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Abstract

This thesis describcs a ne\\' COIllpliant Articnlated 11obot ln\ W:\BL) \\'IIich is a

prototype leg for an antonomons qnadrnped robol.. The I,,!\ is d,'sif\I,,'d li li' dynamic

walking, tl'Otting and bonnding gaits, with an exped.ed top sl)(,,'d of :111.;'-. 'l'or,,,·il·

itate the construction of mnlti-Iegged creatures, the leg \\'as d,'siglled as a 1I10dlllar.

sclf-contained nnit with integrated ampli fiers alld control d,'ctl'ollics. II, is an articll

latcd 3 DOl" design with revolnte joints as opposed 1,0 prislllatic joillts roi' illll'rol'I'd

mobility, simplicity and low friction. II, elllploys c1edric ad.llatioll illst,'ad or hy

drau!ics for indoor power autollomy, imprüved modcling, control alld reliability. 'l'he

nse of fractiona! horsepower De motors in a rnnning rohot is f""sible thl'Ollf\h a Ilovd

AnTagonistic l"ADD Actuatioll fu'stem (ATLAS) which COlll'erts 11101,01' dl'ort 1,0 hif\h

joint torques \Vith similar efficiellcies as the bcst conventiollal tl'allslllissiollS, bill, al.

substantial weight; savings.
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Résumc~

( :et. t.., t. h,,,e d,;cri t. uue 1I0U velle j"mbe robot. ique a rt.iculée lIommée CA RI, ("C\lIll pl ian1

Art.inliat..,d Jlobot.1eg") servant. comme prot.ot.ype d'nne jambe d'nn robot. qnadrupède

qni est. conçne pour marcher, t.rot.t.er et. saut.er à nne vit.esse maximale prévne de

:1111/8. l'ollr facilit.er la COll st. l'IIct.ioll des créatures a jambes multiples, cette jambe a

ét.,; cri,,; d'ulle façon modulaire et autonome possédant des amplificateurs intégrés et

des circllit.s de collt.rôle électroniques. C'est un modèle art.iculée possédant. :3 degrés

de libert.é et. des art.iculat.ions 1, révolut.ion an lieu d'articulatiolls prismat.iques. Ces

caracl.';I·isl,iques ml'lIelit. i, ulle meilleure mobilité, ulle simplicité ct faible friction. La

jambe lIt.ilise l'éllergie élect.rique au lieu d'hydraulique poU\' fournir uue puissance au

t.ollome, aillsi qu'uli model, un contrôle ct une fiabilité amélioré. L'utilisation d'un

1I10t"ur à coumnt continu ct. à faible puissance dans un robot est devenu possible

gràce iUI nouveaU système "An'i'agonistic LAOO Actuation SYstem" (ATLAS) qui

l,ransfornle la puissance d'un moteur en moment de torsion élevé ayant une efficacité

selnblahle à cclle des systèmes de transmission conventionelle et ccla est effectué avec

une consel'\'at.ion de poids substantielle,

n
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Chapter 1

Introduction

1.1 Goals of Dynamic Legged Robot Research

Legged locomotion is a useful form of robot movemelll.. lJnlike whl','I,'d 1'llbotH, which

arc restricted 1.0 a locally fiat ellvirollment, legged robOtH have the ability to n,·!\otiat,·

uueven terrains. This type of matlenverability iH ext.renwly pl'ildical and Illay IlIak,'

legged systems the mobile platfol'lll of choice in many applieat.i'H1H. Trarl",d vdlici"H

arc a good trade-orf bet.ween whecled ami legged HYHt.eIIlH ill t.l'I'II1H of coillpll'xit.y alld

t.errain maneuverability. However, neither whecled lIor tracl",d vehie"'H can l'xhibit.

similar mobility, efficiency and dext.erity aH legged robotH.

Introducing dynamic operat.ion and active balance t.o legged robOtH prOllliHl'H f"rth"r

performancc improvements over st.at.ic walkers. The laU.m·, \Vhich do ilOt. I,alall""

actively, reqnire at. least three legs in cont.act \Vit.h t.he grolllld to IIlaillt.aill Hta.bility.

Dynamic operation c1iminates this restriet.ion and pel'lnitH a dl"iLma.tic incr"aH" ill

mobilityand speed through rtInning gait.s, jnmps and dyrmmic balance.

Past legged robot research has focused primarily on colltrol and I"ss h"avily 011

design. With more sophist.icated control algorit.hms Ims come an illcreased deillarlli

on the mechanics of robot design. Il. is fair 1.0 say, aside frorn control, t.hat. till'

performance of any system is a function of it.s physical natlll"l~: stl·IIet.III"l:, aet.llatioll
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C'IIA1"i j,;U 1. INTUOJ)li(:T/O;\,

'lIld (~III'rgy S(JllrCf~. This t1l(~sis rOCIlS(~S 011 illlJ)f'O\'('lIJ(~lltli 011 t.11(' fin.;t 1.\\"0 aSIH'cts for

dY"Hlllic IC'ggpcl robo!. (h~sigll.

