ated and explaincd by
The modified shape memary allay fibeB orthe inve- refereace to the accompuyïDa dra~inp. in which:

tion exhibit a npid t~ilch response uade!' stimulation 25 FIG. 1 ilIUSU'a1eS &npbic:aJJy the ~itdl response ofa
b)' an aClion pacentiaJ. the ~;tc:h beinl the CODlraCtion priar an. IItUDOdülCd shape memory aIJoy fiber;
and relaxation exhibiled by the modified eJaapte fiber FlGS. 1 and 3 ilJustrate lraphicall)' the twite:h re-
in responsc 10 the stimulalion. sponse ofa mocIified liber of Ihe ïn"'cabOIt,

The action polallial ~'hicb serves as stimulation ma)' FIG.• illusuales sc:hematic:a1l)' a 1DOiar lIIÙI of the
Suilabl)' taJte the form ofa brier current p\llse of raxed 30 invention in a lim embodïment. and
amplitude. and duralion. for eumple. for a 0.1 mm d~· FIG, 5 ilIuslrates sc:hematic:alJ}- a 1DOlor unil oC the
eler fi~. a pulse ofabout 50 A for a 1ms druation. The invention in • second embodiment.
pulse heau the liber c:ausilll npid contraction 10 the
memory sure whic.h contraction is followed b)' a rapid DESCJlIPTION WJTH REFERE.~CETO THE
reluation. _ J5 DRAWINûS

The modif'ted fibers more particularly have (01".0.8 \\'ith funller re.ferenc:e la FIG. 1. thcre is iJJusuated
mm lÜametu fiber a twitcb response of Jess ahan 40 ms. the twilch respaue of a coDventicaal Ni·Ti liber 100
oC ~'hich lhe COftuae:tion Ose lime is not more tltan 10 mm in lenlthand 0.8 mm m dïame!er. hc:ated by passinl
ms and the reluatioD deca)' rime is about 6Q';i- com- 1 pulse Ctln'Cftl throulh il of 50 unps Cor 1 1ft$. The
pleled iD 15 ms. 40 healiDl causa the liber la contnet rapidJy to the tneJD.

ory Stale with a dispJlcemeat ofaboul 3.5 mm iD leaph
Applicalions iD. cOIltnetian rise lime ofabout 50 au. The rcIuation

The modified fiben of the inventiOIl rlDd use iD appU. decay lime by coaUDI .!ter che batiDl bas ceued is
cations in which the)' func:tion • actulor clements for slow and is DOl compJete eVeD after 1000 IDS.

le.neratian of a warltinl force.. 45 Wi&h runber rcfercace ta FlO. %. raults Ile sho~
Tbus the fibers may be employed ia. molor units ta for die liber ofFIG. t. but aClet modificaticm in accor-

simulale an artificial muscle iD rabolics or prosthetics. dance with tise invenrioa- The modified or alreted fiber
Such an artificial muscle would c:oasist of a numba' now lias • much shorter tvo;lcb respomc lime. As cm !le •

of motar UJÛU uranled ÎIl paralJeL The DUlDbef' or leeD &am FlOS. 2 and J. the contraction l'ise lÎIDe is nOI
mator uniu anployed is a (UDCtÎOIl of the toIa1 force 30 more dia 10 aD. ad the reIuatioa decay tilDe il con-
required by the artif'JCiallIIuscle. T'be more mocor IllÜts liderably sbaneaecl beiDl about~ caaapJeted ia 15
employed. the pater the laU1 force prodacc. ms wbic:h is markecl1)" shorter tIIaD dw or the 1IIIIDOdi-

Each motOr 1JftÎt may comprise a btmelle of cIiscftte fied liber ÏD FIG. L
elonple madifled fibers in side-b)"-sïde puaIle1 relation· Ftmher il caa be lftB froID FIG. 2 tisai the 10....
sbip and eJectrically iJlsuJated from each othcr aIoal 55 reJuation dec:ay lÏIIle ofrbe IDOdified liber is very mveh
their lenJÙl. In Ibis c:.-e the libers are electric:aDy in shorter than that of the lIIlIDOdified liber of FIG. 1.
parallel rdatiaa.sbip. AltenWiveJy a molor aDil may More especially the reJasation decay cime ordie 1DOdi-
comprise a sin&le eIoDpae modiraed fiber' anupd in • fied fiber of FIG, 2, wbicb reJauàoa decay lÜIIe cam·
lÜlusoidai-lik.e path ta provide Icqtbs or the fibc:r ÏD priIes a npid re'...rioD l'oDowed b)' a do..u refu-
lide-by-sicle puaUeJ reIarionsbip: die lide-by-sicle tG uïoa. il ClOIDplete ia _ tban 400 IIIL lIIOr'e especiaIly
lengths beïnl electricalJy insuJared from each Olher. In about 300ms UId dais illUtkedly sboner tbaa the mare
this case the Jenllhs of liber are elecuicall)' in Ieries tbaa 1000 IDS 01 the u:amodified fiber cl PlO. 1.
reIalionship. ID refereac:e 10 FIG. 3 il is clar tIw whilst the &ber

A mOtar unil contaiDina a buradle of modi5ed fibers relues by S)5. very rapidly the final 40., is reJative1)'
may t)'picaDy coacaiD 5 ta U. lIIOt'e uscaDy 10 fibers. 6! sIo'A' ad for this reuoa il is appropnale ta constriet a
The fibers ofdift"eteIlt mator units ofan artif.cialllluscle motor unit with 5 10 U preferably JO libers. Instead of
may he stimuJaled iDdependently by separate pulses or activatin, aU 10 fibas iD the 1IICX0r .nil simuluaeousl}'
pulse sourca.lDore especiaJJy scqueatialJy. ID Ibis way il is appropriale to actuale tbem sequenrialJ)·. Thu in
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. the case of a motor unit or 10 fiben alÏ''eft fibre is Ilot bàn, rapid as comparcd wit.h the t,.,itc:h raJlOnse oC the
activated apin uatil 10 activarion pulses Iater. Activa- wunodUled fiber.
tion of a subsequent liber ,.,ill usualJ)' take placc while 2. An KtUator clement accardinlto claim 1. whcrcia
the immediateJy preccdinl &eth-ated fibcr is in the npid uid npid t,.,itch response is las thaa~ ms whea sub-
pbase of the reluation.. S jected to the action potCftrial of u eJeeuomapecic:

With fllrther merenc:e to FIG.... thcre is iJlustrated pulse.
schematic:aJl)· a motor unit 10 for use in an artiCicial 1. An aetuatorcJcment ofclaim Z. whereiD said shape
muscle (nol sbown). Motar unit 10 bas • plurality of memory aUoy is a Ni-Ti alloy ad said fibcr Us a diame-
elonalte modificd Cibcrs Il. of the invention. in .enu- 1er ofQ.OllCl 10 mm.
ally paraJlel side-by-side rcJationship and havin. ends 10 '- An lClUalor cJemeat ofcJaim 1. whereia said pulse
14 and Ils supponcd iD c:Jamps II and ZO respectively. bas a canent demity of4Q) ta ".000 MA/~.

The fibcn 11 are iDsuJated alon, their lenllh by an 5. An KtUalor eJcment ofcJaim l, ".-bercia said pulse
eJcetric:aJl~' insulatia. coalin, n. bu a rate ofeurreDl chanac oC at Ieast 200.000 A/s«'

The ends 14 are iftsuJated from ach other in clamp '- AD ICtUtor cJement 0(cIaim l, wbereia said pulse
Il, whereas the end, Ils are in eIec:uicaJ c:onuet witb 15 ha a c:urnsu demity oC 400 to 4.000 MA/mz and has a
eac:h other throup damp 20. rate ofc:urreat chanac of al Iast 100,000 A/s«'

Ar! electrcmapetic sœrœ 20t provides .. eJec:tro. 7. AIl eIoeprc fibet ora shape 1IIeInOf)' aIloy moGl-
magnetic pulse to Cftds 14; thep~may be applied. 10 f'zed by havin. been subjec:te4 a plurality oC tilDes 10 •
one or more of ends ••• sequesniaIly or simuJuneously shon. powerful electromapetic pulse effective 10 cause
depending on the work force requim::l. as shown in the 20 contrae:tioa oCthe leallh oC the fiber and c:han~mate-
broken line. rial propenies. while Uftdera sueaclùag force servina to

The worlcing force gcneratcd by the deformation of cJonpte laid alth. wherein said pulse bas a c:urrent
the fibers U to their memory state is c:cmmunicated la density of400 tO 4000 MA/mI, and bas • rate orcurrent
work eIemcnt 2lS" c:haDae of al Icut 100,000 A/sec.

