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ABSTllACT

Abstract

A 1I0Vel Shape Memory Alloy (SMA) adllat.or is presellt.ed. The SMA act.llat.or cOllsist.s of

t.welve t.hill NiTi libers wovell ill a cOIlIlt.er rot.at.illg helical pat.t.erll arouud support.illg disks.

Fibers wovell ill t.his pat.terll accomplish a high efliciellcy trallsformatioll betweell force alld

displacemellt. III this mali 11er, the actuator overcomes the two maill mechallical drawbacks

of shape memory alloys, that beillg Iimited straill aud Iimited cycle Iifetime. Experimeutal

results with two actuators operating in an antagonistic manner demonstrate the feasibility

of t.he <lct.nators for nse in miniatnre robotic systems.

Further, a camera plat.form was const.rncted as an application for the act.nators. The

camera platform protot.ype orients a smail CCO camera head, that supplies data to a

foveated vision syst.em. The three degrees of freedom pan, tilt, and torsion, arc realized

by four act.uators iu an autagonistic fashion. The ca.mera support was manufacturC'd usillg

light weight. plastic, inclnding the nse of plastic hinges to reduce the use of weighty bearings.

Control of the act.uators is <lccomplished via a two stage switching feedback law that

has it.s basis in sliding mode control theory. Essentially, the controller switches according

lo t.he sign of t.he error choosing which actuator is agonist and which is the antagonist.
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Résllmé

On présente un nouveau type d'actionlleur utilisant les mat.ériaux h dli.~t, dl' III{,tIloin'.

L'actionneur est constitué de douzc libres tissées autour de disques dl' support Sl'lOlL 1I1L

motif à double hélice, à pas inversés. Cet. arrangemcnt réalise de façon dlk:lce tille tra llS­

formation forcc-ciéplaccmcnt. On pcut dès alors cont.rer dcux des inconvénients prindpaux

d'origine mécanique de ces matériaux qui provienllcnt. dc la Iimit.e en déformatioll et. du

nom brc de cycles. Les résultats expérimcntaux produits avec deux acl.iollneu rs l'II ("()nliv;­

uration antagoniste démontre la faisabilité de systèmes robot.iques lllinial.lIrl's ut.ilisant. c('s

actionneurs.

Ensuite, on applique! ces actionneurs à la construction d'Une plat.efo!'me oritml.ahle qui

supporte une caméra CCD miniature pour former la partie mécanique d'nn syst.ètlle de

vision fovéal. Les déplacements d'élévation, d'm:imut ct de torsion, sonl. produits pa.!' qua­

tre actionneurs en configuration antagoniste. La structure est. construite d'nu nmt.él'iau

polymérique léger incluant des charnières flexibles pour limiter le nombre de l'olllt~lJIents.

La commande des actionneurs, du type cOlllllluté il denx étages, est basée Sil l' la t1uiol'Ïc

de la commande en mode glissant. Le signal de comlll<lIIde est cOlllmuté hc\OIl le signe de

l'erreur et sélectionne à tout moment l'actionneur agonistc ct l'ant.agoniste.

iii
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CHAPTER 1

Introduction

1. Overview

The focus of this thesis is the desigu, devc!opment and control of a novc! Iight. weight.

actuator utilizing thiu fibers of the Shape Memory Alloy (SMA) nickel t.it,aninm. TI",

applications of a powerfltl and compact Iight weight Iiuear actuator arc nnmerouH, ranging

from their use in toys 1.0 artificial orgaus. Our part.icular mot.ivat.iou 101' t.he adnat.OI'H

is iu the design of a Iight weight, rapid camera platform aH will be disc"';Hed in chapt.""

one. Chapter two provides some necessary background information det.ailing t.he principleH

behind the Shape Memory Erfect as weil as a brief Iiteral,ure review on Hhape memory alillY

actuators. The design of the actuator prototype and it,s various permnt.ationH arc <lis<:nHHed

in chapter three. The use of shape memory alloys dictat.es a non-Iinear control piani, and

hencc the actuator proposed is inhereut.iy non-Iinear. A variable structure cont,roller iH

applied 1.0 the actuator in Chapter four 1.0 handle these non-Iinearities. Chapt.el· five det.aiiH

the construction of the camera pl1Ltform, with t.he result.s furt.her discnHsed in t.he coneinHillnH

in chapter six.

2. Motivation

As computational bottlenecks in image processing are overcome, t.he need fur mul'l!

active vision systems increases. Passive vision systems provide only one view of the world

and therefore Iimit the amonnt of sccne dat" av"ilable. An active vision system howevcr

is able 1.0 explore the visual environment, choosing areas of specifie, task rc!"ted, intereH!..

This has a number of advantages, including: image stabilization, extension of t.he 1i<Jld uf

vision and a reduction in computational complexity [30]. Active vision systems ,tr<J '1150

required 1.0 take advantage of the benefits I>rovided by fove"ted vision systems.
2
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An intpJ!;ral parI. of allY activ{~ vision sysl.em hi the camera platform. In order ta achievc

t11f~ proIllisillg :;pec:ificatiotls l.hat. active vision systems can providc, compact, Iight wcight

':;""',,a plalJonlis arc IIccdcd. Slich platJorms are ahle 1.0 achie"e high pail alld tilt rates, as

wdl fi.'" facilitat.c cany int.cgrat.ioll wit.h oLlter rabolie systems. For cxamplc, such a camera

pla.l.forlll coliid hl' mounted ou the cud of a rohotic anu aud positioned iu space al. a lo\\'

cn''Cgy cost. With this iu miud, let ns revie\\' the curr"ut 'state of the art' of camera

plat.for IIIS.

2.1. Current State of the Art. There exists 1.0 date a number of actuated stereo

,:;,u""a systems for research in vision. One of the earliest was built by R. Bajcsy al. the

University of Pennsylvania [2]. More reccntly, there has bccn designs constructed by the

following institutions: the Royal Institute of 'l'echnology, S\\'edeu [28], MIT [10], the Uni­

versity of Illinois [1], Harvard [7], the University of Rochester [4], the National Institute of

Standards and Technology [34], and the University 'l'orouto [21]. Similarly, siugle orienting

plat.forms arc hcing investigated al. New York University [5], and Laval University [13]. It

must he recognized that most of these earlier designs were developed for the purpose of

exploratory research, so that in general, a particular emphasis on mechanical performance

lVas of secondary importance.

A common characteristic 1.0 ail these designs, exccpt the NYU design, is that they

implement orr-the-shelf actuators (direct drive OC or stepper motors) and motion sensor

components (encoders, potentiometers) fitted to custom design kinematic structures. Be­

CaUse typically, electric actuators have a comparatively small torque-to-weight ratio [3],

these designs require torque amplification transmissions, via the use of gears, timing belts,

or miniature harmonic drives lVith the resulting complexity and associated problems such

as fricl.ion, wear and backlash.

The designs cited above, with the exception of the prototypes of Laval University, and

of NelV York University, ail fall in the category of gimbal arrangements with each stage of

the gimlml being actnated separatcly. This approach results in cumbersome devices which

ail share the problems of seriai manipulator designs, specificalIy: (a) geometrical growth

of the actuator size and weight as IVe move from the distal to the proximal joints; (b)

accumulation of errors in sensing and control; (c) non-uniform kinematic conditioning (this

conveys actuator force mapping properties and sensing error amplification), which can only

be made optimal in a narrow region at the center of the workspace; (d) poor dynamic

performance duc to rapid change of the inertial properties within the reachable workspace

and (e) structural problcms duc to the need to support heavy actuators and to move them
3



•
~. ~IOTI\'ATION

rapidly. These problems are rompouudl'd \Vith the prohl,'m of the \Vl'ak lorqul's availahl..

from e1ertric motors. This is t.ypifil'd hy t.!u' 11l'I'd 10 a use II1I)\l' rohol (1'lIlua ilill al Ihl'

University of Rochester) ta position two millial.lIrt' nlllll'ras.

'Three dcviccs arc disclIsscd somcwhat fllrt.her for pllrpnSl'S or rOlllparisllll wil.h 0111'

approarh. The NIST design is interl'st.ing sinn' hy ta king mauy short.-culs, il is capahll'

of achicving imprcssivc rcsults in t.crllls of agilit.y and o\'crall pcrfofm:lI11'p, and pruvidt's a

rudimcntary form of fovcatcd vision. I-Iowl'"cr, t.his is achicvl'd at t.he priel' of lllol11H'nlar

vision for a large field of vicw and absence of torsionalmotioll. Actllatioll is perrorllH'd wit.h

four cost.ly direct. drive e1ect.rical act.uat.ors which account. for much of t.he perform'llU'l', alHI

the result.ing device is a oulky machine weight.ing about. 18 I\g,

The t.wo ot.her original designs, one from Laval and one from NYlJ arc "'lrrent.ly sin­

gle platform systems. The Laval design also relies on convent.ional c1ect.ric act.uat.ion, hut.

the three actuators are grounded and the mot.ion is transmitt.ed by linkages arranged iu a

spherical conflgnration. This resnlt.s in a rat.her bulky and heavy device which is delicat.e t.o

manufacture owing Lo t.he cxacting precision rcquircd by a vastly ovcr-const.raincd lllcl~ha­

nism. It is hard to imagine how such a device cou Id be integrat.ed into a compact, head (t.wo

eyes with neck mobility) without a breakthrough in c1edric actuation whieh is unlikcly t.o

occur given the absolute Iimit set by field density in magnetic circnits. The NYlI design is

significa.ntly more compact and relies on ct moving magnct frce to orient. ît.Helf in Cl luagll(!t.ic

field indueed by two pairs of Helmholt.z coils. The cnrrent prototype snrrers l'rom nnder ''''­

tuation which makes stabilization and rapid trajectory tracking dillicnlt. Similal'ly, ahsolut.e

Iimits set by the physics of magnetic circuits precludes any drastic progress, Moreover, by

design it has only two controlled degrees of freedom which makes it impractical t.o consider

the control of torsion motion,

2.2. A Different Approach. In order to realize a compact, light welght. camera

platform it would be ideal to have a powerfnl, compact, and Iightwelght. act.nator, Con­

ventional techniques such as electric, hydraulic, and pnenllHttic actuat.ors, sulfel' l'rom a

drastic reduction of the amount of power they can deliver as they scale down iu size and

weight [18]. 1'0 ovcrcome this limitation, dilferent actuator technologies have heen inves­

tigatcd, in particular shape memory alloys, Shape memory alloys have a high st.rengt.h t.o

wcight ratio which makes them ideal for miniature applications. A fiher of shape memory

alloy can achicve a pulling force of 200 MPa. Comparing this to an electro·magnet.ic adua·

tor, which can only achievc .002 MPa, this represents a 105 increase ill strength per unit of
~
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cross S{!dÎollal area. Before cOllsiderjll~ ail actualor COllstructed from shape memory alloys

il. is illstrIH:l.ivp 1.0 fllrther examine sOllle of the properties of this unique c1ass of alloy.