1.2 Biological Legs

For tI", design of a rohot leg, it. is inst.ruct.ive to look at. hiological modcls fOI' inspira

t.ion, Theil' deveiopment.s arc t.he l·eslIit. of millions of years of nat.mal selection and

evolnt.ion. Tlw great diversit.y of leg types is duc to this very advanced adaptat.ion,

enahling a hroad st.udy of existing modcls. Dirrerent types of legs generate dirrerent

gait.s: t.he hopping of Imngaroos, the pacing of camcls, the galloping of hOl'ses, and the

hipedal locomotion of humans. These arc hut. a few examples of natme's adaptation

process and many more can be found in [271.

I\nowing the specificat.ions of a robot leg (size, spccd of gait, number of articula

tions), il, can be useful to find biologicalicgs that possess these same qualities. The

specifie fcatmes of the biologicallegs can then be incorporated into the design. A look

at. a part.icular biological system also hclps with the dynamic aspect of legged robot

design by understanding t.he aclion of the muscles, tendons and bones on the overall

performance of the leg. The horse has been known to maintain a speed of 70km/h for

55km [15]. Itlllay be naturalto think that such a performance is mainly due 1.0 the

hOI'se's extraordinary metabolism, but t.he design of the animal's legs plays a key role

in opl,imizing speed and minimizing errort. What could explain in part the efficiency

is t.he c1asl,ic ligaments in the lower leg that are able 1.0 store energy when the hoof

sl,rikes t.he ground, and t.hen l'cuse t.he same energy t.o impart forwr.rd momentum

t.o t.he leg. In addition, the large number of articulations increases its potent.ial for

speed. But, for a robot leg, t.he addition of an extra leg segment increases the sys

t.em complexit.y, which cannot be justified by a small increase in speed. However, leg

compliancc is an option 1.0 be considered for improved system efficiency.

R. McN. Alexander and T. A. MclVlahon arc just a few of the leading researchers

in animal locomotion. An extensive review of the mechanics, energetics and diversity
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of animal locomotion l'an Ill' found in li. !l, Iii. ~:il.

1.3 Dynamic Legged Robot Designs

.,

.\

•

Much oft.he IVork on dynamically stah'" Iq>;gl'd rohot dl'sign has conll' fl'olU ~1. II. Haih·

ert. [35] who built. many dirrerl'nt. l'IInning rohot.s haSt'd on pl'isluatic (!l'Il'scoping) Il'gs.

He st.art.ed wit.h a planaI' one-\egged machine and follo\l'l'd IVil.h a :\\l Olll'-Il'ggl'ti 1'011llt

shown in Fig. 1.1 (t.op Idt.) which recorded a t.op l'IInning Sl"'l'ti of ~:!.III /.,. TI ...

follow-up t.o this robol, is a 3D t.wo-\egged machinl' (Fig. 1.1. t.op right). \l'hl'I'I' .'ach

leg has four act.uated degrees of freedom. Ile also huilt. a '1UadrUpl'd (Fig. 1.1. hot.l.onl

Icft.) which performs a variet.y of gait.s t.hat. incIude t.rol.t.ing, pacing and Illllllllling.

l''[ost reccntly, Raibert. built. a one-Iegged robol. kinemat.ically similal' t.o a "ang,u'oo's

leg [37]. Some features of t.his robot. leg, shown in Fig. 1.1 (hot.l.onl righl.), indud,'

revolute joints as opposed to prismat.ic, and an ankll' t.endon rl'sponsihll' for adding

compliancc to the hopping mot.ion of the rohot.. Ex""pt. for l.I,e lirst. onl'-Iq>;gl'd plall'"'

hopper, which was pneumatically ac\.uat.ed, his designs nsl' powl'rful hyclranlic adn

ators and rcly on pneumatics for the leg spl'Ïng only. In t.his way, \!aihl'rl. dfl'div..ly

eliminated power constraints and focused exclnsivcly on rohot. cont.rol issut'S \Vit.h a.

great deal of success.

K. V. Papantoniou [30, 31] buill, an c1ec\.rically powered adivdy halan""c1 on"

legged planaI' machine, illustrated in Fig. 1.2. It. weighs 7.5/.:[/ and is cavahl" of

operating with an average 4SW power requirement. at. a nHlxillllllll sp,,,,d of Il.amj.,,

The leg design consists of a four-bar linkage syst.em t.hat. eillulat.t'S t.he hdHl-vioul' of a

prismatic leg while conserving the mechanical e1ficiency of an iu'l.iculat.ecl desigll. i\

clutch engages the spinning motor al. maximum leg compression t.o nlaxilniw CIIl'l'gy

transfer 1.0 the !eg.

There arc many more research laborat.ol'Ïes working on c1ynamic leggccl IOC{Jluot.ion

and an extensive l'l'vieil' of the research can be found in [:lG] .
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Figmc 1.1: M. H. Raibcrt's Lcgged Robots: 3D hopping macMne, 1983 (top left);

3D bipedal mac/Jine, 1989 (top right); 3D quadruped, 1984 (bottom left); and planaI'

kangal'Oo, 1990 (bottollJ right). Left photos taken from [35J, and right photos provided

by M. HuclJler.
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,.----------------------------.-
Pulley-secror

t

Spring atttachament

points

Leg

Figure 1.2: g, V, Papan tDIl iD Il 's Dllc-lcggccl planaI' ro/)o/" HW1j /,a/wlI li'olll (.'J 1J.