With funher refcrcncc 10 FIG. 5. a motor unil 30 Ms 25 .. An elonple fibet' of daim 7, wbercia saïd shape
a single elonple liber 31 arrangcd in 1 sinusoidal like mcmory alloy is a Ni-Ti &Ooy and said fiber aJu"biu a
In2ftner bet""~ opposed clamps 34 and 36. then:by rapid twilcb response bavinl a lClW CODUaC1ÏOft and
providing a pluralil)" or side-by~de Icnlths 31 of the relaxation tûne of less than 40 ms when subjected to an
liber. action poIeatial oran eJec:uomapetic pulse etrec:tive ta

The fiber 32 is elcc;uic:ally iasulaled b)' an insulalinr lO Mal uid liber 10 the shape mcmory RaIe.
coating 40. and has an input end 4% and an output end t. An cJonpte liber of daim 1. havinl a dianlelcr of
44. 0.01 10 10 mllL

Input end is elec:trically conn«lcd 10 an clcctromag- 10. A motor unit for .eneratioa ora workin, force in
nelic source 66 and OUlput end is connected tO a work response 10 stimulation by an Ktion patenta! in an
clement .... 3.5 anïftcial muscle comprisiaa;

Application of an elec:tromapetic pulse ta Cibcr 31 fllSt and second opposed. spaced apan cJamping
from source 46 hcats Ibc fiber c:allSing retunl ta the mans.
mcmory S1&te and the shape change force lenerated is at least one elonpte ICl1I&IOr ekmcnt comprisin& an
communicated to ~-ork element G. cJonpte fibcr ofa shape mcmory aIIoy providinl a

A pJuraiity of the motor UnilS 10 or 30 may bc Ir- 40 pluralit)· oC IeDllhs of fiber ils lide-by-side. paer-
ranged in paraJJeJ and empJoyer! sequentiaIJ}". Jf a la,.," aIly pataUel relatioDsbip utendinl belWCCll Mid
worlâng force il required only IOme of the motor uniu spac:ed aput c:larapia. mcaas. said JaaClbs beiaC
may be employed ""beras if a hip workinl force is elec:uically insuIated &om eacb OIbuad (rom said
required ail of the motor units of die pluraJity may bc fU"Sl cJampiftl mans.
employed. The motor units 10 and 30 of the invention.' cJcetrical connection mans (or conncctin& said Il
permit considerable ncxibililY in the operation of a leut one liber to a source ofcJearomaaaetic puJses
prosthesis or rabatic. al laid fitst cJampial mans. and

This invention may be embodied in oeber fonDS or coDDCCtioft mans al laid sec:oad c:1aIDpina mans for
c:arricd out in other ways without dcpanin, (rom the COIIDCC1ÏII& laid at Ieat oae fiba' to a wort cJe-
spirit or essential cbanclcristics dIereo(. t'be praent 50 mena.
emboc1imcnts are tbaeCore ta tic coasidered as iD all laid doapce &ber ahibitiD•• twiu:JI response uadcr
respects illustrative and Dot rauictive. the scope of the stimulation by an aetioa poIaIDal. uid twiteh te-
invention beinl indicated by the appended claims, and spaase COIIIprisial a caatnCÜOG tilDe lDcl a reIu-
.n changes which come withiD the maniag md ranae aticD lime and beia. Jess thu 40 ms.
of cquivalenc:y arc inteaded 10 be embnced. .5.5 Il. A Dotar unit ofcJainllo, wbcreiD laid al leasa ODe

Wc c:laim: eIonple acNator elaDcat comprises a pIuraliay oC dis-
L An aetuator eJemcnl for .caeralion of 1 workin. crete aeaaator elelDenu Ül pcraIJ)' puaJld Iide-by-

force c:omprisin. a IIIOdifled eloapIc liber of a shape Iidc relaàoafhip. .
mcmory aDoy, Mid lDOdified fibet beÎII. derived &am U. A maIOI' 1IIIÏt orcJainllo, whereia saicl.' laR one
ID WUDodifiCld liber. uid WUDOdit'IIId liber haviD. beea 60 eloaptc 8ChIatGr elemcntcomprises a sia&le acawar
modified by beiD. subjected a pluralilY of tilDes 10 a elelDcDt eIlIrIiaed iD a aaenUy IialllOidal lUaIIU be-
sho",;very powerful eIectrcnnapetic pulse efrective ta tween die elampina meus.
cause C01Itrac:boa or the Icnllh of the UIlIDOdified fiber 13. A IIIOIDr uail of cJ.an 10. wherein uid eJoapae
and cban.e material propenies ,.,·hiJe undcr • suetdüa. aetualOl' elaDent is cbaraderized by baviq beea Rb-
force servina 10 eloaplC laid 1eDJlh. uid mocfulCd liber 65 jectcd a plllraliay or lÏIIles tO a shon. powerf'uJ.eJectro-
exhibitin, a 1WÎlch respoasc under stimulation by an ID&petic: pulse cf!'ec:tive la cause conlractlon ad
action potential. said tvoitcb response comprisin. a con- chanle tnaterial proputics. while ander a IU'elChiD.
traction time and a reluation 1ÏIIle.. said t,.,itc:h respoasc forc:e.
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14.. A moler unil of c:Jaim 13. wbueia laid pulse bas said fiber beïnl a Ni-Ti liber ba"in•• diameler of 0.01
a current densil)' of 400 10 4.000 MA/ml. co 10 mm. wherein laid fiber prier to said IUbjectin.. bas

15. A moter unil of daim 13. wbercin uid pulse has a twitch raponse comprisin. a tOtal contraction risc
a raie of cutrent clwlae of It Iast 200.000 A/1teC- tüne and reJuaÛOll dllr:ay lime ,rater than 1000 ms.

16. A proeas for modifyiDa ID doaple~ or a and said fibcr aCter.-id IUbjcclinl hM a tv.itch response
shape mcmory a1Jo)- comprisia. subjediq sUd don- of Jess thaa 40 ms.
pIe fiber 10 a sttetchinl force wbile Ipplyiftl a plural- 21. A process accordin. 10 daim 20. whetein said
il)' ofshon. very po"'Cfful deecromapdic pulses etrec- plunJity is up la aboIat lao.
live ta caase c:onlraetÎOtl ud c:banae l'DIleria.I propenies 22. A process ac:cordin. 10 cJaim 21. wberein said
of the liber. wberein said elecuomapetic: pulses have a la pulses have a rate ofc:urrmt chanac of al least 200.000
c:unent density of 400 la «XX) MA/ml. A/RI::.

17. A procas ac:c:ardÎD. 10 daim 16. wberein laid 23. A modified cIoftple liber daived Crom an elon-
ribcris. Ni-Ti fibtrbaviDladiameœrofG.Ol ID IOmm. piC UJlIDOCIirJed liber of albapc mcmory Ni-Ti alIoy_

Il. A proc:cu far modifyial an eJoapae &ber of a uid unmodirted elœptc ftber haviDa a Mitch re-
shape manory aDa)- comp~ subjectia. sUd eIoa- 15 spoasc. wha subjected ta an ac:1iaa patentiaI efTecti" e
pte liber 10 a SUCldünI force wbile applyïaa a plural- tG bat said liber 10 the shape memory SIIte. "ilb a lOcal
ity ofshort. very pov.-erful eIecuomapeIic pulses dl'ec- CQIIInCÙOD ad reIaaDœ tilDe pater tbaD 1000 ms.
live la cause coatrKtion and c:banae aweriaJ propenies said lDOdified &ber baviq. twitdl responsc orIeu than
of the liber. wbctein.said pubes have a raIe of eurrent 40 ms and laid modïfaecl liber baVÏD,a cfiamCler oC0.01
chanae of at leut 200,000 A/sec. 20 ta 10 mm. laid UDIIIOdiflCd fibcr havin, beea modified

U. A IDOtor uftÎt oCdaim II. wherein laid pWses have by beiD& IUbjeeted a phuality ortimes la a shon. PO\lo-er-
bas a c:urrent densit}- of 400 to 4,000 MA/m!_ fui eJectromqnetic plllsc havial a cunent dmsil)" of

20. A proc:eu ror modifyinl an eJoaple fiber oC a 400 ta 4.000 MA/ml. and a rate oCc:urrenl chan,e o(at
shape memory alJo~· comprisiDI IUbjectin. uid don- 1east 200.000 A/w:c. drective to C&ase contncrion oC
pte liber ta a Slmcbin. rorce servin. to eJonple the 2.5 the leftllh of the QDlDocüCJed fibcr and chante maleriaJ
Icnlth of the fiber ...·biIe applyiq a plurality oC ahan. properties whiJe uncIer • stfeIchift. force servin, to
very po....erful eJecuomalDClic: pulses d'rective 10 caase eJonpte uid 1etl11b.
contraction and danle material propa'ties Dr the fiber. • • • • •

JO
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Appendix Il.