5
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CHAPTER 2

BackgrOtl11d

1. Shape Mel1l0ry Alloys

1.1. The Shape Memory Effect. Shape mentory a.lIoys aehie\'{~ thl'ir aduat.inn

through the phcnomcnon of the 'Shape I\;lemory Erred'. The NiTi al1o)" has t.wn \.{'11lJll'rat.llrp

dependcnt phases, or solid structural states. Essentially ct rilwr or NiTi eall IH' pre\.rl'aü·d \.U

'remember' a specifie shape. In the low temperature ph:u5e, the M.tl'tellsil.e phase, t.lw alluy

is quite malleable and can easily he defol'med by external st.resscs. Upon hcating, the allny

lIndcrgoes a phase transformation into the Austenite phase, regaining its original pretra.incd

shape. Thns aetuation oecurs through an internai solid state restructuring or the 1Il:tl.mial

that is sl11ooth, silent and powcrful. Figure 2:' shows how acLtmt.ion is convcntionally

achieved with such a NiTi fiber. The riber can be t.hought. of m; being t.rained 1,0 rCllIem!ler

a specifie lengLit.

1.2. Phases of NiTi. There arc acLtmlly thrcc dHI"crent. phasCl5 of NiTi alloys, t.he

Martensite, the Austenite and the Il-Phase. The effects of the R-phasll will nol, he COII­

sidered ta simplify subsequent analysis. A llscful <umlogy to t.he t.wo remaining phases of

NiTi is given in Figure 2.2 whcre the atomic lattice of the NiTi is rcprescnt.c<1 hy nmt.ch­

boxes [32]. The Austenite phase has ft cubic <ttomic structure and is represent.cd hy squares.

The Martensite phase has a more rhombic structure and is represented by collapsed 1lla.l.ch­

boxes or parallelograms. In actuality, the alloy changes phase in :1 dimensiom; \Vith grea.t.er

complexity, however the rnatchbox model gives iL rough approxinmt.ioll of wllat. il:> oCC:lIrrillg.

1.3. Phase Transition Temperatures. The phase tmnsitiolts of t.he alloy are dmr­

aeterized by four transition temperatures. They arc:

(i) A", the Austenite startÎng tcmpcraturc,

(ii) AI the Austenite finishing temperaturc,

(Hi) M", the Martensite staring tcmpcraturc,

(iv) MI the Martensite finishing temperature.
(j
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Martensite Phase

___NiTi liher

I/ld
----wcighl

_____ NiTi liber

I/ld

----Spring

_____ NiTi liber

I/ld

----- NiTi liber

1. SHAPE i\JEi\10RY ALLOYS

AUSlenile Phase

T

•

FIGUlŒ 2.1. SMA actuntor configurations a) gravity as a bias force; b) spring as a
bias force and c) nutagonistic fibcr pair

Starting from a cool alloy (tcmperaturel < .4 3 ) most of the atomic lattice is in the

Martensite phase. As the temperature is increased beyond .43 , Austcnite layers begin to

fOrln. Whcn thc temperaturecxceeds .fil the atomic latticc is mostly in the Austenitc phase.

Simi1<Lrly, élS the alloy cools, Martensite layers bcgin to form when the temperature reaches

M3 , ;tnd the atomic lattice is mostly in the Martensite phase when the temperature is below

MI' Typically, hystcrcsis exists in the transition temperatures as shown in Figure 2.3.

1.4. Phase Transformation Austenite to Martensite. Using the match box

mmmplc of Figure 2.2, we can sec that as the Austenite cools, Martensite forms. Since the

fibcrs llsed only exhibit the one WétY shape memory effect, there is no change in fiber length

from this transformation. lnstcad the matchboxes collapse, leaning in opposite directions

along subsequent laycrs. NiTi alloy in this form is said to he 'twinned' with each layer
7
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Martensite Stress-Strain
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FIGURE 204. Stress clIrvc for i\'larlcnsitc

4

1
separated by a 'twinning bonndary'. The chemical energy is quite low along the twinning

bonndary, explaining why the alloy is qnite nmlleable in this state.

Applying e.~ternal stress to the Martensite will result in the stress-strain cnrve of Fig­

nre VI. The fiber initially behaves elastically with an associated c1astic modnlus 'lS seen in

stage one. Further external stress on the fiber will cause the Martensite layers to begin to

lean in the same direction. When ail the layers are leaning the same way the alloy is said to

be 'det.winned'. This allows a large strain in the material with a smail increase in external

stmss as seen in stage two. When the material is fully det\Vinned, the alloy again behaves

c1astically nI' to the point \Vhere the externat stress begins to break the atomic bonds bu­

tween Martensitic layers, and permanently deforrns the alloy as seen in stages three and

fonr.

1.5. Phase Transformation Martensite to Austenite. 1'0 recover the original

shape of the NiTi alloy, it is neccssary to acld energy in the forrn of heat. The layers of

NiTi crystals \Vill line nI' into their pretrained forrn as the ternperature exceeds A.. In

t.he Aust.enit.e phase, the alloy is rigid and can be likened to piano \Vire or hardened steel.

Figure 2.5 shows the stress-strain curve of the alloy in the Austenite phase. The alloy

belmves elastically for low stress (stage one) and is perrnanently deformed at higher levels

of stress.
9
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Austenite Stress-Strain

stress
0'

•

•

strain E

FlGUR8 2.5. St.ress curvc for AIIslenÎlc

Care must be taken ta Ilot cxcced the deforlllatioll st.re~:" whcn t.h(~ ClHoy is in the

Allstenite phase. External stress on the lIIatel'ial also callses the 1'0111' pha:-;c t.ran:,:it.ion

temperatu rcs~o increase. In this way it is possible ta forlll strcss-illdllced M.U'l.en~i l.(~. Ir

the alloy is in the Austenite phase and 'UI external stress is applicd t.hat. incrca:;cs t.he

Martensite startiug temperatllre, M." ahovc the ClIrrcllt. telllpcr.ülIre, t.hcn Mart.cm1Îl.c will

form. Since the al10y is now in the Martensite forlll it is lIIalleablc for a large percent.

strain. If the stress is then removed the transition tempemt.llre again decreases m:d 1.1ll!

material reverts back into the Anstcnite phase. This has becn t.crlllcd 'snpcrc1ast.icit.y' in

the literature.

2. J.JÏ1nitations of Shape Menlory alloys

Although shape memory alloys 'Lppear ta hc attractive for robotie: applicat.ions, I.hey

also come \Vith sorne limitations. First of ail, since thcir opcmtïng principlc is basm! on iL

phase transition in a rnetal, they arc highly non-lincar. Propcrtics snch as the strcss-sl.min

relationship, internaI resistance, latent heat oftransformatiot\, and thermal cOllduct.ivit.y, arc

ail phase dependent. A significant hystercsis is also present in the st.ress-stmill rclat.ionship

of the alloy as can be seen in Figure 2.6.

The second major limitation of slmpe rnemory aUoys is cfficicllcy. As l1\(!llt.iolled in [18],

the energy efficiency of shape memory aUoy is theorctically rcstricl.cd to approximatcly 1()
10
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FIGURE 2.6. Hystcresis in the strain-tcmperatnre rclationship

•

ex. by t.he Carnot cfnciellcy cycle. Efnciency is often less thau 1 %in practical applications,

as thc driving principle of the actuatol' cau be cOllsidered as a heat engine operating at low

t.CUl pcmtu res. The applications of shape memory alloy aetuators must be directed at <treas

wherc cllergy efficieney is not a eonccrn.

Sha.pe mcmory allois also have two major inherent mechanical limitations from the

vic\\' point of actuation that are inter-related 1 those beiug limited percent strain and limited

cycle lifetime. The absolute percent strain of shape memory alloys is approximately 8 %,

with practical applications restricted to around 5 %. The lifetime of the alloy has also

becn found to drmnatically increase if the fiber is operated:~t lower than absolute percent

:->t.rain [18]. A cycle lifetime of 105 is reported in [17] at a strain of 5 %.
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3. History of Shape Memory Alloys

The shape mCIIIDI'Y ('(l'pct. in allnys was lin.." dh.;ru\'l'I'l'd il)' 1hl' S\\'l'dish ph~'skist :\l'lll'

Olalldl'I' ill 10:12 IIsillg ail alloy or g;old alld cadlllilllll, 'l'hl'II ill I!lf" (,hallg; alld HI'id IISl'd

t.hl' gold aIId l'ad llIi Il III a1I0y iIl a cyclic wl'ig;h t. lift.i 1Ig; dl'vÏl'1' a t. t hl' I\l'lIssl'ls "'lII'ld 's ra il'

t.hat. lil'st. dl'llIollst.l'at.l'd t.hl' l'l'asihilil.y or t.hl'SI' allllYs t.1l Pl'I'lill'Ill IIs..1'1I1 Wlll'k, 1Il 1l'I'l'st was

spal'ked by t.h ci t' invention and l"OOIl lIltlllY IIHHl' ;,lllnys WNP disro\'('I'(·d t,halo l'xhihit tIlt'

shapl' 1lIl'1lI0l'Y l'Il'cet(SlvIE), III l!llil at. tlll' U,S Naval Ol'llillalll'" Lahlll'at.llI')" ,I,W 1\ Il 1'1"a l'

disco\'cl'cd the srvll~ in CL NiTi alla)' or !W/50 pp!' n'Il\. compositiun. This p;avl' t.11l' !'('SI';) l'dl

illtcl'cst a. gl'cal boast as t.he ne\\' NiTi a110)', tl'l'Illl'd Nit.inol, WilH hut.h 1l01l-l.oXir and had

a llIuch lower llIallllfact.urillg cast.. By l!lCj(j t.h.. st.lldy Ill' Nit.illol·s dll'lIIical PI'IlPI'I't.it'S alld

crystal st.ructul'C cOInmcllccd in .lapa.1I rcslIlt.illg in the dh.;rovl'ry or IlllIlll'!'OIlS lllUl'l' "I\oys

lhat cxhibit the shape Illcmory crtèct, as weil as improvcments in t.ht, Illalltll·act.lll'Îll~ pru('t'ss

of t.hc NiTi alloy.