1.4 Progress at McGill's ARL

ReseaI'ch on lcgged robots at rvlcGill bcgan in um 1 al. the AlIlhnlatol'Y .!lOllllt.ics

Laboratory (ARL) of MeGill's Centre for Intelligent. Maehines (CIM), Wnrk il.!. 1\ ItL

is direeted toward understanding the thcoretical and prac1.ical issnes involwd in legged

locomotion with the goal of building a fully autonornotls, fOll t'-lcggcd l'Oho1. ca.Jlalll(~ or
statie and dynamie stable walking and running. Snch iL syst.em will perlllit, l.hn stlldy

of the fundamental issues in mul ti-Icgged locomotion design and cont.rol. 1n add i

tian, it will serve as a generie platform from which cllstollli~ed vCl'sions fol' pal't.ielll;u'

applications will he derived,

ARL's current planaI' manopad (18], shawn in Fig. 1.:3, rcprcsen1.s clll import.allt firs!.

step towards that goal. The process of mcehanical design and controll(~r dcvelopnwllt.

and implementation, as weil as l'esults gathered from cxpcrimcntall'lllls, have proven
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lèiglll'e 1.3: The AIlL l'v1olJopoc/, 1993; photo pl"Ovic/cc/ by P. Gregorio.

6

•

invaillable to deve!oping the next generation of legged robots. The planar monopod

lIIay seem simple and removed from practicality, however its simplicity allows for de

ve\opmellt of analytic results as weil as providing conceptual insights, since it displays

aH the relevant properties of active balance and dynamic operation.

1.5 Problem Statement

AHL has selected a four-Iegged robot as a research platform to study the design and

control of autonomous, dynamically stable legged creatures. Projected quadruped

specifications are in line with those of a large dog and include a height and length

of O.75m, a total mass of less than SOkg and a top running speed of 3m/s. The

init,ial goal, and the subject of this thesis, is to design and build a single prototype

Icg suitable for such a quadruped.



•

•

CHAPTEll 1. INTJWD/1CTION

1.6 Author's Contributions

CARL Design and Construction

1designed a new Compliant Articnlated llohot·1cg' (CA Il 1.) which w"s nlllstrncl"t!

as a prototype for ARL" antonomons <jn"drnpcd rohot.. Th,' kg is " 1I11"lnl"r, sclr·

contained nnit with integrated amplifiers "nd control dcct.ronirs. 'l'Ill' d,'sign "n'oill'

modates dynamic walking, trotting and bonnding gaits, with "" ,'xpcct,'d top sl",,'d or

3m/s. It is an articnlated 3 DüF design with revolnte joints as opposcd ta prislll"li,'

joints for improved mobility, simplicity "nd low frict.ion. Il. ,'mploys ,'I"ct.ric "ctn"tioll

instead of hydraulics for indoor power antonomy, illlprovcd IIIOddillg, ....lIlrol "\1(1 \'(,.

liabili ty. While ail previous compliant robot. legs have uSl'd single spl'Înv;s for cncI'V;Y

efficient locomotion and power autonomy [32, :3'1, :15], CA HL is t.Ill' first rohot "'V;

1.0 have distributed compliance permitting the exploitation of passive lilllh Inot,ion in

more than one degree of freedom.

ATLAS Design and Construction

'1'0 minimize leg mass, CARL featnres an AnTagonistic 1ADJ) i\dnation fu'stclII

(ATLAS) which makes motor power available as high joint torqnes dliril'ntly and al.

substantial weight savings compared 1.0 traditional transmissions. ATLAS featn!'l's

concentric LADD transmissions which dne 1.0 their low lllaSS and packagillg show

considerable promise for autonomons legged systems. Silice these dl'vices w''''e Ilot

commerdally available, 1 had 1.0 develop my OWII nlanufac\.nring techniqne 'L~ wdl as

select LADD materials and system variables. The nse of antagonistic LA J)J)s r"qni!'l'd

a variable radius pulley which maintains tension in the antagonistic LA!)Ds in thl'

presence of their kinematic nonlinearities. The thesis fnrther descl'Îhes two hreak-in

phenomena that 1 identified for LADOs which arc important for pract.icalnse and any

kinematic modeling effort,

1 Fcaturcd on national tclcvision [28J.
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(C)LADD Modeling

1 int.rodnœ t.wo new wmpliance models fo .. LADD t.ransmissions whieh ..cdnec, by

an o..der of magnit.nde, incia,t.ie modcl e....o..s of nI' 1.0 18% fnll seale over force and

posit.ion operat.ing ranges. 1;:last.ie Illodcis int.rodnced sa far in t.he lit.erat.ure were

ail based on filler clast.ieit.y, and show an inerease in LADD Icngt.h over t.he inciast.ie

lengt.h wit.h ine ..easing force. 1 show t.hat. in expel"Îment.s t.he opposit.e is t.rne. The

LA J) J) is al ways short.er t.han prediet.ed from t.he inciast.ie mode!. As t.he load force

ine ..eases, t.he LADD lengt.h approaches t.he inciast.ie lengt.h. 1 found t.he cause for

t.his fundament.ally dilferent, elast.ic behavior ta be fiber bending. 1 also employ one

of t.he new modcis ta improve the prediction of the kinematics of a eoncentrie LADD.