Hunter, LW. and Lafontaine, S. A comparison ofmuscle with artificial actuators.
Technical Digest ofthe Fifth IEEE SoUdSlate Sensor & Actuator Worlcshop, 1992a,
5, 178-185.
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M....Mc*I: ne.a.ioa tIerWeea impoIed laIfda dllqaC..,.>
lDd forœ (0UIpUt) (orcaavendy betweaa impoIed fon:a (1DpU) lIId
cIispI8I:aneal (output» is DOBÜIIe& NoetieeIr (fIlildet A:~
1986; lCoreabaJa: BUDa. 1916.1990.1992)ad~I(Niel
lai a: Hune. 1991; MacNeil elal. 1992) S)'!laft idefttifieation medI
adscouplcd wi1h bipperfClflNllCe mccbmiaIlCSIinl sysœms (lIUIU
etet al.. 1990) bPe prowd lIId'ul iD eIuc:idIIinI dùs n:1alion. A simple
madlemllica1 rnodeI CBerJe1 a: HUIlIer. 1979; Hanter et al. 1991}
wlûcb bu bccD falIIId 10 ICCOIIDl for die bebavior ofmuscle iD • wide
varia)' ol .......·ic:l1 expeii inlleDlI is

r

1tI1-1 fnll+. - • I(r)~) *
wbcre
'«1) is die extenllion ratio al lime ,
n,) is me leDSion al cime , caused by a sincle aoss-bridge

Aitr) is the 5)'stem unil impulse œspansc funaioa

Nociœ !bat T • 1 wtIaI dIae is DO iJnpomI Icnllh c:baae an die
muICIe. 1'bis JqRSaI1S die uail forœ aaa-d by • sinpe lICtiwe
c:roabridge. It is fauad cxpaiULhraDy tMtde iaœpal of die impalJe
rapClQII: raac:tioe CIL de =1sep raponsc llIftCtion) is wdl~
saled by che sam0(2 orJ compIex deca)'ÙII cxpoIICDlWs (8er&d ok
HUIIter.I979).

The stteu.. T.....r). &CftCI'IICd by a muscle fibcr is me mm 01 the c:oa
lnllutiou ofeadl crou-bridp opentinC in pataDeL nus if Il is die
aambet ofKtive~,"Ùlpuallel perllllitrJbereroa seaioa
Il UQ (abœl350x IOlS,'ntZ forYUtdnIe 1IllZIde) and fis die swic
fora: a;aerued by a CfOIIbridee(- 1pN) • tIlca

T..lI1 - Il1T{i)

l'bas die peak swiç -.ion~ by venetnre steJaa1 mus:Ie is
about 350 kNJmZ. Il is iadf 1 f1Inc:tioa of dlc cIqree of overIap be
twcen thic:k and lbia fiWnenll (i.e.~ _eth) and Ca- COD

œaaa1ioa. AlIhou&b j(r) lbove is. in fiIIa' 1amÙlO10IY.Jüch-pass rIL
bas DO SIaIic pila} 1 sep cbIIa&e iD lIIIIICIe lcalda ÇIIl nevent du- le

suit III a âCÏç «:huee da mus:1e leDSian via cbc Icnllh di JI rX"eI: or
Il.

Mai....Fone..-nled'" -.le: IlisÙlCaalinc co_ifsame
musdesarcmonaerdwlothcrs. The U5Wa' is ....l dlemuimumSlat
je fon:e aeœrued pel' uait c:ross-«ctiOllll ua rLe. rensioa. suess) of
ail YerIeInIe muscJe libers scems ta be remaJtably constant al about
350kN~ (Huxley. 19IO}.1adœd die lIIIIdmum larce pac:aœd by
inwneInre lnIIIde is linlediffCftllt (CoCo IlOO kNlm1 for the c:rayf"ISb).
MammaIiu cudiac lIIIIIde QIl produœ ap ID 100 1l:Nfm1 (HlIIUa' el
aL. 1992). Sorne iJIveIœIne 1IIlIKIes. sudl as die muscle rapoasible
for *lI cJOIUR in œnaill mol1uscs. bPe a caIdl sraIC in wtùdl dIcy
CID loell mcn.Iwes 10 as ta producc • RaaÏfted fon:e (co bold die
sheDs closed) witbou1 CftCrIY CCIIlSUmpIioa. la vendnre muscle dIcœ
is no sudt medlallism lad me maximum forœ ca=atal CUl onIy œ
bddforasbortpaiodoCûme(III1I5dI:"f'lIipej.ladl:eddlcmuimum
SUllaiaablefan:e is usuaJJyaboul~ of__value. FordlislaSOll
tbcmaximum lWic.......ia.ble masaeaenœdbylllUlde isabout 100
Il:NJm1.

M....PQwer: UIlIike-.ximll force. dlemuimum powereeaented
by musele does vary bodt wilbia the lime orpnism U wdl as KrUSS

uùnals. Power (forœ xvelacity or l1IaS luhiD me) chanacs be
Qeate tbe suaiD œe 10 lftSS rdIIÏœ~y praduœs ils
mu.imum JICNIUIlabocllll3 ofIIImaximummain rate (wlüdl cane
spoads ta aload afabout 113 oCthemaximumSIrCSI thenmclecmp-

.--.. 1'bae _-
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ure 1) wbic:b iD ftIIeInte....xcaYVY iDIatc* fiaIa 1.5tg 3.61&11l
with • reat lcDadt of abaul2.1 JUIL

CI t· Sa Themyosio praeiD.alarlCp*afbadswtüdI. pro
trudefromlbedùdtr.........tbœe '11Iaemyalia"" uecaDed
crossbridp becauadie)'protûly radl-=rouad aIIKIa ID MIjaccDl
lhin filmnans duriIIl matdc cœaactiaa.1bae~ about 300 m,osia
molec:ules per tbicIt filamalL l'be croatlIidp:s Iikely paiodic:aJly al
tach uddcUcb from Ibedaia fillmcDl durinl CDIIInCIiœ (dIü is caIJed
thec:rassbridae l!Ictxy ofaasclcCClllUKWJa). EIch cra.ubridae prob
ably geœrares a forceof" 1 pN (lsbijina Cl al. 1991) lad afIIcr a
power stoke oC aboat 12 am (duriq wIûdl 1 A1P lDOIec:uIe is IIJC1roa
Iyzed) is possibly cmacd for at Ieut 28 am (HjpcIà A: GaIdnIa.
1991). The me ofdûs c:rœdlridac~ çpan ra be lIIllœ or Ica
li cp rlrntau die~ollllllCk(if is.am ldIhJy lIIIlpaaIIftdqIaId
ent). FœcumpleasiqleftlyOlÏllbeaf.pparsracœsume5 ATPmoI
eculcsls duriDl peak filalllcm sIidiaI .. 2 JIIftIs.

SeqIllDœ 01 CftIIIIs dia............: Fil" 2 mo.s Ibc cbaft&e
in force through lime foUowiDa. sin&Je KÙoa pocmtial UDdcrc:oasram
leagtb (asamet.ric) condïlioas.ne lIIlIKIe twildl dIIaahowa da Fipre
2 wen: coUcc:œd iD lbc audaars labonlloly frum. smaU baadIc orfroi
mu3dc fibers at 4 -c. The ll:queDœ al evadS iD 1Udl. rypicalliftlle
st.eJetaIlIIUICIe lWÏIdI cœllW:lioa is still nOl fuIIy UIIlIersIaad. Ifaw
evet. me CoDowina scaDllikc a praIabIcsequence ofewIllS &iWII our
CurTa1t lJDdcrmndinI.
Themuscle Klion palEDtial (ID bII1I pncrued li,a siaclueunlldÎOD
potenlial) l:alllCla bant ofCa..... be rdcascd &amdie SR.11Ic ea
binds ID U'OpODÏD wlUcb da mm CIUIeI the lrOpOIIlyosia moIccaIe 10
Mmovc"aposinl:sia OA meaQÙlc:baic wtlidI.anatbeaoutlridae.
Thcc:rmstlridae fllliliallycbMled widl ATP(~aiphoIpIlaIe))
ratates and~ fDlee from thecaeqy n:Icacdas A1V splilS illlO
AnP (.teDosiDe dipbosbaœ) &DIS Pi (uaorpaic phospha~).11Ic ADP
and PiU'e refeucd tiamlllec:rossbridp:....l'beaoabid&eremaias
bouDd ID the dû.. rtlameat ..ail .. Al? IIJDla:uIe biDds ro Ille
c:rossbridp: be.d ID san Ille e,de over qaiIL