Thc earl~' 1970's sali' t.he em""genCl' or sevl'ral comml'ITially a"ailahl" Pl'lldllds t.hal.

implement.cd shapc memory alloys. Most. of t.hese applimt.iolls 11'''1'1' simpl<' pal't.s nsing; a.

onc t.imc shape mcmory change sllch as pipe joinl.s, st.oppillg pills and clamps. A lIot.ahl..

product at. t.his t.ime was t.he cxpel'imeut.al art.ilicial heal'I, ofSawyl'l' in 1!J71. '1'1", pllmp WII~

eicct.rically act.ivat.cd IIsillg pllises of curl'ellt. t.o heat. t.he Ni'l'i.

By t.hc lat.c scvcnt.ies t.hc Delt.a ivlct.al company in ElIgland P"I'P'l8"d sevel'al d"vkt's I.hal.

operatcd marc Iikc mechauical act.uat.OI's. 'l'hcy pl'oposed devices t.o 11I:l.omat.ically IIp,,n and

close greeuhousc wiudows, cont.rol wat.cr pipc valves for t.he hot. wat.el' heat.illg or I>nildings,

aud automobilc fan c1utchcs. ,lapan also had seveml commercial pl'odllets ava,i1ahl", nlll.ahly

thc Matsushit.a Electric company's SMA cOIlt.l'olled 10llvel's in ail' candit.ioll""~ ill 1!18:! and

Sharp's SMA controlled dampcrs in clect.l'ic ovens. Addil,ionally Nit.inol allllYs have 1'"l11d

uses in snch diverse products as denta.l a.lignmcnt rcrormers, cycglasses and hrm;siere l'nUlles.

3.1. Electric powered Actuators. III 198:!, HonllllL, Miwaand Igllchi [16] d"moll­

stratcd that movemcnt ill the shapc rl'Covery proCl'SS of NiTi is cont.rollahle hy eiedrit:

heating and hence effcctivc in t.hc implemcllt.at.ion in micl'o-robot.ics. '1'11'0 aetllat.or config­

uratiolls wcrc proposcd. Thc li l'st., a rotary joillt, was IIsed in t.heir 'skelet.on-mllseie t.ype'

robot. Thc robot was a 5 dof arlll consist.ing of ail aluminum pipe skelct.oll opemt.ed wit.h

thill libcrs (0.2 mm) alld bias springs. Thc second act.llat.or, IIsed in thl'ir 'sofl. body t.ype'

arm, consisting of a t.hin NiTi fibcl' cllcased ill a silicollc rubber coat. that. act.ed as a hh.'illg

spring (sec Figurc 2.7).
12
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silicone rubbcr
body

~
SMA liber

•

1

rclaxcd cnlllrnclcd

FIGURE 2. ï. ~lolllIsk t.ype - 2 dof gripper

lIashimoto, Takeda, Sagawa, and Chiba [14] in 1985 extended t.his work and proposed

two rotary joints, one operating with a bias spring and the other with two antagonistic

shape memory alloy fibers. They applied the bias type actuator ta a 6 dof biped robot

and implemented heat siuks ta improve the response time of the cooling cycle. They also

validated the operation of the antagonistic actuator in the dynamic control of an inverted

pendulum. I\uribayashi also proposed an antagonistic pair of fibers for the operation of a

rotal'y joint in 1986 [22]. By implementiug position and force controllers, he was able ta

validate a Iinear mathematical model for infinitismal strains.

.LW. Walker proposed a rotary actuator based on torsionally strained SMA in 198ï [33].

LJsing the alloy ta mechanically bias itself had the resulting advantage of eliminating the

wcight and bulk of a biasing spring. Micro-tongs were made (5mm x Imm) ta demonstrate

the feasibility of his actuator configuration.

Several researchers have implemented shape memory technology for nse in articulated

hands. Notably lIatachi's (1984) four fingered robotic hand that incorporated twelve groups

of 0.2 mm that c10sed the hand when powered. In 198ï Daria, Bergamasco, Bernardi and

Bicchi [8) proposed an articulated finger unit using antagonistic coils and a heat pump.

Further miniaturized rotary joints were proposed by I\uribayashi using various shape

memory alloy configurations as show in Figure 2.8. The configuration in Figure 2.8 part(f)

was used ta implement a mm size rotary joint that is driven by small bending beams of

NiTi. This joint was also implemented in an articulated finger joint [23].

13
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CIlAPTEB.:l. SIIAPE MEMORY ALLOY ACTUATOR

CHAPTER 3

Shape Memory Alloy Actuator

The Iimit.ations of shape rnernory allo)'s can be overcome by eit.her compensation via feed­

baek or feed-forward conLrollers, or t.hrougb bet.Ler rnechanical design. The non-Iinear prop­

ert.ies of shape rnemory alloys arc handled in Lhis Lhesis by a variable sLrucLure controller

t.hat. will be diseu:;sed in ChapLer four. Efficienc)' is also noL a major problem since our

applicat.ion involves using Lhe acLuaLors Lo drive a small Iight weight camera, essentially a

miniature application. The remaining mechanical limitations must be overcome through

design.

Many of the designs of actuaLors using shape memory alloys depend on mechanically

arnplifying the displacemenL either throngh the use of long straight libers [14], [22], [29]

or through Lhe use of coils [17], [18], [22]. The actuator proposed in the next section

overcomes the mechanicallimitations of shape memory alloys, is more compact than a long

st,raight lengLh of liber, and more efficient than using coils.

1. Shape Meluory Alloy Actuator

The actnator, shown in Fignre 3.1, consists of twelve thin NiTi libers woven in a counter

rotating helical pattern around supporting disks. The disks arc separated by preloading

springs that keep the libers under tension when relaxed. When the libers arc heated, they

contract pulling the disks together.

The weave pattern of the libers accomplishes a high efficiency displacement amplili­

cat.ion. Essentially the abundant force of the alloy is being traded off for a djsplacement

gain. This transformation between force and displacement is highly efficient since the only

loss in work is dne to the slight bending of the libers. Unlike shape memory alloy coils,

the ent.ire cross section of the liber is performing work in the contraction. Coils suffer from

the debilitating drawback of requiring a larger diameter than necessary. This is especially

negative, when considering the response, since the response time is directly related 1.0 liber

diameter. AgreaI. deal of the material is wasted since, during the shape memory effect, only

the skin of the coil is actually contracting al. the maximum amount. The internai diameter
15
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FIGUIŒ 3.1. Shape lIlelllory alloy adualor

of the coil is acting both as a heat, sink and as a prodllc<1f of ail oppOHillg force t.o t.he desÎI'ed

motion.

1.1. Simplified Case. The kinenmtïc amplification can hesl, he sClln hy considering

the simplilied case consisting of two beams alld two fibers ;h~ shown in Figllre 3.2.

As the two fibers contract, the two beams are plllled together. 'l'he displacenll!nt. gain,

f:>d/ f:>s, is defined as the change in stroke along the separat.ing dist.ance, divided hy t.he

change in the liber length. Since ideally the motion is cOllstrained alollg d wc have:

but s = L/COSOi, so,

(1)
od 1 1
os =JI - COS0i2 = sinOi
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FrGUlm :3.2. Silllplified case: 'l'wo beallls with two fibers

The displaccll1ent gain is invûrsely proportiollal to the sille of the weave piteh. As the

disks gel. doser together the illstantaneous displaeement gain dramatically increases as scen

in Figure a.a asymptotically approaching illfinity.
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FIGURE 3.3. Displacemcllt gain vs. wcave pitch angle

'l'wo fibers acting in such an arrangement have a gain in stroke at the expense of an at­

tcnuation of the traction force. Assllming the transmission between force and displacement
17
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to be lossless, d'A lem bert's pri nei pie gi Vl'S ns:

~IF = ~d· F + ~.,./ = 0

IH~nce,

~(I· F = -~s·(

where (. is the tension in the liber and F is the force generated. The wnrk pl'rfom\l'd il)'

tensioning t.he libers is eqnal t.o the work performed b)' the contracting disks.

The wca.ve pa.ttern of the actuator achieves a kinemat.ic ftmplilieal.ioll for l'"wh cdlllf tilt'

actuator. Ail the radial componcnls of the tension forces of t.he t,wclvc 1i1H'I'H call1'l'I, lcavillg

only a common tcnsilc stress force componcnt. The displacclllcnt. gaill o\'cn~Ollll'S t.lw twu

main mechanical drawbacks of t.he the alloy, while the force atl.ennat.ion is n1mp,'nsat<'d ily

nsing several libers in parallel. The actnat.or is no longer Iimit.ed to the absolnte p'''Tent

strain of the liber. The displacement. gain also allows the liber to operat.e at. rednced percent

absolute strain. Since the cycle Iifetime of the libers increases dramatically if t.hey opl'rat<·

at a lower than absolu te strain, the cycle Iifetime will also be increased.

The weave pattern also results in an ideal 'tensegrit,y' strnctnre [11], wit,h ail compres­

sion mcmhcrs bcing passive and ail tension IIlcmbcrs active, resulting in ail optimal lise of

the materia\. Loosely speaking, this has a biological analogy sl!l'n in t.he skl'Iet.al ;,nangl'­

mcnts of creatures \Vith cndo-skclctons, whcrc the muscles arc the active t.ension llH!lIlhl'I'S,

and the bones arc passive compression members.