The new LADD modcis arc essential for the design of LADD based systems, such as

ATLAS, t.he online est.imation of LADD forces, and accurate cont.ro!.

1.7 Organization of the Thesis

The t.hesis is organi~ed as follows. Chapter 2 discusses the design and construction

of CARL while that of ATLAS is presented in Chapter 3. In Chapter 4, modeling

of LADDs which form t.he basics 1.0 ATLAS is presented along with mode! validation

t,hl'Ough experimental work. Chapter 5 l'l'ovides an interpretation of the findings along

wit,h pl'Oposed fut.ure work and design recommendations.
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Chapter 2

CARL Design and Construction

A well-structmed approach to \.he desigu of CA Ill, assur,," i\.s suc("(·". 1 appli('d

the design proccss ontlined iu [2B] which Cûusis\.s of \.ask c1arilka\.iou, cou("(·p\.ual

design and embodiment design. Task c1arifica\.iOlI (Sec. 2.1) iuvolv<'s \.h<, ('ol1<·ct.iou of

information abont the reqniremen\.s aud cousl,raiu\.s iu \.h" i<'g cI,·sigu. lu ('01I('<,p\.ua.l

design (Sec. 2.2), major design decisions arc made det.el'luiuiug \.h" layou\. aud Il>l'lll

of the leg. In embodiment design (Sec. 2,3), the "et.ails of \.h" I"g al''' Pl'<'",'u\.<'d

and discussed. Finally, details of CARL's cous\.l'lIct.iou au" cos\. al''' iuciucl"cI fol'

comp\eteness in Sec. 2.4.

2.1 Task Clarification

CARL is a prototype compliant articnlated robo\. leg fOI' au au\.ouolUOUS 'Iuadl'lll",,1

capable of dynamic operation and active balance. It serves ,L~ a plal.l'ol'lu \.0 "valua\."

new design and control ideas intended \.0 improve dyuamic legged robo\. pel'foI'lU'"I"",

Many existing legged robo\.s nse prisma\.ic legs aud do so wi\.h a grca\. cleal of

success [35] but there arc limitations and drawbacks, Pdsma\.ic legs lose a subs\.aucial

amount of energy through sliding friction and have rcs\.ric\.cd dcx\.eri\.y clue \.0 limi\.s

on retractability, Articulated legs with revoh:tejoints have less frict.iou \.hau prisllHt\.ic

9
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joinl.s and allow for improved mobilil.y and dexterity. 1\lso, wc expect. 1.0 obl.ain higher

l'lnlning speeds and increased reliabilil.y I.hrough I.he sim l'1er revolul.e joinl. designs.

To he mosl. versal.ile, wc require non-pollul.ing operation in indoor and outdoor

cnvirolllnents. Mainly fOI' I.his reason, wc decided 0'1 baUery based e1ectric aetual.ion,

insl.ead of pneurnal.ic or hydraulic sysl.ems [35J. The resulting clean, safe and quiet

operal.ion is also importanl. since the quadruped could weil be in frequent and close

conl.acl. with people. While high battery energy densities today are still major chal

lenges, wc will be able 1.0 exploil. battery improvements resulting from automol.ive

decl.ric vl'hide devclopmenl.s. Furthermore, il. is possible ta achieve accurate modcls

of t,he c1ccl.rically actual.ed robot leg, similar to [34]. Such accurate models arc critical

for modcl based controllers, and arc in general more difficult to obtain for hydraulic

or pnl'umatic sysl.ems [10, 11, 2:3, 24J.

MilXOll 22(iO motors feature an excellent peak torque ta mass ratio of 1.4Nmjkg and

have been selected in previous work [18, 34J. For this reason, the current prototype

leg is acl.uated by these motors powered by /\dl'illlcec/ IHotioll Controls 25/\ PW1'vI

SCI'VO amplifiers. During devclopment, an off-board power supply is used. The next

design iteration will be completcly autonomous incurring more weight savings with

the use of In!and 1200 series motors and full power autonomy with Ni-Cd batteries.

Leg compliance is vital fol' energy efficient locomotion and power autonomy since

much of the cyclic limb motion and the body's vertical oscillation can be provided

by the nearly passive oscillation of a body's spring-mass systems [35J. This principle

is used extensively in most mammals during dynamic gaits, and it saves as much as

50% in energy expenditure during locomotion [8]. In animaIs, the tendons, muscles,

cartilage and bones act as energy storing clements. While some robots have used single

springs for this purpose in the past [32, 34, 35J, we design CARL with distributed

compliance permitting the exploitation of this principle in more than one degree of

freedom .

Projected quadruped specifications are in line with those of a large dog and in-
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clude a IlCight and length of O.iiilll. and maxilnlnn width nf ILlill'. Lq.>; I""itinninl';

includes two fore and twn rl'ar Il'gs s."lnlndrical ahnnt \.Ill' qnadrup,'d's sa!';itlal plall".