The ror:aI forœ paemed li, allllUde is cIeIermilIed li, die 1Mbbc:rof
c:ro&sbrida:es operInac. Howevcr.1bc lOCal DUlllba'ofaDIIIIridpsop
CBtïol at alÏYal iDswu is ÏII lin li F for. oa dlc avüabiIityof_
ad~chin fi1ameDt ID IllICh lia (amaICIa.-eSll'Ctdled d1eovcNp
of dlick and dlin raIameDu is propc:ssivdy œduced)udoa lk avUI
ability oC ea- ta '"lum 011" die IbiD fiIamcal (lbc ea'" COIICICIIIrMÏon
inc:reuesand dc:I:reuesdynamicaDy foilawiallKPUUFofaaldioa
potenlial).
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ser.~(MNI.i
The peIk~ (as daamiJIed &am Fipre7) pacrued by die Ni1i
fibcr ocaasIlabout4Kpat lCrCSI (cfmasde 3315) aad is aJmost50
kWJkg.lbisis.boutIOOOIinla!ar&UIbmmusde.Howeverit....
!Je remcmbaed that lbe pat powerlmass aod peak paeraœd SftSS
values mentiooed do DOl iacludcdlc....orYOIumc oCdlec;OolÎnl lYS-
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Vvioa l)'IICbeIic: poIymcrs 1ft: bown \.0 comtat chemical ar eIecIm
dIcmica1 CIIaD iato mecbIaica1eac:rJY. They iacJude polydeœolytc
lC1s. aaanI aod syadletic I1Ibber and c:mn--linkrd coDqen (sa: re
view by Tac.a. 1917).

~,..pk: OInady one oC die maa lIUdiaI c:omnaiJc
polymer is de poJJKfYIÏi: ac:id - poIyvinyl akoIaol (PAA-PVA) cd
wbich swdls ia dilace ait lohnioo whm • voltap is applied ac:ross it
(De Rossi et aL. 1916: CIliardli et aL. 1987; Chiadli A De Rossi.
1918). De Rossi et al. (1916) U"fe pcopod tbat die coalraClioo is
lulely. n:suIlofpH srwfimts (cstabüsbed by die e1cctrodc ractiOllS)
wbiçk propape tIaoupmeBd bydectrodiffusioo rauitiaCÏll penur
baIioDs in tbe eIa:1ras1atic illta'&Ücms bct-een polyelectro1yœ ion
izaf poups wba ia lUm calI5e maitmica' clcfonnation of die Fl-
a.bIIa": WbI:a II&lIIra.IlJId 1)'Dthl:bc nabben Ile immencd ia œnaiD
orp.dc mlvenu <e.c-. c:bIarof'orm. 101uenc. baIzme) dlcy CKpud in
volume <up ., 3OO'lII). W1lcn die IOlveat evlpOrlfa die rubbcr COft

tnets co ilS oripw dimmsions.

C....-: WbcD~ fibcn (e.~ !rom uümallCOdons) ue im
lDebed in 0110 dIey bccomc cross-linkcd and will c:ontraet (up JO

«l1lI) and eapudapin inhi'"and Iow c:cmœn1latÏOft saltsabdiaDsre
~y (ICaIdaIsty~ Oplatb. 1965).

(.....~
PaI~Gds:CaIdwdl (1990) bas imalipledtk~of
PVA-PAA dün film lIrips (100 JU1l dIict) wbick COIIIIXt wIIcD im
mened ill~aad expud (swd1) wbal immcned in waœr. CI1d
weD (1990) bas masurrod the rdation bctweal caœmauy impoKd

POLYMERie ACfUATORS

laIl iD wtaida die fiIlu ia iaIIIIened. A fair c:acnpmsoa wiIb iIIIIIde lE

quiresdüs.

HiIIory

The SlUdy of polymerie: ldUIlOrS daœs bKk «> ,ars co die work oC
Kuba and Katdlalsty (KuIla. 1949: Kubn et al. 1950: Kudsabky ~
Optait&. 1965) wtIo obscrved SDbswIcia1. ad revenible. c:KmicaIIy
iaduccd dauFS iG die dimeAsions ofsyntbaic poIyeJec:trolyre acJs.

• 15 51) 75 ... 125 150
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neefT"lCieftCY wilh,.hicb Ni1iœavats lbennal eaercY lO iIlCdauücaI
c:DCrIY bas beca cowidacd by McCormick (1917) aod VIrics fram
<2.. ., >3.... wbal cbeœis rua~afdlebalessoc:ieed.th dlc
thennal capaâty.Atpracatno mahadha ba:Ildevised co.ecovutbis
bcat wtulc maiDiDC fast ~linJ..This is bccause t:unaIl medtods far
pmduc:inl rdatiYcly fast Ni1i c:ydÏllI ÏDW"'e COIltialioas Dow of •
cootam O\'er die NiT..
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Clau adUiItia

The COIlIIKÛOIlIime oC Nin il aowcme4 br me ldIpIi1ade oCdie QIr

renl pulle (Illd lIcnœ Ibc lIcacia& cime) puICd duaqIl Il. By USÎIII
Iarp:c:urrcnt pubcllJûlc:oaaKIioalÏaII:C3II!Jemldew:tfJsbart<Haal
Cl'etaL.I991}.TbcralC1imidqpUlof_NmCClllll'LlioD"'~
sion c:ycJe is in me~y loIs& cime ....ired far Nm., coll"
retum t.dt ID iaoriliDù Ica...TbccooliDllimP: ilpancd6Jda
ma! diffusiCll aad lbe r.a dia ia bodlllalia& -el cooIml die usaa1
lhermaIe:ae-:iryhaSlobc, c,,.4e roduwdlalklalaltbatiftolwd
in the pIaasr: cbaD&ebl:I-.a the....e lIId...IUliIiIe~(1Iada.
1990).

Je .. sa
............. C

NiTi F111en: Figun: S sbows iaWts fromme1UIbors~-=
an almost 3-fold chuF iD stiBiaa (a meuuraI br • 10 Hz lCIIIiJc
force) ÏI obWDcd from. 0.8 mm NiTi liberas ils is c:ooJed rrom 70 co
8 ·C Ifme liber is imntcned iDacooIant &ad rkft rapidJy baII:d by
a brie!CUIJOlt pulse.....dIrouP it.lbe 6beI' will cœtractad dICD
cxpand apin in < 100 ms..neœIlIrKtioa vdocity (anin raie) ofdlc
NiTi6bers is. func:tion ofeda'nalJy imposed l..talbowa iaFi&'ft
6. Notice tbu the pakstniD ralle (II: aao laad) isaboal3 rI wbidl ÏI
similarlO ftW!!I!!I!Jjan lIIUIdc.nepat....-s SftSSemapoI..s
lO zero velocity Cu:.. iIomcIric caadiûœs) is > 200 MNJm1. This is
nearly 1000 limes parer dwllDUlde.

•
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loadsan thePVA-PAAlllipundCQU1laClionelocity(Itnin...)."Ibe
resuJtiDc ClDYC is aImoIE ideIUical iIllhape ID dlat (Gad for mutde.
The peak Itnin rate wllidl oc:curs • JaU 10Id wu0.1 ri whicb is 10
ta 100 timI:s slD~ dJaa lIIIIIdc. ne pcK saas ...-aICd by die
PVA-PAA aripE uadcr~CGIIdidoas ra.e.. 0 vdacic:y) wa 300
1tN1m2 which is limilarro~masde<3'0 tNJtn3>. Caldwell
~ dczetmined me peak power ID tIc,.1 ""41!ai& is about 10 ID 30
rIlJIC:I; less dIan human muscle peak pawa'.

UsinSIO IUD dùdt poIymer Id films SuzuIQ (1991) bu reponed 200
dI$ coatnc1iOD limes wÏd18CCfDIIC KÜYItiaIL De Roai et al (1916)
predic:t dlat 1JUD dùc:kPVA-PAA.......be"'ID-=bieve"
ralI:S of S to 10ri wlâcb wouId pIKe dIcm Ïft die ruIF Dr mus:Je.