The response of the actuator is Iimited by the cooling rate of the NiTi Iibms, which

directly depends on the Iiber's surface area to volnme ratio. The higher t.his ratio t.he mOl'e

rapidly the liber will cool. '1'0 obtain a re;\Sonable response, one hnndred micron libers Werl'

chosen for the actuator prototype. Twelve 100 micron libers acting in parallel, allnw rapid

cooling in ambient air withont compromising strength.

2. besign Parameters
The prototype represents only one confignration of the actnator's possible parametl'rH.

The supporting disk size and spaeing, the nnmber of libers, and the di"placeml'nt gain ar"

ail adjustable parameters. Figure a.4 will define the variables involved, highlighting only

one of the libers in a single actuator ccII.

2.1. Displacement Gain. Ali the paramet.er" arc inter-related leading to ;UI engi­

neering problem for which an acceptable tradc-ocr mllst be found within ",,1. conHl.raint.H.

Equation(l) shows that the displacement gain is inversely proportional to the Hine of the
18
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Top View

•
L-----

Side View

L - length of liber along disk
r - disk radius
'Y - offset angle between

succesive disks

s - length of liber
d • interdisk seperation
a - weave pitch angle

T
d

•
FIGURE 3.4. Variables dcfincd
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weave pitch. The weave pi\.ch in t.urn b dt'pt'IHI!'nt. on t.h!' lilH'r Wl'a\'l' paltl'rn and t.l11' radilll'

and spacing of t.he slIpport.ing disks. From Iignrt' :L·l it. l'an Ill' St'l'Il t.hat. simpll' \,rip;OnOl11l'lry

gives LIS the following equatioll for t.hl' Wl'an' pitl'h:

ri
n = (IrdClII( I)

The Weave pat.tern is determinl'd hy the number of no\.dll'S arolllld \.hl' disk, and l,hl'

relative align ment or successive disks. The oli'set. angle, 1', is t.he angh' be\.wl'l'n nn\.dl's or

successive disks in the actuat.or. The length along the disk cau be round by t.he following:

D = '21' * .<;ill(~)

Putting ail this togcthcr rcsnlts in the rollowing equation fol' the displacl'lIwlIl. gain.

od 1

Os = ... in(lLl'c/.an(2 ..1 (i)))
".~UI 2

The displacement gain with respect 1.0 !~ and il is given by:

od = J U' + ([2 =JL2 + 1os ([ ([2

Figure 3.5 shows the displacelllcnt gain ploUed against. the separat.ion dist.ance dl lllHI

the length along the disk LI with a normali;"cd mdius.
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2. DESIGN PARAMETERS

'1'111\ displaC:<\lIle/lt gain il> auglllcnLcd by incrcasing t.he ofrset angle ~/, or by decreasing

t.11e Înter-disk distancc d. There an~ of cour:.;e limits on both of these paramcters. As the

OfrSI\t. angle approaches ISO degrecs, t1le fiberli approach the axis of the disk. This causes

the structure 1.0 bccolllc less stable and rcduccs the <lvailablc spacc in the center for the

placement. of the springs and/or a position scnsor, (an idcal place for a scnsor). The radius

of t1w illncr bOllnding cylindcr, ShOWll in Figure a.6 can be found by simple trigonometr~'

Ln he l'i = l' *cOSÎ' wherc ris the disk radius and Î' is the offset angle

FIGURE 3.6. Inncr bOllnding cylindcr

Decreasing the distance in between the disks dramatically increases the displacement

gètin bllt Iimit.s the amount of stroke per ccII. The minimum separation distance d, is

t.hen direct.ly dependent on the weave pitch. If the disks bcgin their motion very close to

one another t.hey can only mOVe a small distance bei~re they come in contact with one

:lnothcr. The available stroke per ccII can he illcreased by either increasing the offset angle

or illcreasillg t.he disk radius.
"

~ ~ 1

2.2. Weave Pattern. The weave patterùofthe actuatordetermines how many fibers

arc t.o be used in parallel, and affcCt.s the displacementgain through the choiee of the offset
-. .~ !.

angle. Numcrous configurations result ill\'a stable wea,...e that will operate much Iike the

prototype (sec Appendix B). For example'<Figure 3.7 sh~\\'s the weave pattern of a five
'., '.'

lIot.ch disk with two different offset angles. TheJ.()p_of Figure 3.7 has an offset angle of

10So with the notches of successive disks offset. Th~botto'm of Figure 3.7 shows an offset

;tllgle of 1440 with the notchcs of successive disks aligned. Note that as the offset angle is

inc:reasec1 the inner bounding cylindcr decrcases.
21
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FIGURE 3.Î. Weave pattern for 5 not.ch adllator l'or ï' =!OS" and 1 = 1,\01"

For the actuator prototype in Figure :U, cight. disks were chosen wit.h fi not.ches spac('d

60° apart. The prototype actllator was cOllst.rllclcd by aligning t.he disks vcrl,kally sn t.ha.t.

each successive disk was offset by 30'''. The weiwe pattern was ohl.aincd hy t.hrcading a.

single fiber along the notches or the eight disks. Adjacent disks were conllcct.cd h)' the liI11~r

th rough notches that Were separated by ail offset angle or 90°. The \.wo end dh>ks are wov(~1l

along successive I10tches as shown in Figure 3.1. To get a belter idea. of how t.he lilHlrs anl

woven, imagine the disks or the aCllHttor l'oUed out 50 that they arc fiat.. Figure :$.8 lihowli

iL rouI' disk actllator with the disks unraveled. The liber weave wOllld begiu a\. a.H clld disk

and pass through the successive points olle t.hrough live.

U~vclcd disk

FIGUIU~ 3.8. Unravelcd Hber wcavc
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FIGUIŒ 3.9. Compleled weave

The liber would theu coutiuue goiug back a.ud forth betweeu the two eud disks uutil

it arrived back at its startiug positiou. The Iiual result is twelve libers woveu iu counter

helical rotations such that ail radial forces cancel out npon contraction.

Theoretically the weave pattern shan Id be stable with an offset angle up to 180°. How­

ever configurations with an offset angle greater than 120° arc not stable nsing the separating

supporting disks. Configurations with a large offset angle tend to rotate into a lower energy

configuration before heating duc to unequal teusion. This problem could be solved by using

a snpport structure for the weave such that iudividual components are not free to rotate

relative to one another. With the problems of friction aside, this couId be accomplished

with two or more guiding shafts along the disks. The actuator is completely modular in the

sense t.hat any number of cells can be cascaded toget.her. Particularly long chains however

will have difficulties with sagging unless an axial supporting shaft is used. 1'0 rcalize most

of the weave patterns, a single fiber can be used with an odd number of actuator cells.

The force generated by the actuator can be adjusteJ by choosing the number and size

of fibers used in the weave. übviously, the more fibers that are acting in parallel the larger

the force generated. Again there is a limitation here on the number of fibers that can be

used. As the number of fibers increases so does the fiber interference in the weave. Fibers

\Vith a larger diameter can be chosen, but at the expense of response as cooling times will

incrcasc.

Table 1 sho\Vs a number of actnator configurations. The effect on the displacement

gain is given by the length L, with a normalized radius.
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IABLE 1. Labie of adllatol' eOllhgnl'atlolls

Notchcs # of lilll'!'s oIfsl't ,\ np;ll' I.Pll~t.h

Il 11111 anglt' 1 L

8 ·15 I(i (i7 }j 1.111

!JO 1.·11·1

112.5 \.(j(j:l

i 5i.5 1·1 SG.1 1.:lGi

115 I.H87

li GO 12 GO 1.000

!JO 1.·11·1

120 l.i:12

fi n 10 -.) 1. 1iG/ -
108 LU 18

4 !JO 8 !JO 1.'11,1

1:15 1.848
" "

2. IlESI(;" l'A IL\ ~I ETEHS

•

1 2.3. Design space. The nnmerons confignrations availahle ,·csnlt. in a !'\eh design

space. A typical application for a miniatnre adnat.or reqnil'cs a spccific st.rokc lengt.h at. a.

specific force. The overall size of the actnatol' is also oft.en ;UI impOitant. considemt.ion. Th.,

actuator prototype \Vas desigued t.o have an init.ial displacement gain of live and a desin'd

stroke of 2.5 mm. Since the aduator r.ousisted of seven cells t.his correspond",1 1.0 ;,. OA2

mm displacement pel' l'l'II. The initial d was set at 2 mm ta realize t.he displacemIHit. gain

for an actuator with a radius of 7.5 mm. At full contraction, ,1= 1.58 mm t.he displa<:enll!nt.

gain Was approximately seven. The actual liber contraction was t.hen approximat.oIy one

pel' cent.

Table 2 summarizes the various tradeolCs in designing a shape memory allay adnat.ol'.

2.4. Construction. The actuator prot.otype is hall<l woven. The suppart.iug disks

ail have a threaded center sa that they l'an be mounted on a threaded shaft.. The disks

are placed on the shaft alternately with the preloading springs. The proper alignmeul. of

successive disks was accomplished via guide hales drilled in the disks correspanding ta t.he

desired offset angle. For the aetuator prototype, four guide hales were required orCset. hy !JO".

Once the support disks were mounted and the proper separation distance d, determined for

the desired displaeement gain, the disks were fixed ta t.he eent.er shaft by two nuts at. "aeh
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IABI,b 2. Llble of deslglI tradeolfs

J)esired pruperty 110\1' Trado-off

IIIc:rea~p displacmncnt gain iucrcase disk radius Îllcreasc in sizc

dccrcase d docroaso ill stroko l'or coll

Increa:-i(! force illcl'case fiber diamctcr slowcr rcsponsc

incrcasc fiher # incrcasc in fi ber intcrfcrcncc

Incrcasc sl.rokc illCl'case weRve pitch dccrcasc in displaccmcllt gain

Încrcasc disk radius Încrcasc in sizc

illcroaso # of cclls incrcasc in sizc

IJlcrcasc rcspOIlSl~ docroaso nbor diamotor dccrcasc in force

Dccrcasc in sizc dccrcasc disk radius docroaso ill dispiacomollt gaill

decroaso # of colis docroaso ill stroko
.- . . , ..