Each prototype leg is adaptable to (.hl' planarizer, nnT,'nt!y nSl'd Ii,r (.lu' :\ Il L 1'10110

pod [26], for initia! testing pl'ior to being inclnd,'d nn \.Ill' qnadruped. 'l'Il<' qnadnqll'd

is expected to perform a number of gaits snch as walking, (.rouin!': and ll<lIlndinl';.

therefore requiring forward and Iateralmo"enlCnt.. Expl'c\.l'd top runnin!,: sp",'d nf tll<'

quadruped is 3m./s. ln addition, the quadruped is l'xpl'c\.l'd to ne!,:ntiat" nhst.ac1<'s

such as jumping across a ditch one and Im!f times its Iength, and hnrdlin!,: ail n!>je.. t

half its height.

Loading conditions on individual legs for limb and joint. dl~sign conl<' from a sinlll

lation of a planaI' two-legged robot devcloped by M. Allllladi. The WOI'St case Inadin!,:

scenario drops the planaI' model from a 1.5/1/. height onto a singll' leg. 'l'hl' l'xlll'ci.I'd

weight of the quadruped used in the simulation is 50/.:!! ('IOh:!! phls IO/.:!! lill' on-hoard

batteries) equally distributed over the foUI' legs. COillplianœ is Inodel<:<l t.hrongh t.he

l'l'volute joints as torsional springs while the limhs and body are dgid.

The quadruped will have two leve\s of control. A high leve! conl,rol will he l'l'spon

sihle for overall quadruped motion. This e\ectronic hardware along wit.h 1.\1<' power

supply (10/.:g batteries) and any guidance systems such as gyroscopes, vision or sOimr

will be local;ed on the quadruped's body. Each leg will have it.s own int.egrat.ed conl

puter with custom 1/0 ta l'l'ad sensors, process t.he informat.ion, Ïlnplelllent. cont.rol

algorithms, send signaIs out ta the motors and comillunicate with t.he high leve! con

tra!. Power ta cach leg will he provided fmm t.he main supply on 1.\,,: '1uar.lrup,:r1's

body.

Attention is paid to safety with joint movement limitations designed for ail degrees

of freedom to prevent damage ta the leg and injury t.o t.he operatOl'. ln addit.ion, a

number of operational safety devices will he coded in the control software.

The current prototype is constructed from materials rcadily accessihle t.o Il HL

Final leg l'ost must be kept bdow $10,000 in arder ta keep the '1nadruper.l within
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$:'0,000. A 1.,," Inolll.h projed lin" was "sl.abJish"d frolll the onse\. of design 1.0 final

as""nl,ly: SeptelnlJ{,r I!J!J:lto .Jllne I!I!JtI.

2.2 Conceptual Design

ln this sedioll we divide CARL's devclopment into thr"" snbsyst.ems: leg kinemat.ics,

actllal.ioll and cOInpliance.

Leg Kinematics

Since the overall robot qnadruped size and performance specifications are similar to

those of a large dog, wc choose to modcl CARL after t.he hind leg shown in Fig. 2.l.

i\ dl'<\.\ving of the proposcd quadruped along with a general leg descript.ion is given

in Fig. 2.2. The Jeg has a t.otal of '1 degrecs of frecdom with respect t.o the body.

Ali t,hl''''' limbs: foot, (metat.arsal), lower limb (tibia) and upper limb (femur), have

revolll\;e mot,ion on the same plane. The upper limb has an additional degree of frcc

dOIll for latentl movement. Wc choose the ratio of the lengths of the femur, tibia and

lIIetat,arsal to be the same of a dog: 1 : 1 : OA [9]. With a maximum quadruped llCight

of 0.75111, wc set; the upper and lower limbs to be of equal lengths of 0.30111 and the

foot. of O.l2m. ln addition, the foot has a single contact point (toc) with the ground.

Actuation

Due t,o lIIass constraints of 8 - 9kg pel' leg, only three motors are made available to

actuat.e the four joints. 13ot.h knec and hip fore-art movement arc provided through

compliance in series with actuation, while ankle movement is solely compliant. The

ankle is not. actuat.ed in order to keep the system simple, and to minirnize leg mass,

unsprung mass and inertia. The hip lateral motion is directly actuated without com

pliance since t.he energy storeel in lateral motion is relatively small and not periodic.

'1'0 keep leg inertia to a minimum for better leg performance, we locate the lateral
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Hamstrings and adductor.......~

Gastrocnemius-~

1",\

Figure 2.1: 'rlIC skclctoll, amI sorne or /'/w prillcipailllll.'wles, or a llil/(llr'g nra Iypil'ai

mammal, taken ll'om [(il.