ConchIc:tùIc ....)'IMn: Ra:allWOIk CID dec1ric:aUycaaducdD& poIy
mcr.s(e.... paI~poIypllenyIeDc.JlOIJ"'., t poIJJ8œ1J1cne.
~Iypyrrolc) bniallow iOGizaticft potatlials DI" biP eIecUœ .tfitü
bel ta permitdoping wilb eJc:ctroa danan oracc:epIIlb(~SaaaJnua
et aL. 1991) bas yieIded SClIIIC YU)' pramisiq maIaiaIa wbicb caa tic
activared withlowvoltqCS«J V). Baupmmetll. (1991) caJculare
lhat doped polyaniline rabers and poJyacayJene mm sbauld be able ID
pl'oduc:esttaJiCS of 180and 450 MNfm1 respcahleJy.11ICIevaluesUC
about 1000 rimes pa_ dIan RIUIde aad carIII*abIe widl sbIpe
mcmory aDoys. AItbouP itremaias CO tic Iœa baw qaictIy sacIl eIec
lricaJJy œnc!lICÛJl& polymed CU caaarw::t it leeIDS lAdy lhatc:onllK
tioos of< 100 ms shollld be JadiJ)' acbievabie.

PIEZOELECnUC AcruATORS

Hilaory

ln 1880 Pierre Curie and bis brodIcrdüœvcn:d .... _lIeD forces wac
applicd 10 ccnain ayslaLs chey paeraœd a dsarJc whicb me, fauad 10
be lOupl)' proponiaoaL ID lheapplicd rnecbIaicaI aras (force). k wu
quick1)' reaJiza1 dlat!he amec:rymlssllauldshow lbecaàvenealibis
effed. rwnely lhatan 8ppJied va!1qc shouId acacwe cIcfon'nuiCIa cl
the crystal. c.dy (1964) bas rcviewed Ibc CIrIy JaiIIory of tIüs ara.

MecMllisIa

A simpüf'1Cd model ofœramil:s (ree Udüno. 1916) iIlvohes menocioa
ofwoas (-) and cuiOllS (+) COIIIICIC:lEd tif spriIapforminlacrysœIlu
tic:c.. CaliODSmove in Ibedin:cd0ll ofanappJied cIec.ncfieJd wIüIa Ibe
anions move in die oppasire diJeçûoa" l'be fon:es Ibeftby paenecd
cause laUice def'ClImIIIiOll. Pic:zasIriaive nweriaIs bhc bocb biP and
low mffncss iOlÜç boads rl.C. uc nooc:cauosymmar c:rystaIs) Md
ha~ an induœd Slrlin.z. which is roq!dy prupunioualco me Ipplied
elccrric rtdd. E. ThedeClroml:clwliccouplincis~
ent and 50 is specirlCd boy • maraial clqlendeDt picmcknriç rcasar d.
Tbus z :;: dE.~ mataiaJs~ œDIr05)'111111e1ric c:rymJs
and ~ve ID indlJCl:d strain which is praponioIIeIlO die Iquare oCtbe
dc:ctric rJCld. l'bus Jr; = mE2 w~misa maIl:riaJ dqIaIdcat lCIIIœ
0tIlc:r pbcDomena çompliaœ düs simpIificd view.1Il pmicuIar. addi
tional nonlinear sniD cllaaCCS n:suJtiq from c:rysaUine domaia le

orientation cause the ubiq1litoasllysœrcsisseca Ïft piezodearic:DIMID
aJs durinC dlanFS in decuic raeJd.

Chandtril1ks

Orthe ICbWOrSc:oasidcred Ïft this papcr.piuacJa;aic IICIUalanfoDa.
muscleas bcinllhc lDOSl utliqaitous. A buSC...01piaoelel;tric al:

tualOr$ bric beCII~ The smaIJ lInioI (ua.ll)' <O.I~) aad
higb 5UaIES (e.a.. 3S MNfm2> pœralilld tif piaocJecaiç mdaiaJs
havespa~.divcneran.ofdilplaccmattamp6fyiaamechlnisma

such as bimolpbs.culilevas, indrworms. vibrocnofoa.. .mcrusa:p.....'
and surfacc-.wave moIon.

~œnlllic:s: The propenics oCvIrious piea:oceaWiüca are
~mplydoc:1uneate:f cbewbcœ (e.... Jatreeul.. J97I;~. 1916).

A lIUIIIberoCiDlaatïal acQJatoI'S iavolviqpiczodec:aic maaaiaJsare
UIIlkrdevelopoilUlLForaampie YaaoaadTabhalU(1919)IIncde
~opai • DOWd dift"crcIIdaJ IIICdIaaic:al amplifier coupled ID allllllri
layer piauelccuic œramic NEPEC-I0 (O.SPb(Ni~

Q.3SPbTIOJ-(J.15PbZrO:1).11IcdevaampJi&Cllbeam.IlSIniA ofdle
pianelectric claacnt~ cim=s. tridla COIlt:lpllilldiftl dtgcue iIl.aUr·
DCSJ. whiIe lMÎfttaÏ1lial CNUa1l elecuo-œ b'aal dficicncies in*
arder 0130"5••hne inI1rumenlltd aad used Ibis piczndf'cri: aaua
IDI" iIIa numbcr of lppIicaIiou and bave edlicved vay biJII dïsplace
malt lud_iddlL TIle deYicc indIaIes dIac by coupIbIf pic:roelearic
dcrœaa widl DOYd mcchaaical ampIifiers ù sbouId be possible 110crea. lDOdIIIarMd rauscIe-Ute aetu1On.

ft 5 :triepal,....: Piao- (or ferro-) cIcdric poIymas sadl as
~DlIDIidc(PVDF)"'bca~farlPPlit:alioM
requiriqan.-ûf"1CiaJ lNIICIcHikc Kl1WOr (e....LeI:~Ma=as.1981;
LoviIlp. 1913). l'be peak~bIc straS and Sb'aÛI devdoped tif
PVDFisabout3MHJm1aado.llIrn:speaivdy.Uafanunatelylbislal
1ervalue is~ smaU aad lib piczacJcc1ric: c:aamics and mapaos
triQRemallCrialsmechanicaJamplifiasareDœdedlOproduœlhc"'
cr allpl.acaDenlS requàcd by maay çpJicalions. Wc~ coascractaf
eapaùuaul ac:c.aIors IIIÏIIl PVDFand have fOIIIId die peak IftSllIO
Ile ICIO law far INIIJ appC'JCatioas reqgiriac llllllde-lilœ perfonnaacc.
ForaampIc • 2OO-loJd mecbaaical amplificaùoD is requitallD mûe
ilSpcaksnia similarto mascIe.The resuhiacpeak stICSS is Ibaa atbest
• mcqer 15 kNlm2•

MAGNETOSTRICfIVE ACTtJATORS

H'"
ln 1~lamesJouledisl:avered daatanictd l'Odcaancted in l!lepre.-
eaœcLalancitudûlal mapcbc rldcl. la sawratiltl maptic fields. Ni
acbicves peak napcIOSIriaivesnias oC~.033 x lo-J.ltI 1972Carte
and 8dson diIcovcrcd that wbea ces1lIin rare-anh lIleIaIssud1 as 11er.
bium and dysprosium arc c:ombined wilb iron. Ibe n:suIÛIIC auoys.
~(TafClIoIlaadDyIq.lbowYU)'bi&bmuiamm(mapcticsat·

unIÏaIl)ma~mains (JPCÇificaIJy 1bFq at 2.46 x I~
aad DyFq al 1.26 x 10-]). UaIiR Ni aad Fe.1"bFe2 aod DyFe2 show
positMlIIqIIICtOSCricscraias and10 eapIIId Ïft amapctic rcld. Re
CCIIIIy • allO)' COIlIaÏlliDI bodl lCIbiam aDd dysprosium.
1llo.nDyo.nFeu.allai Ta1caoI-O bas becD dcveIoped wbiçb bas •
bilb mapelDlaiclÏ~SUÙl (2.0 x 10"'1 ).

M....-.

The ctrca tnown as mapr:tl:lSUiaioa is due ta mapc:iç domaias in
Ihe maIUiaI aJipinl lbemsdves witb tbc direction 0( Ihe mqaeüc;
fidd. widl a CORSCq1ICDt dYnae iD maœrial dimensions (see Cark.
1910). The mapcüç fJeld is IIJUaIly aeœraœd by • coil wouod arouad
• rad 0( the mapaOSlrictive maIerial (ee-. Tc:fcaoJ-D). By cbanCiDl
die c;urrent in tIlc caildle m.peôç field is chanFd and beDce Ibe rocS
chuces len'"

a.ncIeriIda
Some of Ihc propcnics ofTcrfeao.l-D ln: a flmdion or die teehniqllC
ucd 10 IfOW lbc maraial. Reœatly (sec Cart.et .... 1989) lIedlniques
ha~ bœn developed ra producc biPJ)' paiD-œienœd rads which re
suit iD muimllJDaiu.