2. DESIGN PARA~·mTEllS

•

elld of tho act.llator. Tho \l'oavo was t.holl achiovod by rotatillg the cOlltor shaft as tho nbor

was WOVOII from olld disk ta olld disk. III this mallllor it is possiblo ta mochallical COlIlIOCt

mallY ribers ill parallol, qllickly alld secllroly. After the woavo was completed tho two ellds

of I.ho ribor \Vero morely tied ill a kllot. This also providod a socllro mochallicai cOllllectioll

as most of tho stress 011 the nbor occlIrs at tho 1I0tches.
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CHAPTER 4

Controller Design

1. Introduction

A considerable amonnt of work has been undel'taken with the mlHleling; or shape nll'm­

ory alla)' aet uators [19], [9], [27], while relatively Icss att.ention hm; been paid tu the dl'si~lI

of feedb,,~!; control \:tWS, Many feedhack l'Ont,rol techniqncs r,'pOl'ted in th" litel'atnn' ap­

plied 1,0 shape memory actnators arc in raet lineal' compensatol's such as l', l'l, l'D 01' l'II)

controllers [29], [27), or close cousins,

As seen in Chapter two, the dynamics of shape memOl'Y aduatol's are predomina.nUy

nonlinear becanse the energy conversion princlple, l'rom heat 1,0 IIll'chanical, rdi,'s on l'X­

ploiting phase transitions in a meta!. This creates a signilicant hysteresis in addition 1,0

many oUler nOlllinear effects having memory 01' not, ln addition, the detailed pl'Opl'I'l.i,'s

of the dynamics of shape memory alloys vary greatly with their metalllll'g;y, rahl'ication

process, training techniques [17). aging, amhient conditions, and t,hllS arc dillicult 1,0 de­

scribe accurately and in general tenus, Moreover, most of the detailed descriptions or tlll'Ï1'

underlying physics arc often not very usefnl for controller design,

The overwhelming advantage of variable structure control is that relatively rew param­

eters representing the knowledge of the physical properties of the plant n<!Cd 1,0 he known

since only inequality conditions need 1,0 he satislied in the design [25], It, is also weil known

that variable structure control is 'luite insensitive 1,0 plant parametel' variations sinn, the

resulting trajectory resembles a time near-optimal switching curve,

11, is often stated thal, a disadvantage of VSS is the discontinnous nature of t.ill' contrul

signal which may l'anse problems in aduators in terms of ringing, exc,,,,,ive dissipation,

and excitation of unwanted dynamics ill the plant heing driven hy these aduators, Thes!!

problems sometimes l'an be minimized by the introduction of smooth switchillg laws whilc
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2. EXPEIU"IENTAL SETUP

n·t.f1illill~ SOIIIP of l.iJC' advilntages of the technique. Another approach is the int.roduct.ion

of boundary lay"rs in t.h" vieinity of t.h" ,o-<:all"d ,liding ""faces when t.he nat.nre of t.he

plant. pr"c1ud,', t.h" ,wit.ching fr"'1uelH:y to approach infinit.y, see for example [26].

For SOI!le actllation techniques, swil.chillg is Ilot Cl prohlcm and c1carly sha.pe mcmory

alloy ad.uatioll is Olle of I.hclJI: the IIlcchallical cncrgy is dcrivcd from hcat which makcs the

ac:t.nat.ors natnrally low pass and t.hu, undisturbed by step or impulse input.s. Moreover, the

rol""t.n"" propert.ies of variable strnct.nre cont.rol combined wit.h the modeling difficnlties

of ,ha 1'" n",mury alloy actnat.ors creat.es considerable incent.ive ta apply the former t.o the

iatcl'.

One original motivation for variable structlll'P cOlltrol is lhat t.he)' arc cxcccdingly prac­

t.ical [25]. No amplificrs, valves, or otlter continuous cBergy throttling Illcchanisms arc

re'lnired, only switches. 1 One greatattraction of shape memory alloy actnators is the pos­

sibility for miniatnrization. With variable strnctnre control, the energy throttling device

can be as simple as a single l'ET, switching cnrrent on and off from a power bus, thereby

0l'ening a path toward a mechatronic-tYl'e high degree of integration, inclnding in a single

nnit actnation, sensing, control and energy throttling.

2. Experimental Setup

The fibers nsed in the actuator only exhibit the one way shape memory effect. For

this reason it is IlCcessar~' ta force bias individnal actnators sa that they will retnm ta their

original length when cooled. This can be easily accomplished by using biasing springs or

hl' nsing actnators in an antagonistic fashion. Shape Illemory alloys are especially snited ta

antagonistic armngements since the force reqnired ta deform the alloy is about 1/5th of the

furce genemted by the phase tmnsformation [19]. The deformation stress is approximately

:15 MPa while the recovery stress is near 190 MPa. Using the actuators in an antagonistic

fashion also resnlts in an improved system response since the l'espanse time of the actuator

system will then str"agly depend on the heat activation time constant, which can be tuned

according ta the inpnt current amplitude. For these l'casons open 1001' experiments were

performed using two actuators in an antagonistic fashion. The testbed used for experimen­

tation is shawn in Fignre 4.1.

The testbed consists of a pulley, mounted ta a gaivanollleter shaft, and supports ta

connect the actuators mechanically and electrically. The gaivanollleter is a limited rotation

1The cllcrg~' throttling I11cchnl1i~l1ls orten tlCcounl for much of the complcxity of Il)'stems, and robotic systems
do nol CIICI'pC tlml rule ILOi conuncntcd in [15]
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disturbance torque
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stnng
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shaft position
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Amplifiers

current

•

FIGURE ".1. Top vicw of lcsLbcd

servo molor thal is spccifical1y designed for high ly Iinear torque and dcllcction cimractNiH­

lics. The supporting control1er board (tlU! AEIOOO) cornes complete with ft PID conlroller,

lemperaturc compensation circuitry, and position and vclocity scnsors. For our cxpcri­

ments the tcstbed servcd as a highly Iillcar position and vclocity sensor, as weil as ft souret!

of disturbance torque.

Position and velocity \Vere measurcd by the galvanometer fUld fcd through t.he Ali)

ta a computer. Output signais includcd the motor cllrrcnt, lIscd 1.0 simulale a spring­

damper load, and control signaIs to pulse width modulate the fibers. Since t.Ill! NiTi al10y

is resistive it is possible ta heat the fi bers clectrically. Heating W.lS accomplished by IIsing a
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:1. OPEN LOOP IŒSPONSE

IiIlP.IT f:urmlll. amplifier t.iJal. slIppIiNJ f.onstant. clIrrent. despite any changes in the actllator's

n'sis1.a:lcC!.

3. Open Loop Response

3.1. Aetuation. Applying cllrrent across the end plates of the actnator canse the

Ii"ers ta heat and con trac!.. Actnal.ion is aCCDmplished in a smooth, silent and Iife-Iike

fashion. III the ideal case ail the radial components of force cancel leaving only a tensile

force, rcsnlting in ail axial displacelllcllt. Also, in t.he idcal case, the sepal'atÎllg disks

wOllld remain paralld, each anchor point on the disk boing pnlled eqnally. In practice

this does not occnr for two l'casons. The Iirst is that the snpporting disks are made from

aillminnm, and aluminnm acts as a heat sink cansing the liber ta heat unevenly. The liber

near t.he support.ing disks wonld be at. a lower t.emperat.nre t.han the liber in bet.ween t.he

snpport.ing disks. This wonld canse t.hem t.o contract at. different rates. This does not occur

in a symnwt.ric fashion as t.he t.hermal cont.act. bet.ween the liber and the alnminnm is not

consistent depending on how mnch the liber has contracted. The second reason is a result

of t.he act.ual,or construction. As the liber is being wonnd onto the supporting disks it is

Iikely t.hat t.he t.ension in the liber is not uniform.

This is not such a serious problem as would Iirst. appear duc to the properties of t.he

alloy. Sections of liber that arc under greater t.ension will have a higher Austenit.e start.ing

t.emperat.ure. 'l'his means that the sections of t.he liber under lower tension will begin

conl,rading before t.he sections of higher tension. This will act ta cancel out any t.ension

anomalies in a self reglliating fashion.

The oscillat.ory behavior superimposed on the response is dlle ta the Iinear uJl(ler

dam l'cd second arder dynamics of the syst.em accounting for load inertia, liber elastic­

it.y and actuator damping. ln the controller design, this effect has been ignored since it will

he designed ta t.rack position and consequently will stiffen the system by a large factor.

3.2. Varying Current Amplitude. Open 1001' experiments were performed by us­

ing pulses of constant cnrrent ta heat the libers. Figure 4.2 shows the results of heating

one of the actuators with a 50 ms pulse while varying the current amplitude by 0.5 A steps

from ï.5 A ta 14.5 A. Since the actuat.or consists of twelve libers in parallel, the eurrent in

an individual liber is divided by a factor of twelve.

Upon heat.ing, the libers initially undergo a small thermal expansion as can be seen in

Figure 4.2 as a small displacement in the negat.ive direction. This is followed by a relatively

const.ant time lag as the temperature inereases ta the Austenitic starting temperature,
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FIGURE 4.2. Opell loop rcspollse ta c1ll1l1ging currcnt alllplitude

A". The phase transition thcll bcgins and t.he libers bcgin t.o cont.raet. in an almast. Iinei\,r

fc\Shion. After the enrrent pulse ends, the fibers undcrgo a thermal cont.raction rLl1d t.hcn

exprtnd aecording to the eooling time constant of the actnat.or. The ascillat.ory heimvior

superimposed on the response is duc t.o the linear under damped second arder dynalllics

of the system accoulltillg for load inertia, fiber elasticity and actuator dalllping. In tlH1

controller design, this effeet has been ignored since it will be designed 1.0 track position and

eonsequently will sUffen the system by a large factor.