• Figure 2.2: A drawing of ilw proposea quadmpcd (left,; and il getlem/ de.w;l'il'f.ioll or
CARL (right).
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iW!llilt.ioll llIotO" 011 t1w body, éllld llOth kll('(' élnd hip fore-art 1I1010l'S c1ustered about

1.1)(' hip. \V(~ do so 1)('C;IlIS(~ ('flch 1ll0tOl' \\'(~ighs fi lIeny 1.:lf".fJ.

i\ k(~y d(~sigll challenge is exploiting fully the lilllited pO\H'r dCllsity (:::::: G:HVjl",cJ) of

t111~ Milxou :!:!(j() 11101.01'. The torque-speed CIlI'VC specilicd b,\' t.he manufacturer and

0111' OWII expcrilllcnta! one is gÎven in Fig. 2.:3. We silllulatcd Cl planaI' two-lcgged com

plialil. robot (showll in Fig. 2A) t.0 obt.ain realist.ic iorque-spccd spccilications. While

t111~ avnilnble powel' of the mot.ol' is ac!cqllatc (SOlV), t.ransmission rat.ias of :JO - 50

ar<~ nœded 1.0 provide t.he necessary joint torques. Wc found t.hat. this is difficult ta

achievc with I.l'adil.ional t.l'anslllissions, while still remaining within the leg~s weight

consLraint.s of het.wecn S - 9kg and Illaintaining law leg inerLia. Fol' Lbis reasan wc

decidcd ta l)llrsue Cl tccllllology Învcnted and pionccrcd by S. C, .Jacobsen [HJL bascd

on liber conncct.cd haops, termcd LADD transmissions. Wc devclop ATLAS, a LADD

hascd act.uCll.ion package, suitablc for the knce and hip fore-art act.uation of CARL.

Sllccd
(rmVs) 2r-,.-----r----r----,---,--r---r--.

-2 -3ll(} -2(}U -100 () JOU 20U 301l
Molor Specd [md/si

~ , - ,

4~:.'"

"-1 "'i,
"

. " , , '''l,;' ,
-. • ..,.~ ••_ 4i

I.S

-\'5

TURIUC

(Nm)
1.711

Rc~ul1lll1clldcd
0rcruling Ronge

0.33

-lml

•
Figmc 2.3: 'lbl'quc-spccd CUl'\'C of thc Maxon 2260 brush 80W DC motol'~ adaptcd

(1'011I [5J (Ica) éllld cxpcl'imcntal tOl'quc-specd CUl'VC (rig1Jt), taken fl'om [18J. Tlle

I,ol''llle is /illlit,ed ta L8Nm as spccificd by t.11C manufactu1'Cl'.
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Figure 2A: Simulation of a plaIlili' (,\Vo-Icggcc/ colllpliii Il (, mlJOI..

Compliance

Projections obtained from simulations require approximal.e1y :lO.J of "11"1'P;y sl.ol'a,..;"

pel' complianl. joint. By using e1astomel's, wc arc able 1.0 ilchieve ail dlkil'!ll. cOIn

pliant system compared 1.0 conventional steel-coil or leaf spl'inp;s. Th" nml.cl'ial's

extremely high energy density (150 times that of steel, sec Table 2.1) IlIal",s 1.11" d,,

sign lightweight and compact. Wc accolTlplish I.his with a I.orsion disk which is "

simple power transmission coupling that assumes a simple shear Inode of d.,fol'nm

tion [14], il1ustrated in Fig. 2.5. This deformation mode is used exl.ellsively fol' 1'111>1",1'

springs and corresponds wellwith the predicted !inear stress-strain relal.iollship Il)1 1.0

approximately 80% strain.
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MrtlcrÎal E1lcrgy DCl1Sily [.II/':g)

Cl ru)' Cast 11'011 1.11
Extra-Soft Steel 9.J8
Phosphor 13l'Om:c l2.2
llolled AlllmÎllllll\ 22.6
Hardcllcd and Tcmpcrcd Spring Steel 284
Hickol'Y Wood 365
Vlllcani~cd Rubbcr '1'1,800

Tëtblc 2.1: [!;ncrgy dcnsitics of selcdcd matcria/s, ta/wII From [14).
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IHr,hl Conicnl
End Plnle

~:lalllumcr

-- I.efl Conienl
.:nc! Plnle

Figure 2.5: [!;hlst,omcl"Ïc torsional compliaIlcc: assemblcd (left) and labe1ed exploded

\'ic\V (right.).
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2.3 Embodiment Design
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•

Detail design IVork of CARL IVas ''''conlpli,hed \\'i\'h 1.11l' a"islan ... ' ,,1' f';l'adnal,' ,\'n ..

dent.s P. Gregorio and M. Ahmadi, and undl'rgradna\',' nlechanical ,'nf';il""'l'inf'; sl.n

dent.s P. Grégoire, T. Marincie, and O. l'ayaul.. l'. C:1·,'gorio inspil'l'd Inall~' ,,1' \'11l' id"'l'

ineorporat.ed in t.he design of limbs and joint.s. T. Marincic all<l O. l'ayan\' \\'01'\(",J "n

a t.horough force analysis of CA RI. based 011 \'h" plauar \'\\'o-Ief';g,'d l'Oh,,\, simnla\'i"n

developed by M. Ahmadi [li]. P. Grégoire, along IVit.h l'. C:l'l'f';orio, cal'l'i,',J "n\' 1.1",

detail design of the leg eompliance. ]\-Iy respousibilit.y IVas \'0 sllp,'rvis,' 1.1", f';l'Onp,

gather their ideas, work on ac(;uat.ion and pl'Oduee a fundional kg. A \'o\'alol' s,'v"n

months of design work was neeeSSaI'Y t.o complete CA Il.L. 'l'hl' snln or onr ell'or\'s is

shawn in Fig. 2.6.