SimilKlOpiczoeJecUü:8CQIa1OlSsadi as PZT.lhcmaximum serain de
ctines fOUply Jincarly wiab ÏJIClaICd (arœ CllItpI\ (1oId). TerfeDOl-D
Jau. very bills CDCIJY deDSity of1. to l' tIfm3 CCICIIpIftd widl 0.7 10
1.3 t1Iml fOI' PZr.

•
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SubOus Eumple = tl= S~ Sbia SftÙI Power' I=" Lifc El[.Clus GNhn ~ • Rue rI W/ta C)da •

Muscle stdaaI humIn 1.037 D.35 Q.06 5 >«) S >100 Q.I >10' >3.5
c:anb: ILhan 1,037 0.1 0.05 5 >.«> ~ >100 Q.I > 1()9 >3.5

Piem- œnmic: NEPEC-I0 7.Dl 3.5 40 1.1 0.09 > 10 >1000 >10 > la- >30
eIecuiç polymer PVDF 1.710 3 3 >1.2 0.1 >1 >100 >1 >10' <1
SMA NiTi fibcr 6,4SJ >200 78 3 >5 3 >1000 >10 > U)~ >3

Polyma' Id PVA-PM -1.3DO 0.3 <0.1 10 >40 0.1 >5 0.4 > lOS 30
c:aadanl palyaailiftc .... I.soD 110 S 1.7 >2 >1 >1000 >1 > lOS >30

Mapeto rm>-artb TafCllOl-D 9,2.5(l 70 U 1.4 D.2 1 >1000 > 10 > lOS <30
~

EIeœ'o- palJWde SVCMA 1.Q61 OJM <0.01 ? >10 >1 >10 1 ? >20Israbc
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Terfcnol-O bued.cnworsare limited IDpeaksuailISafD.2••fcwdil
p1accmcnls Jar&a' Iban 0.2-.. "iadl .ana" type linear sœppül,lCCUa
tors (lIOIJIClima a1Ied mapcror'·.... 'ftVC maIlIIS) bave bccn dcwd
oped (KieseWeUer. 1981). 11IcIe lIIDCDn. wIlicb rnow iD ....n SIep5
(e.e-. 10.,un)cmmoveoverqbstantjtl clispllcaDadsailboupMrUt
Ct' low vda:ibes (e.&-. 0.01 m).

Wc bave built a numbcr ofmqnausuicâ'lc Id8aUIIS usi!l1 'TafeDa1
O. Unlike piczadcQriç aceuamn. mqnetUIGKlivc KWaIDIS nquft
bu1Ity c:oiIs wbote croacaioua! ara is ÜlVIriaIIly maay cimes .,arcr
than blofdle:~ rad.TadievesuaiasiD dlccrder or
derof0.2-.. requin:smqnclÏl: fields ofOYCI' lm tA/m.Safields~
zaaiftcd wilb c:oasidcnbIe resisIive Ioaes iD diec:oiII widl dM: c:œIC-

quent thermal dissil-doa prablems. Cail induc1uœ prevenu bodl
bip SUÙI5 md die: poœaDalJy bip ...rua of TafmoI.-D bcina
au:ained in a sin&Je desip.

ELECTROSTATIC AcruATORS

....~
Thehisroryore1cc:trosraric;aavatorsclaa::sbKtOYCI' 150 yean.A nam
ber oreIcarostItiçmocotSbavebecn dc'4dopcd<e.c,.. BoUie. 1969:Je
fimcnko. 1973) and moce recemly c:Ja:araIWic: micro-mocon baYe
bccn SUl:a:S5f'uUy demoasnœd (e.~Trimmer cl:. Galri:l. 1987: Ja
c:obseIl et al. 1989:Tai et .... 1919; Ep.....a.HipcIû. 1990:~
jet'; &. Gravcsen. 1992: SalO a. SbWda. 199%).ne füst eJcctnlsladç
ae:tua&or widl itNnccfl&lIe poœIlliaI foc anific:iaI muICJe applications
wu recendydevelaped by NiinOet.... (l992). "I1Ic&n:searcbershave
lCnncd !lIcïraauatar a stxbd variIbJecapriranc::e moIOr widl aaive
slidcr (SVCMA).

Medluism

Muy e1el:Uoswic ldIIaIDn iawlve die tqIUbivc farœ aaaaœd Ile
tween eJcarodcs c:barpd witIl eqgalpoIariIia.1kSVCMA lalIIfGr'
built by Nïmo etal. (1992) has mubiple ....and slidersbœlS wbich
slide CMteadl otbcr in. fuIIiœ lI:IftÏJIÏIœDlal_nmde~
(lhou&b about 5O.ODO âmes bqer). &dllllea is a composite iDchId
iag polyimidc film wi&b mul1ipJe CD dearodcs fabric:ued on il. Hy
switchial appnrpriase voIcqes an die dc:cIrodes (e.... : BOO V) dae
suuor aad sIidermoYe tdaive 10 cadt.. iD 10 fUI' S1qIS (cf ftIIIICJe
<5Oamsœp.).

a.r.aeriItG

Tbe SVCMA bas • density similar 10 muscle ad an~ peak
suaaes0(35 tNtrClbout 10'lt ofmasc1c) and peak saaiu oC> 10'5
(Iimiœr 10 mutde). The CDII1IKlioa snin raie YS imposcd sacu Ida
tioa bas die SImI: slaapeurmdCle widl pcaksaraia~simiJar(l)slow
lIIIIIdc (u:.. 1ri).nepat poweror 17 W/ka (cf200 WJta flX' briâ
muscle c:aanctioas) CIC:CIft al m imposecl mas or abcMlt Iocr. (cf
rnuscJe 33..) of ma.imam. J1&SlIS. wbolc mudc bas Ica&* lIId ft

IQÇïty lI'USdua:rs Iyiqia paaJId wi1b musde r1bers. dieSVCMA bas
III inbailtdïJplKarcla1lrU1duccr.11Iis isdarlya vaypromisift&Ka

ruacor teeIUIololY wtacR only diadvaDap: may bc die lIiP vollqel
reqtaired.

CONCLUSIONS

c.........
Table 1sbowIdIe~ofeumplcso{"'varioascoattacliJe
maaaiaJs discussed Ïft~ scctioas. Esccpt foraumba' ofcydes
ta faillR(1ifec:ydes) musçleiscqualled ocoutopaformed in e8Cbcbar
ICtaisâcby odICI' aauaaors. Hawacrmade does poaas sorne fca.
lUI'CS netyct Idüevedby other!ledmolopes. Muscle isable10 FOW and
modify iudf u a func:tian of impœed m:sscs lAd RrIÎJIS. Macle is
&Iso able tu repair iIseJf. Iadcatdledomiaantprc!IeÎDSinbumanmuscle
arc reacwed acry rcw months- M1IIdc is abo Iood ta ca !

saur- Madlllatioft

One of lbemost tanadcabIe cbamcœrisûc:sofmuscle is die: larIeQIlF
0VCt' wbidl the s1iffiless of. wIIOfe musclead benœ joiftlcm beeœ
lI'OI1cd.. Foreqmple in allCrics ofstudies Kcamcy lad HIIllIIer (lK~
vtew 1990) liftemeuurcd1IP ro3O-faJd cbaftlU Ïft b...aatIc sdfr
aessraullinlfromtriœpuudiUCÜvabOft. TheSliffnc:aofoneoCdIe:
all1bal$ Iec mus:Ies (aiœps SUIK u measun:d .boat tIle anIde joiaI)
is sbawn iD FiIIR"1'ba'e is lImosta 40 fold c:baqe ia lIiftiICSs train
rat 10 muùnum COIlncdon. Thil is mucIl paer 1baIllbe cbaftF
round!orlinalemuscle fibers (sccTable 1).lt is ÏJIIpCmduo specuIac
bow dais luFc!lanFcan cx:çœ aldiewholc l1IUIde je"d but lIOlal1llc
sïn&1c 6ber JcvcL la pII1icular odler coatrIiCtile maœrials nwy bc~
10 U1ililc die liIIIIC mccbanisln 10 lCbÎC'IC c:ompenbIe modll1alioa of
ltilfaea.