The initial time lag of the actuator dcpends on the temperat.nre of tian aUoy whell t1w

current is applied. The time lag is relatively constant in t.his case silice the aUay WCl:-i atlowml

ta cool to room temperature before il successive test was run.

3.3. Varying Pulse Width•.JFigure tl.3 shows the rcsults of hcating the actuator

with a constant eurrent and varying the dl1ration of the pulse.
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FIGURE 11 .3. Open loop rcsponsc to changing pulse width

Again the initial thermal expansion and time lag can be seen. The fibcr then enters the

phase transition and undergoes contraction in an almost Iinear fashion. This contraction

continues as long as the current pulse is active, up to the maximum percent strain of the

fi bers.

3.4. QuasiMLinear Relationship. The open loop step response of the actuator

l'evcals that itlthough the phase transformations exhibit highly non-Iinear properties, a

llIarkcdly Iinear relationship betwecn heitting time and percent strain can be observed in a

large portion of the graph. This relationship occurs after the alloy's temperature reaches

M~, the Martensite startillg temperature. Before that temperature is reached, the fiber

undergocs thermal expansion which explains why the respollse appears to be "in the wrong

direction" when heating is applied to a fiber significantly colder than M 3 • This effect could
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.1. CONTHOLLEH J)ESIW'~

be approximatcd as a Ume dday, huI. GUI \)(' ignorl'd ~inc(' ",hpn 1.hp ill"tuator is und!'1'

control for normal operation ils telllpcratnre is kept in th{' vieinit)' or M",

The slope of the line depends lIlonotonically on the Illap;nitudl' or th(' c\lm'nt PUlsl' llspd

ta heat the flber. The higher the currcnt the l'aster the 1(~lIlperatun' illl'rpaSl' am\ 1.1I1'1't'1'0I"1'

the raster the l'espanse. Again, the rclationship het"'('l'Il curl'Pllt lIlap;nillld(' and st,rain raIt'

of change is quasi-Iinear.

Considering swit.ching in Ume as a control signal, it i..; secn that t.he amoulIl. of dis­

placement is in direct relationship \Vith pulse durat.ion and a1so in a. monotonÎC qllasi·linl'ar

rclationship as cxhibitcd by the final vaincs of the fami!y or cllrves.

4. Control1er Design

4.1. Motivation. A switching control law nlilkes it possible 1.0 drive t.11<' si.aÜ! l.ra­

jectory or a non-tincal' plant along anser chosen surface in the stat.e spac(~. Snch a. surface is

refcrred to as a switching surface since t.he cont.rol gain switches depending on whet.lH'l' t1U'

statl' trajectory is above or below the chosen surface. A position set point. wm; chospn l'nI' the

switching surface for the initial controllers. In the phase plot. of position vs. velocity, !.!lis

corresponds ta a vertkal switching surface al, thc dcsircd posit.ion cu; showll in Figure ,1.,1,

x

~Idicnl

----f'c;....-----+---- X

/1
swilching surface

1
1,

F1GUIlB 4A. Phase plot

Starting from initial conditions, in this case the origin, LIu! statu trajecl.ory is drivcn

towards the switching surface. This is iL result of constructing tlte control gains snch l,ltat the

gradient of the state space vector is always directed towards the switching surface. ln t.hl!

case of the antagonistic arrangement this rnerely cntails switching the actuator according

to the sign of the error. Also, note that thc selection of which actuator is t.he agonist. and
a2
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4. CONTROLLER DESIGN

whkh is t.hp allt..L~orlhit,ic COlllC5 al, 110 p.xt.ra cost in the lIon-lincar control design, whcrcas

wil.li a liu""r wul.raller furl.lier adjusl.",eul." are required.

\-Vith properly chol'iclI feedback gains the stal.c trajcclory can be constraincd to 1Il0VC

,"ou/,\ the ,wil.chiug ,urface afl.er I.lie initial intersection with the switching sn l'face. Snch

il lIIotioll alollg a switching surface is rcfcl'l'cd 1,0 as 'sliding mode', A slidillg mode exists

011 ft <iiscolIl.inuity sllrracc~ s, whcllcvcr the distance to this surface and the vclocity of ils

"'",nge are of opposite signs [25]. !vIDre specilically:

li", i, > 0 and lim s< 0
.14U- .'i-tOt

Auy pertnrbat.ions from the switching sn l'face resnlts in an immediate control signal

I.hal. forces the trajectory back on to the switcliing snrface. Infinitely fast switcliing is

required in order for the state trajectory to exactly follow the discontinuity surface. Actual

systems however must always switch al. a finite frequency duc to various imperfections, such

as hysteresis 01' delay. With weil designed gains, the system will enter a limit cycle around

the desired poiut in the phase plane.

ln the time optimal sense, switching is the most efficient way to drive plants since the

maximum realizable gain is used at ail I.imes. The major drawback of using maximum drive

fol' high speed switching is stability. FOI' snmll perturbations, the maximum feedback gain

may (,utse the system to oscillate or to go nnstable. The gain must be chosen so that il. is

large enough to drive the plant as quiekly as reqnired to the set point, yet be small enongh

so as to not cause oscillation larger then a specified limit. This oscillation near the switching

surface is referred to as chattering. In the plmse plane this results in the state trajectory

going into a litnit cycle as shown in Figure 4.5.

The top of Figure ,1.5 shows a system that is sufficiently low passed such that the effects

of switching can be ignored. This results in the state trajectory settling to the set point.

The bottom of Figure 4.5 reveals the typieal limit cycle, with the state trajectory oscillating

around the set point at some finite frequency and some finite boundary layer.

Ilybrid switching controllers have also been proposed [12], notably a two stage switching

control law. In the 1wo stage approach different feedback gains arc used as one approaches

the discontinuity surface. This results in a controller with several switching surfaces, how­

ever the surface delined by the set point is the only surface to exhibit sliding by the choiee

of the feedb'lck gains. '1'0 achieve the desired performance specifications for the actuators,

several two stage controllers will be implemented. When the position error is large the

feedback gain will be the maximum, driving the plant as quiekly as possible towards the
33
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FIGUIlE '1.5. Lilllil. cycle

set point. Ollce the plallt's trajcctory arrives wiLhin cl. specifie la.yel· of the Hel. point. the

feedback controllaw switches in order t.o eliminate or reducc t.he level of chal.tel'ing.

Limit cycles may be desirable in applications where the clmtl.erillg is filt.crcd out. hy t.lw

mechallics of the driven load. When possible, the existence of Cl lilllit. cycle dillliniltcH t.Iw

steady state erraI' duc ta the hysLcresis in the act.uator responHc and inCrCil:i'~H the aVt'rage

precision of the control acting Iike a self indnced dit.hering signal. When il,:.; ;unplil.ude is

kept reasonably low it may also have other bcneficial effects snch a:i lilllmri1.ing the P!clllt.

in the low frequencies and improving perturbation rejection. For the c:Ul\em application

discussed in Chapter five the Ihuit cycle magnitude should be kcpt withill a pixel of the

CCD camera used. If a \imit cycle is not. desil'cd, it is possible to conHider a houndary layer

around the discontinuity surfacc, inside which the plallt is driven smoothly 1,0 the sllrrac(~

al the expense of time dornain performance.

4.2. Two Stage - Linear controller. Figure 4.n shows the t.hree swit.ching surfaces

involved in the two stage \inear eontroller. If the error is large thell the maximulII cOllst.ant.

feedhack gain is IIsed. As the stllte traject.ory approaches t.he set point. the cont.rol is

switched to the \inear proporLional controllcr.

This results in iL smoother motion as the state trajectory slows dowlI when it approaeheH

the set point switching surface. The disadvant.agc of this, il' that. in the vieillity of the Het
ail
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FIGtJlm 'l.n. '1'\\'0 stage linear controllcr

point the fced back signal is law l 80 the phUlt is easily disturhed by sllHtIl pertu rbatiolls.

A st.eady state errar hi also ill herellt in this cantrollcr l cspccially ncar the limits of the

workspace.

'l'he adjllstablc pammetcrs for the two stage lincar controllcr are:

• locatioll of the thrcshold switchillg surfaces

• t.he êlmplitude of the constant. current pulse

• t.he gaill of the linear proportional controller

The amplitude of the constant currellt pulse should be chosen as large as possible in

orelel' ta rcali:1,C the shortest risetime. The limit here is not on how fast the fibers cali

be heated hut 011 t.he stress gellemted by the actuators. Tao large of a current pulse will

ovcrstress the actuator alld have élll adverse effect 011 cycle Ufetime. The threshold switchillg

surfaces 8hould be placed as close as possible ta the set point surface. However if they 1Lre

plael'd tao close the minimum energy delivered by the maximum constant pulse will be

cnollgh 1.0 drive the plant outside the bouudary level. Whcn this occurs the plant will

go illta a limit c)'c1e with an llndcsimble large amplitude. Finally the gain of the !inear

proportiollal control\cr can be set as large as possible while maintaining stability.

Mètt.hematically the control scheme is given by table 1.

The black diagram of the contral1er can he seen in Figure 4.7.
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l'rror ~ignal input

crror> POSitiVl\ t.hrl'~hold maxilllUl1l po~iti\'(\ rlll1~tant

po~itiv(' t.hn'~hold > ('!Tor> li ~ain=k'+l'rrllr

o> erraI" > ncgat.i\'l' t.llf('~hnld ~aill=-k'+I\I'l'Or

crror< negat.ivl' ',hl"('~hold maximulII lIl'gat.i\'{\ nl1lst'llll,

TAH[.I~ l, Feedhack ~aill~ ot" two sta~l' lilll"1r ('Olllrolh'r

~ "ë~~trt;ï''''''~. .
~ Law ~. .

insi4e 1

Dcsircd Position

Mcasurc\l Position
Plant

Fla UlŒ ",7. Block diagralll of l.wo stage tincar cC'llt.rollcr

4.3. Two Stage - Constant Magnitude. The "'va stage const.ant. magnitude COll­

troller is identical ta the two stage linca!' controller except IIOW CI. sumller const.ant. input is

used near the set point switchillg surface (sec Figurc 11.8).