In this section, [ review the designs of t.he \eg's limhs, join\'s, la\'eral al'!.na\'ion and

joint compliance. [ end discussiou ou t.he leg design wit.h details on t.he dist.l·ihnt.ioll or

leg mass. Details of CARL knee and hip fore-aft. ac(;nat.ion pI'Ovi,Jed t.hrongh ATLAS

are presented in Chapter 3.

Limb Design

The limbs, shawn in Fig. 2.i (part.s 3/1,4:3,55), were designed t.o Ile Inonolit.hic inst.ead

of an assembly of smaller parts. Althongh t.his was more eomplieat.ed t.o lIIannl'adnr(',

il, proved 1,0 be a wise design choicc that result.ed in light.er and st.ronger lilllhs wit.h

fewer fasteners and machined parts. Alnminum W'L~ ehosen fol' t.he Ibnh Ina.t.('rial

because of cast, machinability and availability.

The limbs were designed 1.0 Ile lIsed for ail legs of t.he quadl'nIJl:d wil.h nlÏnilllilllna

chining differences, This was accomplished wit.h symmetrical designs whic:h re'lnir('d

such things as similar joint limits. An I-bearn cross section fol' the npper and lowel'

limbs provides the best strength 1.0 weight ratio with no difficnlties in Inannfadnl·inll;.

Ta alleviate unnecessary effort in lateml actuat.iou whcu t.he leg is in planaI' operat.ion,

the [ower limb is offset.. This positions thc toc (part 5:3) undcl' the acl.ion Iiue of t.he
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Figure 2.6: CARL.
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Hl

• Figure 2.7: CARL: Planar lcg exploded vicw. Refer ta Appcndix 13 for CA HL's lisf.

of parts. Fasteners and kcyways arc flot shawn.
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iat('l'a! actlla.t.ioll syst.em e1illlinat.illg ail)' tlllIlCCeSSal'j' cncrgy expcllditurc.

TI", lIpper lilllb provides sllpport. for t.he ATLAS packages for bot.h t.he knee and

hip fore-aft. actllat.ioll and l'l,,pect.ive mot.or servo ampliriers, while t.he lower limb

l'l'ovides sllpport. for knec and allide compliancc syst.ems. The lower limb provides t'O

t.at.ion limit.s of 10U" fol' t.he ankle and 155" fol' t.he kncc. Limits fol' lateral act.uation

are pl'Ovided wit.h hard stops located on the body. Lateml movement is set but not

liIlIited t.o 'lU" t.o t.he exterior and 5° to the interiOl'. There arc no physical limit.s fol'

t.he hip fme-art, mot.ion bnt. rat.her t.he design aliows nnobstl'tlct.ed movement. which

serves t.o increase leg workspacc.

J oint Design

l'~xploded vieil' drawings of the ankle, Imee and hip fore-aft joint.s arc shown in Fig. 2.7

iIlnst.rat.ing t.heir similarities in design. Ali joints are snpported in double shear and

have N[(1/3 51101 bearings (part 41) snpporting both radial and axial loads. Needle

roller !Jearings provide ftll'ther radial support: H[( 1212 (part 51) fol' the ankle and

IJ/( 15W (part 30) fol' both the l'lice and hip. .Joint shafts (parts 37,56,74) were

lllanufacl.tlI'ed from '1140 steel qnenched and t.empered at 205°C. The quenching

and t.empering provides the necessary shaft. strength and a hard enough surface ta

e!imina\.e the nced fol' inner races fol' (,he needle l'olier bearings. Use of inner l'aces

wonld have reqnircd Im'ger !Jcarings II'hich in tUl'll would have incrcased limb sizc and

mass.

Position scnsing of aIl joints is accomplished with CP-2FK IvIidol'i Gl'een Po/;s

(par\. 38) fittcd with local AJD circuitry designed by P. Gregorio [18]. These were

choscn as opposcd to incrcmental optica! encoders because of compactness and the

inCl'casc in scnsor resolution available with the usc of scaling circuitry.

Lateral Actuation

Dct.ails of CARL's lat.eral actuation are shown in Fig. 2.8. A harmonic drive (part 85)
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providcs transmission for Ih is joint. IH'CaIlSl' of tl1l' SP;ll'l' li III i la 1iOlls. This dl 'Si~ll

pravcs advantagcous in tha1, \\'(' l'an (','aillall' :\TL:\S' dl'si~n and IH'rrlll'll1itlln' ;1~aills1

a. cam pcli livc lra llsmissioll stlch as t.h is O\lt', \VI' plll'rha~l'd il CS [o'-:!(}-IIÎO<!:\ -U U

harmonie drive from HJ) Syst.e1lJs wi t.h a lorq 11(' l'a tin or 1(m : l, i\!ld ~p('ri 1il'd l'or

l'cpcalcd and momcntary peak t.orquC's of 92NIIl élnd 1·liNIII l'l'SIH'cti\'l'ly.

Figure 2.8: CARL: Latera/ actlmUon exp/oc/cd vicw. ncf'er (,{) Appemlix Il I()I' C/\ UI, ','i

list of parts. Fastencl's anc/ /myways arc Ilot shawn.