•
• fcw labanlaria (e.c.. DL Lee Swa=aey. Ullivcrsity oCPtnnsylnaia)
to Jy1II!Iaizii1UICIeccIIswiab. widevuicty afpr , 1pmpertia.
AIIbo.... Ibis work is difliQdt lIld Ionc--m. wbca sucœssfuI sudt
·daipcr musdc- will have vast appIic:atiœs.
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Tndilionlll Adu8Ion

Traditional aetuatllC'S sudl as inraDaJ combuslioa. dcc1ramIpcâc.
hydnulic: and pneumaûc: lClUatDrS bave been ateillÏvely smdied lIId
dcveIopcd. WbiIe it is lrUe dIal dJC dcveIopmeat 0( lJIcx techaololia
bas been driveal by non-robaIic and aon-prostbaic: IPPÜCllians lDd
thal~ il room fCK inl:ranmtal Îiiipiu "UDUiIS wIIaI tbcy are..
mized forpanicDlar rubocic appIicafiou. il is Ibocleardlatmdical int
provuncnts IrE anlilœly in lbe DeIr f1IIIft. If nalllie's cxpea- is
reJcv.at. thœ lQUIIOrS lbalcaa Ile lC&Ied by ..,.nelcœf'JllIftIÎCIDI of
small unit ac:IUa1Di'S (lDOdulllri&yl. as iallllllCles. is biPlYdcsinbIc. Il
~ unlikdy tbat fa me œar fuaIre illY of die nditional KQIICOf

technologies will pravide Ibis madalari&y.

NOYeI Actaton

A number of novd lc:tUIlOr œcbDOloaia show pat promise. Poly
merie:. shap: mcmoty &1Joy lad c1caroItalic: ae:tuaLDrs bave the ability
ta fie boilt ÎIl modular fonn IDdlCaled aa:onIiD& 10 f'œœ and dispJlœ.
ment rcquiruœnu. Shape mcmory aUoy lCbIaIDrS bave po«ctrJeiaa.
c:ies lit present. Howcver. il seems tbat lheit dEc:ieac:y is lKIt COD

sttaiDCd lhc:oreticaIly ID Ile ID low ad COIIIICq1IUll1, future wark ma,
be ablc ta inaease ilSllbsIInciaUy. Qbcr aovcJ ICballOn.sucb u lhoIe
imlOlying pbocosuic:tiOil ra.c.. c:amnctapoIl-.aplicadaa oflip).bave
nol bc:en dÎJc:usscd iD dûs pçcr but Ibo bold c:oasidc:aabIe prumiIe.

Raan:ll DincIioas

Al presenl the namberofraarc:h labonIaries in the world UDdenatia.
n:seard1 on new ac:nwor ledIDololia is aIarmiqIy snalL 'The proa
pc:c:lS ofsuch n:scard1 matial sipüficaat Idvuccs lowaad the P cf
ac:hieving fast. liplWripc. dexœroas mboU lIId prosdleùc: Iimbs is
very high. In panic:ulaa. warttmUilpraca:d an the polymerie. dec1rœ
tatic: and shape mcmary aDoyKtlIalGredmalQliel to adbeve lDUKIe
lite pcrfonnanc:e. We fed _ wiIboal......daI empbISia'" proa-
reg in die develapmull olllldt nCMIlCIUafŒ IICbDolotiee robadca
will floundcr ud prlJIlbcIiç limb cIewdopmI:aIt will remUa IDcxib.d.

Finally ilmust Ile lIIIa1I:d lhat tbaE is diewryJalpoaibUil)"oIfai
catina; reaJ musdcs widl specifie c:Mnc:taistic:L Wc (lib iMaY acbcr
croups) ba-..e powD f1IIly fuac:tioniq lIUIICle œIIs lilial œil c:a1aIn:
techniques and tqJt lIlcm a1ïYe for. few -as.Wodt is lIIIder...., ia

The difrCI'CDCC bet-.:n .....muscles lad -ale fibas is moRlildy
due to • sipificant pcn:eatqe al wIlDIe aacIe fibers beiq sbck •
"lClloowitb a JBOIieuill'eclecreaeÙldIis~lSc:oaII8CtioGb
el increucs. By baYÜ!l a IIdrlCiatly Iqeaumbcr al fibas ia pIn1Id
(e.g. 1 million in. bumubïœpunUldc) smaach iCUUÎbbCillolslldc
fibers can fie acbieved.
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Appendix III.

Lafontaine, S.R.~ Hunter, I.W. and Jones, LA NITi artificial muscles for micro-robotics
and medical applications. Proceedings of the International Conjërence on
Industrial Applications ofShape Memory Alloys, Quebec City, July~ 1994.
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NiTi Artificial Muscles for Micr&-Robotics
and Medical Applications.

Serge R. Lafontaine, lan w. Hunter and Lynette A. Jones
Department of Mechanical Engineering,

Massachusetts Institute of Technology, Cambridge, Massachusetts, U.S.A.

Introduction

New smart materials are required in micro-robotics and MediCal devices for actuation. control,
energy supply, and fabricatioIl- Muscle-like actuators which combine large power-to-mass ratios.
high forces per unit area and wide bandwidths are needed ta actuate small and micro-mechanisms.
We are currently investigating (WO classes of sman materials: NiTi alloys and synthetic metals, i.e.
electrically conducting, contractile polymers. At present. the research with synthetic metals is at the
Ievel of basic science. New "muscle-likeOY actuators are being developed, however, from fast
contracting NiTI fibers (Humer et al., [991) which are aIso being used for new high-performance
parallel drive mechanisms for master-slave tele-micro-robots and endoscopic devices. This
research and its future directions will he summarized in this paper.

Artificial Muscle Actuators

Muscle as an actuator

Muscle has been used as a standard against which the performance and characteristics of other
actuators has been compared (see Table [ derived from HoUerbach et aL, 1991; Hunter 1990;
Hunter & Lafontaine, 1992). An important characteristic of muscle is its ability to generale bath
relatively high tensions (350 kN/m2) as weIl as large and rapid changes in length (> 20%). Muscle
is aIso a light actuator which is an important property for autonomous robots (or androids). In other
respects such as in its power/mass ratio, muscle is in the low to average range of performance.
Another important feature of muscle not listed in Table 1 is its very long life tirne which exceeds
109 cycles.

There are indications that the composition of muscles has not changed appreciably from early
dinosaurs to present day mammals. Muscles consist of a bundle of fibers arranged in parallel and
held together by connective tissue. The maximum force per unit area remains fairly constant across
mammals as does the maximum straïn. The force generated by a muscle is controlled using a
combinaùon of two mechanisms: recruitment, which is the capacity ta change the numberofmuscle
fibers acùvated at a particular instant, and rate coding, which reCers to the frequency with which
these fibers are stimulated or activated by repetitive pulses.

Large changes in stiffness occur in .n.uscle as a function of the force generated. These changes
are ni the order of a ten-fold range from rest to maximum force (Hunter et al, 1993). The stiffness
of a joint about which. a pair ofagonist and antagonisl muscles insert cao he changed by varying the
forces produced by the two groups of muscles. Il is possible for the net torque 10 remain constant
while the sùffness of the joint varies over a considerable range of values.

l



• Acwator Max. Max. Max. Max. Max. Mech.
Straïn Straîn Rate Powerl Stress Torque! Efficiency

Mass Mass

% Is Wlkg MN/m2 N.mlkg %

Muscle 20 2 50 0.35 20 35

NiTi >6% 3 >1,000 >150 -700 <6
Polymer ? >1 >1,000 180 ? >30
Electro- >10 >1 >10 .04 <1 >20
static

Magneto- 0.2 1 >1.000 70 7 >80
strictive

Piezo- 0.21 >10 >1.000 35 2.6 >80
electric

Table 1. Properties ofdifferent actuators. Sorne ofthese figures are estimates and more accurate
figures will become available as research progresses or new materials are developed_ These values
do not represent fair comparisons between actuators as the required accessories are not included in
the caiculations. The torque-to-mass ratio for linear aetuators is estimated as the peak torque in a
simple lever mechanism which rotates by 60 degrees.

NiTi as an arti6cial muscle actuator

Actuators consisting of a number of NiTi fibers arranged in parallel. as opposed to coil-like
configurations. are considered here. NiTi artificial actuators exceed by a factor of 35 the maximum
torque/mass ratio ofmuscle. This figure does not, however, include the weight ofassociated control
circuitry and ancillary powersources. The high peak tension (stress) generated by NiTi fibers (about
800 times greater than muscle) is effectively much less when the area around the fibers required for
cooling is considered.

Single Pulse Response
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Figure 1. NiTi Ciber twitch response.

NiTi actuators are usually considered slow devices. They cao contract quickly but their
relaxation time is considerably longer. We have found that when NiTi fibers are submitted to brief.
very large current pulses, after a period of training~ the fibers retum to their original length much
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more rapidly (Hunter et al, 1991). Figure 1 shows the twitch response of a NiTi shape memory
actuator where the response is completed in less than 20 ms.