This elimillates the nccd for a proportiollal ,UlI pli fior ta realb:e t.he <:llllt.rol gain Iwar

the switching surfacc, simplifying amplifier constructioll. The cont.rollcr sllould allm he

better able to rcsist perturbatiolls <18 a signilicallt control gaill is applicd for l'vell fL slight.

perturbation.

A good value for thi8 gain near the set point is the ClIrrcllt levcl Ill!cdcd to uminl.ain

the current tcmperature of the act.uator. That is a. cllrrcnt that will provide enollgh hcat

1.0 compensatc for the ambient heat los8. A limit cycle will w8ult aroulld the set point duc

1.0 the tirne lag in the plant associal.ed with the lime del,LY in heatillg the fiher .
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FIGUIlE '1.8. T\\'o stage constant controllcr

5. ExperÏ1llental Results

S.l. Limit Cycle. Figure .1.9 shows the existencc of a limit cycle when a stmight

~wit.chillg cOlltroller is llsed. The (~ontroller swilches according la lhe sign of lhe error,

with a cOll~lalll fecdback input of 9.2 A. The pa.lh in the phase plane for the steady state

esscnt.ially forllls a c10scd loop. Nole lhal the overail lellglh of the act.ualor IIsed was 25

UlIII.

5.2. Two Stage - Linear Boundary Layer. Figure 4.10 shows the step and ramp

rcsponscs of the two stage lillC<tr controller with the parameters set as f01l0ws: 1) maximum

gain = 6 Ai 2) linear proportiollal gain = 16.37 * crror in A and 3) threshold level = 0.25

Ullll. The varions pammeters have been tUlled for the specifie input step.

The step respOllse, although slllooth, never reachcs the set point, and has a steady state

error 01' 0.14 nUll, due to the low fcedback gain near the set point. Switchiug between the

1,\Vo acl.lmtors docs Ilot take place here silice the plant's trajectory never rcaches the sliding

surface. 'l'he risc tÎlne, measured from the 10% ta the 90% of the final value is, 87 ms with

a 50 ms dchty.

The tracking rcsponse has a time lag of 36 ms duc to the delay between applied current

and the phase transition. Also, note that the slight dip at the beginning of the ramp
37
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•
response is duc to the fact that the actuator rcsponds at él lower m1.e at the bcgillllillg of

the phase transition as seell in the step rcsponse.
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5. EXPEIlI~IENTAL RESULTS

5.a. Two Stage - Constant Magnitude. Figure '1.1 1 shows the step and ramp re­

:->pOllHe 1.0 th!! 1.wo :->ta~e collstant. conlroll<lr with the parametcrs set as follows: 1) Illaximum

p;ai/l = (j A; 2) gain near set point = '1 A :lIld a) I.hreshold level = 0.25 Illm.

Stcp Rcsponsc Tracking Responsc

1,S

~
E
E

5 I.S 5
<' ;:
• . 1

~ ~
~ 1 i:t
Ô ë 05

OS

FIGUlll~ -1.11 r Step and ramp response of Lwo stage constant magnitude controller

The step response here enters rt limit cycle of 116 Hz \Vith an avemge value steady state

error of 0.04 mm. The rise time is 91 ms. The tracking response has a time delay of 28 ms for

t.he positive slope and is nearly zero for the ncgative slope. This asymmetry in the tracking

responsc is il byproduct of the displacemellt gain. As the actuato~ contracts the displacement

gain incre:lScs. Whon the actualor is extellded it has a lower displacement gain than when

il is contractcd. This means for the ncgative slopc of the ramp the driving actuator will

Imve il higher gain, and hence be able ta follow the ramp more dosely. This is also primarily

why the two above controllers can only be ideally tUlled for a srnall range of step response.

As a refinemenl to the two stage constant magnitude controller, a differellt magnit.udc pulse

was uscd inside the boundary ICl.yer, dcpending on the statc space informatioJl, whether the

Clctllator \Vas extendcd or contractcd. Again in an effort to kecp the controlter as simple as

possible, a :;inglc magnitude \Vas chosen for the feedhack inside the boundary layer. The

black diagmm of the switching schcme is given in Figure 4.12.

The reslllts of the refincd controller cau be seen in the series ofsteps show in Figure 4.13.

The amplitude of the three pulses \Vas set as follows: 1) high = 1.5 Ai 2) medium = .95 A

and 3) low = .55 A. Ideally the constant magnitud·~ pulse inside the boundary layer should

have ail amplitude that compensatcs for the displacement force tradeoff throughout the
39
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•
workspace of the actuator. In Figure 01.13 the results of \Ising only two llIagnitude plII:;cs

can be seen. For smail steps, 0.5 mlll, the limit cycle is slightly highcr than lit{! sel. po·lIll.

'l'he magnitude of the medium pulse is tao high compared to the magnitude of the tuw

pulse. However for large steps, 2.5 mm, the Iimit cycle is slightly below the sel. point.. Tht!
01()
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0, EXPERI~IENTA L RESULTS

Effects of Inertial Load
3r---....,....----r--...-----,--~--,--__,

2.5

2

E
E
!: 1.5
E'
Q

E
Q

~ 1
Cl...
Ci

0.5

_O.5~--'-----'---.L...----'------l.--..L..---'

o 200 400 600 800 1000 1200 1400
Timein ms

F'IGUIŒ '\.1tI. Effccts orloud

magnitude of the medium pulse is too Jow comparcd to the low pulse. And of course for

t.he mediullI steps, the limit cycle is ccntercd arollnd the set point.

5.4. Effects of Load. Applying a load to the actllator system affects the limit cycle.

The incrlia of the tl\ass causes the system to he lowpassed decreasing the frequency of the

Ihuit cycle. This CiUI he seen in Figure 4.14 as a. series of steps a.re applied to the system

with an inertia of l.OS kg/cm2 •

5.5. Disturbance Rejection. By construction of the set point switching surface,

any dcviance from the set point results in an immediate gain that drives the plant back

to the set point surface. In Figure 4.15 a disturbance torque step of .03 Nm :s applied by

the testbed at 100 ms. This corresponds to 1.0 N al the actuator or 25% of the actuator's

lIlilxilllUm force.
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CHAPTEH. fi. CAi\IERA

CHAPTER 5

Camera

1. Foveated Vision Systenl

The caillera plalJorm was desiglled arollnd a commercially availablc Panasonic cam­

era, lIlodcl GP·ivlSlI2. The model Gp-rvlS1l2 features a 1/2" CCO with 335,000 picture

clements in il compact Iightweight package. The camera and lens assembly weigh approxi­

IWltcly 50 grams. The need ta orient the caillera is motivated by the use of a foveated vision

S~'stclll based on a network of C40 OSP's [6], which consists of a high resollltion foven with

ccccntric circuiar overlapping receptive fields in the periphery as seen in Figure 5.1.

FIGURE 5.1. Fovcatcd vision system

Thc rcsulting image output consists of two mappings. The fovea is a copy of the center

of the image and each circle of the pcriphery corresponds ta one output pixel and is mapped

in log polar coordinates. The camera is required to pan and tilt to increase the field of vision.

Torsion is required ta simplify the processing of stereoscopie information in a two camera

arrangement, or to compensate for camera motions.
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2. nl~IB:\L AND S\II'I'OH'I'

2. Ghllbal and Support

A gimbal arrangclIwnt was lllallttl'act.IHt,d 10 support. t.he l·allll'r;1. Essl'Ulially I.ht' p.illlhai

cansist.ed of an intcriOl' disk, slIspl'ndcd hy aIl olll.l'r ring and su pporl.inp; lH'a IIlS. 'l'Ill' Sil pport

st.ruct.ure was requircd t.o be Iight in wl'ip;hl, and as friction rn'l'as pllssibll'. III llrdl'I' t.u

minimb:e the weight., t.he slIpport.iug sl.l'Url.urC was rOlllple\.l'ly lllallllfadllrt'd with dlll'ahll'

light wcight. Delrin plastic. Frictiall \Vas lllinimized in t.he gilllhai by l'Ol"lt'l·t.in~ adjan'Ill.

rings \Vit.h plastic hinges as shawn in Figure 5.2 .

Tnp

FIGUIU~ 5.2. l\iuge

SI,)"

The hinges have a flexible thin section in the center allowing the enel pointH 1.0 l'ot.a.!.e

relative ta one another. The entire gimbal arrangement. can be seell in Figure 5.:~. TOI'sion

is achicved though the use of a thin section bcarillg embedded in the int.erior supporl. ring

of the gimbal. A rctaining ring secures the bearing in plitce as shown in Figure 5.'1.

2.1. Sensors. The two stage sliding mode controller re'luire::; position reedhju:k in

arder to opemte. Position sensing is achieved through the use of optic.tl sensors al. the end

of the actuators. A support shaft WOlS added 1.0 the actuator design to provide sllIoot.her

motion upon actuation and to providc ;Ut esselltial component of the semmr. 'l'hn support

shaft was machined from Dclrin, and was fixcd 1.0 one of the end disks by ,t nLl,cd hollow pin.

The pin also providcd a mcchanical conncctiotl ta thc tendon. Tlw optkal sensor conHist.s

of a LED light bar and a simple photovoltaic ccII. The support shaft t.hCll operatcs il.'; ;L

shuttcr between the LED and the photovoltaic ccII ft5 shown in Figurc 5.5.

Moving the end disks relativc 1.0 olle allother will cause the ,trea iIIumillat.cd 011 t.he

photoccll ta change. The iIIuminated arca on the photocell is Iincarly proport.iorml 1.0 the
41J
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("IOUlm 5.a. Gimbal and support
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FlOURE 5.4, Cross section of inncr ring with bcaring

~hort circuit cnrrent of the photocell. A trans-impedancc amplifier was then used to boost

the signal from the phot.occIl. The response of the sensor OVCI' its operating range is shown

iu Figure 5.6. The small bnrnps in the cnrve result from the faet that the light bar is

actllally fOllr L.E.D's in an array, and thcrefore the light emitted is not completely uniform.