Figure 2 shows the stiffness of NiTi libers as a function of temperature cycling. These results
indicate that very large changes in stiffness oœur in NiTi fibers. This phenomenon has been
observed using two differeot experimental setops and different types of analysis. The change in
stiffness cao vary by a factor of 10 as revealed by linear analysis and impulse response estimation.
The mechanisms responsible for these changes in stiffness are not as yet knOWD. These results
indicate, however, that like muscle, the stiffness ofNiTi artificial muscle aetuators cao he controUed
over a large range of values.

- 100s=-C 80-Cl')

=-= 60
l
:E 40'=.1)

== 20~

0
20 40 60 80 100 120

Temperature (C)

Figure 2. Example where Nili stiffness changes by a factor of 10.

The maximum strain ofNiTI fibers is about one third that of muscle. As a consequence, in arder
to make the same angular movement as a muscle controlling a Iimb, the lever arm controlled by the
Nili actuator would he one third the size and much larger stresses would he produced at the end of
the fibers where they are mechanically secured.

Nin actuators cannot compete Ylith muscle when compared on the basis of life cycles or
efficiency. Applications of NiTi actuators are therefore severely limited at present in situations
where power consumption is of primary importance or where long life tirnes are required. An
example of the latter would be in an artificial hem.

High Perfonnance ParaDel Drive Mechanisms

Parallel Drive Mechanisms

In micro-robotics, bath micro-motion robots and autonomous micro-robots have their
applications. We have developed a number of very high performance micro-motion robots for
appUcations in biology, engineering (micro-machining and micro-fabrication) (see Hunter et al.,
1990, Olivier et al., 1993) and Medicine (master-slave robot for retinal surgery) (see Hunter et al,
(993). In arder to maximize the bandwidth ofthemechanical systems, it is essential that all actuators
operate independently (i.e. in parallel) rather than rely on seriai configurations where one actuator
is mounted 00 a limb moved by another actuator. In Many of our designs (Hunter et al, 1990)
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molecular lùnging in flexure elements has been used 10 couple 10gether movements from severaI
motors which still maintains micro-motion accuracy.

Superelastic NiTi ftexure elements

Although parallel drive systems witb flexure elements have been used successfully in
nticro-motion robots, there are problems associated with using them in medical robots where large
ranges of motion are required. The large changes in anguJar displacements at flexure elements
introduce strains beyond the limits ofelasticity ofconventional materials Ce.g. 0.290) which fail arter
a short period of use. We have been experimenting successfully with using super-elastic NiTi wire
as flexure elements. NiTi can undergo strain changes exceeding 6% which pennits very large ranges
of angular displacements at flexure joints.

New developments in fabrication ofmicro-actuators

One major difficulty that must be faced when using NiTI shape memory alloys is the
considerable problems associated with attaching NiTi alloys mechanically 10 other structures and
with making reliable electrical connections. Standard welding or soldering techniques cannat be
used with NiTi alIoys. Recently C02laser butt welding bas been successfully used and it has been
shawn that there are no significant changes in stress-strain curves or residual strain in welded
specimens (Araki et al., 1989; Hirose et al, 1990).

We have recently developed a new and simple technique which permits soldering as weIl as
conventional welding techniques for electrically and mechanically connecting NID shape memory
alloys. It is now possible 10 attach NiTi shape-memoryalloys orsuper-elastic fibers directIy to other
structures. This technique lends itself easily ta parallel processing of a large number of fibers.
Furthennore it intrinsically preserves all of the Nin shape memory or super-elastic properties of
the alloys exceptat the location where the fibers are attaehed_ This new technique permits fabrication
of micro-aetuators in miero-robots which was previously not feasible because of difficulties in
mounting the fibers.

Micro-mechanisms

A unique micro-fabrieation and miero-maehining center bas been developed in the laboratory
(Madden et al, 1994). Microscopic parts (such as micro-springs) have been fabricated and
eventually the fabrication center will be used ta consttuct micro-mechanisms. In conjonction with
the new welding, soldering and mechanical attaehment techniques described above, it will soon be
possible to build, for the fust tilDe, micro-actuators and micro-robots using NiTi fibers.

Medical Simulators

A number of Medical simulators are being developed for use in training surgeons and for
rehearsing surgical procedures. A laparoscopic simulator consisting of a physical model of the
human torso with surgical instruments has been built in conjunction with a complete virtual
environment which includes a finite element models of the organs inside the 1Orso. The surgeon
either wears a beads up display or special glasses for stereoscopie viewing of the virtual tools and
organs. Surgical tooIs are held by the surgeon which are instrumented so that their posiùons are
known exactIy and virtual forces exerted by the tools are solved by the finite element model and fed
back to the surgeon via force reflecting multi-degree-of-freedom interfaces. The use of fast
contracting NiTi ac~ators and NiTi super-elastic hinges in these force reflecting interfaces holds
great promise.
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Internet Experiment: A Vu1uaI Laboratory

The traditional process of publishing scientific results is somewhat incompatible with the
scientific method. One paradigm of science coosists of an iterative process in which experiments
are performed, data gathered, a model formulated and the validity of the model tested by simulation
and quantitative comparison with the experimental data. Typically new experimental results are
reproduced independently by other teams of researchers who test the reliability and validity of the
experiments.

In scientific publications il is usually Dot possible, economical or practical to ioclude raw
experimental da~ except in the fonn of plots and graphs. Consequently testing altemate models
is extremely difficult for researchers who have access ooly to pOOted publications. Often
experiments other than those performed for the publication are required to verify a new madel. We
have thereforeproposed thatnotoolyjoumals. butexperimenta!dataand the experimental apparatus
itself should be made available to other research groups through high speed networks (Lafootaine
et al.• 1994).

For this experiment we have decided to use MosaicIWWW as the basis of our virtuallaboratory
for the following reasons: World Wide Webb (WWW) provides fast dissemination of available
services; it is developed around a hypertext documentation system with optionai viewers for
postscript high quality hardcopies; images. sound and movies cao aIso be displayed with extemal
viewers and which will permit remote inspection of the experimental setup; and bas access to FrF
for transfer of raw binary data.

This service will he made publicly available later this year. At that point after obtaining the
authorization via email, any researcher using X-Wmdows and Mosaic will be able remotely to
repeat experiments, snch as mose in which the stiffness ofNiTi fibers was investigated (Fig. 2), to
inspect data and use different numericaI techniques to check resuIts.

Conclusion

Although NiTi shape memory alloys have a number oflimitaüons as actuators. including being
highly inefficient in their energy conversion and having short life-times, their potential for
application is large in micro-robotics and in a number of areas in Medicine. Other types of smart
materials. such as polymerie actuators, offer greater advantages but research is ooly starting in this
area and it will be Many years before practical applications cao he considered.
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d- IV L- t f Mt- 1PAlppen IX - 15 0 a erla rope les or 1 1
Constant Units Alloy Austenite R martensite Source
Resistivity ..,.n·m .82 .76 5

.77 .91 .76 2

.76 .98 .87 6
1.1 .5 3

1 .8 8
.6 .75 9

Resistivity ..,.n·m/OC 8xI0'" 0 7.X 10-4 6
Sensitivity
Thennal °Cl 11 x 1O~ 6.6x 10~ 7~8

Expansion
Sensitivity of 0C/Pa 8.IX lO~ 2.3 x 10-7 6
transition
temperatures
Annealing oC 4()().6()() 5
Melting 1300 5,9
Heat kJlkgfC .322 5
Capaetty .883 7,8,9
Latent Heat kJlkg 24.2 7,8
Poisson Ratio .33 9
Young's Gpa 75 28 5
Modulus 95 3

23 15 20 6
83 2841 8

Magnetic <1.002 8
Permeability
Magnetic 3.8 2.5
Susceptibility 2.1 3.0 9
Thermal W/mf'C 18 8 5
Conductivity 18 3

18 8.6 8
30 9

Densitv kw'm-' 6450 7,8,9
Yield MPa 600 5
strength 195-690 70-140 8
Tensile % 50 3
Strain 25-50 8
Tensile MPa 1000 5
Stren2Ü1 895-1900 8
Efficiency % 5 5

3 2
Velocity of mis 5100-
sound 5300
Max. strain % 8 5
Hardness ~ 80 9
Abrasion ml

/ 8xl0-'7 9
Resistance cYcle

Work output kWlkg 1000 5
100 2
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(5) Gilbertson (1994)

(6) Ikuta et al. (1991)
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