This provided us with a compact linear optical sensor that is casily integrated with the

ëlctllator (Figure 5.7). The housing of the sensor is also used to mechanically support the

actuator and to fix the actuator Olt one end through a set screw.
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3. Actuator Configuration

Actuation of the camera platform is aclticvcd l,ltrouglt four actuators configurcd in

a parallel arrangement. Parallel mcchanisms are lIorrnally Iiglttcr in wcight than seriai
1'\0
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3. ACTUATOR CONFIGURATION

Aclualor

•

•

FIGURE 5. i. AcLuulor sensor package

IJwchallisms cl Ile ta tlte pyramidal effect of süI'ial lIlechanisllls. The actuator configuration

IlSl!d is silllilar to t.lml. proposcd in [24). The interior ring of the gimbal has fOllr éluchor

points l.hal. forlll a square. The configuration involves positioning the actuators in two pairs,

ench pair llitving a COllllllon base point, as scen in Figure 5.8 .

Support

FIGURE 5.8. AcLnaLor configuration

This increèlscs the workspacc of the system since collision between actuator pairs is

avoided. Also in order to realize a more compact design, the passive gimbal is manipulated

through the use of tendon drives. Paddles arc used toconnect the actuators to the gimbal

through the tendons. This allows liS to realize the physical arrangement of Figure 5.8

and to position the base of actuation for Cle pairs of actuators close together. Figure 5.9

shows how the fonr paddlcs arc arranged.· The paddles rotate around two smootlt steel

sltafts supportcd by two cross bcams. The tendons are connected to the gimbal through
47



.1. INTEl:HATION

1.11" paddles and bal'k 10 th" aduators. Also nolt' that II", p,,,ldl,'s illlpl,'o,,'ni an ,,,hlitional

IllPchanical displacenwnt. gain.

FIGURg ii.n. l',,ddles

4. Integration

Some additional support structnre is needed in order to integrate ail of the camera.

platform's components. The actuator/liensor packages arc hcld by the housing shown in

Figure 5.10. Only one of the four actuators is show for simplicil.y. This housing also

provides support for the wiring needed to conuect t.he admltors.

The components of the housing arc chullped together by screws thal. compreHS the

sensors. Two additional support beams arc Ileeded to connect the sensor/aduator pack tn

the paddles and finally to the gimbal. Figure 5.12 shows t.he complete integra.ted nnil..

Each motion of the camera corresponds to differential motion of I.he aetuators n!l'ering

a path toward adapting the switching controller described earlier to the entire system. At

present the camera is only aetuated in an open loop fashion. The thrcc motions, pan,

tilt and torsion, arc considered decoupled. For cxamplc, in order 1.0 till. righl. the twn

actuators on the right side arc turned on, pulling against the passiv1! two aetuators on the

left side. Torsioll is achieved by actuating two actuators on the diagonal. This can he Hœn in

Figure 5.11 where the shaded actuators arc contraeting upon operation. Some preliminary

results using this open loop scheme arc given in the conclusions in Chapter six.
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CIIAPTEIl G. CONCLUSIONS

CHAPTER 6

Conclusions

1. Conclusions

A lIovd acl.uator IIsing shape /llClllory <Llloys Ims bcen proposcd that overcomes two of

the maill dmwbacks of shape lIIclIlory <LUoys, those beillg limitcd ~tmill and Iimitcd cycle

nrctilllc. The abUlluallt force available with SMA fibers is efl'ieiently transformcd ta incrcase

displacclllcllt by weaving the fi bers ill a double hclix around supporting disks. This can also

provide illcreascd nfetimc as the fibers cali 1I0W be opcrated at lower than absolute percent

st.mi Il.

Ail acLuator prototype (sec Figure 6.1) has bcen cotlstructed wit.h the following prop-

FIGURE 6.1. Shape memory alloy actuatof

• Iight weight - 6 grams,

• compact - 17 mm cyliurler, 25 mIII long,

• powcrful - 3.5 newtons,
51
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• direct drive act.na.t.or,

• rcquires no gcars or IlIbrkat.ion.

• clastic - 511100th ll1ovement~,

• acollstically silent.,

• mod ular aud

• illcxpcnsivc and simple const.ructioll.

Open loop cxpcrimcnt.s have becn cOllduct,ed 1.0 dClllonst.ral.l' t.hl' illtrillsk Pl'l)pl'rt.il'S

of the actuator. Several 1.wo st.age swit.ching cOlltrollcrs were t.hcn applil'd tu the ael.llatol'.

The cout.ralier is Imsed ou a simple coucept. aud praduceH HatiHfactory l'I'Hult.H, Ily adjuHt.iu!\

the contl'ol gains iL is possible to rcarh a set point. \Vit.h a small st.cady st.a.t.e (lITOr ot' 1.0

go iuto a desirable Iimit cycle within a Hpecified Iimit. '('he t.wo Ht.a!\C conHt.ant. ""nt.I'OIi,'1'

demonstrated t,hat the added complexity of a Iinear proportional controlier iH not. l'equiJ,.,d,

as similar rcsults arc obtain~d with the two stage consLant. magnitude ronlroll(!1" whkh ("om

be implemented in practice with very fel\' c\cctronic componentH.

A compact pan, tilt, and torsion camera unit. \Vas alsa cOllstrllctcd impl(~lIIcllt.iIlA t,hp

actuators ta demonstrate their feasibility in a miniature application (sec Fi!\ul'e Ci.:!).

camera

FIGURE 6.2. Camera prototype

This first camera prototype has the foliowing preliminary characteristics:

• speed = 350 degrees/s
52
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1. CONCLUSIONS

• ;ICl:el(~rat.ioll = !j~OO degrees/ ....~

• si1.f' = 180 flllII x ï7 111111 x 77 111111

• W"ighl.

- caillera = 50 gralllH

- actuators = 2'1 gram:;

- sC!lSOI'H = 25 grams

- supporl slructure =250 gmms

- I.olal weighl = :1'19 grams

1.1. Future work. As wilh lhe desigu and couslrucliou of any prololyp" lhe door

is opened for numerous ful,ure improvemenls and deveiopmenls, ranging from lhe malel'ials

used lo lhe aclualors inlended applicalion.

The lihers in lhe aclnalor prololype were eleclrically connecled in parallel. Given lhe

10IV resislance of lhe NiTi, a larg~ cnrrenl al a 1011' voilage was required in order lo heal

the lih"rs. A simple solulion lo lhis is lo eleclrically connecl lhe fiber in series [8]. This

would he a simple maller for lhe aclualor protolype,. as a long single fiber was used in

t.he const.ruclion. The double henefit. of redncing lhe required current and incrensing the

applied volt.age \Vonld lhen be realized.

More freedom of conlrol over lhe molion of t.he aclualors can he achi~ved by connecting

t.he individual fibers eleclrically, eilher across individual cclls or across the entire aclualor.

The individual fibers couId lhan be scheduled lo produce lentacle like molions. They cou Id

also be healed in a recruilmenl pat.lern similar to actual muscle fibers. In the recruitment

melhod t.he nnmher of fibers aclivaled \Vonld depend on the force required. For example,

if a low force is desired lhree or six of lhe fibers could he aclivated. If the enlire force is

needed ail lwelve will be activaled. This wou Id be useful in lhe controllers discussed in

Clmpler four iu an effort to balancc out the limit cycles.

Improvements in the response of the actuator can easily be realized by using the numer­

ous fonns of heat sinks. Cousidering the compact size and configuration of the actuator, it is

not, hard to imagine a flexible ouler shell that couId be used to coutain a liquid coolaut. The

aluminium supporling disks could also be easily replaced with ceramic disks or high t~mper-

~.at.ure plastic disks lo alleviate the problems of uneven heating and wear along the notches.

Finally \Vith the iutentions of au integrated mechatrouic device, the resistance-position re­

latiouship of the SMA alloys couId be utilized to l'l'ovide internai position seusiug [31].
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''l'I'ENDIX ,\. l'HOI'EHTII':S OF NITI

APPENDIX A

Properties of NiTi

Flexinol is the trade nallle of the shape lIIelllory alloy used in t.he fabrirat iou or t.he ,"·t.ua 1.01'5

in t.his t.hesis. The following properl.y specilicat.ions was l.aken l'l'Dili [20].

Nickel-Titaniulll Alloy Physical Propel·t.ics

• Density - (i.45 gr/clII

• Specific heat - 6-8 cal(mol.C)

• Melting point - 1250 C

• Thermal conductivity - 0.05 cal(cm-C-sec)

• Thermal expansion coefficient.

- Martensite - 6.6x IO- H/C

- Austnite - 11.0xlO-G/C

• Electrical Linear Resistivity - 150 (T /11I
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APPENDIX B. WEAVE PATTERNS

APPENDIX B

Weave Patterns

As Ilol.ed in chapt.er thrce, t.he aduat.or prototype is only one example of the wcave patt.erns

ilvailable. Bol.h the nllrnber of notches and the offset angle, r, determine the weave pattern.

Exalllples of the weave pattern for the configurations detailed in table l will be shown in

this Appelldix. Most of the weave patterns can be achievcd by weaving a single fi ber back

and forth between the end disks. The exceptions arc noted in the following figures. As ail

additionalnote, the four Ilotch act.uator \Vith an orrsct angle of900 requircs an even Ilumber

of ecUs.
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Topview

AI'PENDIX Il. WEAVE 1',\TTEIlNS

requires 2 fibers for construction

unraveled disk

FIGUIŒ B.I. Wcavc Palte",: ~ - 1I0\.ehs
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• Top vicw

APPENOIX B. WEAVE PATTERNS

Unraveled disk

•

FIGUlu: 13.2. Wcnve Pattern: 5 - Ilotchs
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Top view

:\PI'ENDIX B. W\o::\\'\o: l':\'I'TIWNS

requires 2 fibers for construction

requires 2 fibers for construction
unravelcd disk

FIGURE 13.3. WelLvc Pattern: fj - lIot.chs
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t\PPENDIX B. WEAVE PATTERNS

rcquircs 7 tibers for construction

unraveled disk

FIGURE BA. Wca"c Pattern: i· lIolchs
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requires 2 hbers for construction
unravclcd diskTop view

FIGUIU~ 13.5. Wcavc Pattern: 8 - lIol.chs
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