The lateral joint is supported bya Hl( 1412 llccdle l'olier bearing (parI. M) al, Olll~

end and a 3202 ZZ doubln l'OW angula!' conta.ct ba.ll bc<tring (part. 81) Otl the othcl'

end which in addition pl'ovidcs output support. fol' thc Iml'lJ1onÎc dl'ivc. '1'0 kœp the

overall length of the latcl'al actuation ta a. minimum, the lise of ft timing Iwl1. and

pulleys (parts 17,22) arrange the mataI' (part 18) in parallel with the hal'lJJonie drive.



• CI/I\ l'TEU.~. CA nL DESIGN I\ND CONST/U1CT/ON

This nlsn positions the motor in Cl pml.ec1.ive arca whcl'c il. is safe from impacts.
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Compliance

The work on compliancc desigll was carricd out b)' P. Grégoire and P. Gregorio. Sincc

il. is ail illt.cgral part. of the lcg, it is brierl)' mcntiollcd hel'e while complete details of

the work cali hc fouml in [16J. T\Vo clastomcrs, polyurct.hanc and naturall'ubber, were

pUl's\lcd ta l'l'ovide joint. compliallcc. The tOl'sional kncc cClmpliancc shown in Fig. 2.9

is composcd of a cylindrical shapcd c1astomcr cast bct.wcen two conica! a!uminum

disks. Silice the c1astomcr is bondcd directly onto the aluminum disks, no mechanical

fastcllel's me l·cquil'cd. The conical disk shape allows uniform strain of the material

and thus optima.l matel'ial exploitation. In our application, the tOl'sional spl'ings do

ilOt. s\lstaill more titan 75% strain in the \Vorst case situation.

Figure 2.9: Torsionai [(nee Compliance.

Dcsign adva.ntagcs inc!ude a lightweight package: the spring at the knee weighs

only l259 inc!uding compliance and end plates. Moreover, we have measured very

lo\\' damping coefficients, ( < 0.05, which permits efficient energy l'ecovery. One de

vice is locatcd at the fore-art hip (parts 26,27,28), knee (parts 60,27,64) and ankle

(parts 4'1,21,47), as silOwn in Fig. 2.7. Each compliance is customized in terms of
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range and stiffness.

Leg Mass Distribution

Design \Vork focused extensi"c\y on Illinimi~ing Ieg mass. A (,olllpld" lisl. or p'lltS.

and respective masses, is inc!uded in Appendix Il. 'l'h,, \t'g's total Illass wil.holli. 1.11l·

temporary body is 1I.ïkg. Although this is abo"e I.he n'qllil'"d l''g Sl)('('ilkal.ion or

8 - 9kg, 1 inc!ude in Appendix D proposed mass rednd.ions I.ol.alling :I.t'.k!l rU!· rnl.llI"·

design \Vork.

The current mass inc!udes a.Il items neccssal'Y fol' a. fnlly fnlld.iolla.1 \t'g, ")('''1'1. li Il'

the po\Ver supply which will be located on the main body. 'l'he total planaI' I",~ w"ighs

8.3kg while the lateral actnation adds 3Akg to the total, ail in('r"as" or ,1:1% in I",~

mass. Limbs, bearings and fasteners account, fol' 1,:3kg (11.'1%), O}i/.'!I ('1.'1%) and

OAkg (3.5%), respectivcly. tVlotors and c\ect.ronics account, fOI' 5Ak.1J ('lïA%). 'l'h,·

three actuation packages: kncc, hip and lateral, withonl. motol's, accon ni, ror O.!)/"!I

(7.9%), 1.0kg (8.8%) and 1.2kg (10.5%) of t,he total mass.

2.4 Construction and Cost

Construction of CARL began in the carly days of Mal'ch 1nn'l and 11'11.' colnpld"d

by mid June 1994. A complete leg cost inc!uding parts and labolll' is givt:ll in Ap

pendix C. Material costs were kept to a minilllum by plll'chasing in bnlk I<lI' flll.nl'e

leg construction and plundering other labs. Machining costs, in ol'del' of $!), 000, will

expect to come down considerably for the construction of 1Illlll.ipie legs.
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Chapter 3

ATLAS Design and Construction

CARL is t.he first. l'Obot.leg t.o nt.ilize LADD t.ransmissions wit.h t.he purpose ofmaking

mot.or power available as high joint. t.orques efficient.ly and at subst.ant.ia! weight. savings

comparcd t.o t.radit.ional t.ransmissions. ATLAS, aa AnTagonistic 1ADD Actuation

~yst.cm, illust.rat.ed in Fig. a.l, is an actuat.or system where a single clectric motor

drives an antagonist.ic pair of conccntric LADOs over a variable radius pulley, not

nnlike two muscles actuating a joint.

Scc. a.l describes the modcling and construction of the conccntric LADOs. The de

sign of the variable radius pulley, which maintain" tension in the antagonistic LADOs

dcspite their kinematic nonlinearities, is detailed in Sec. a.2. Finally, Sec. 3.3 describes

t.hc integration of concentric LADDs, variable radius pulley and transmission housing

into the ATLAS package, and olfers a comparison with conventional transmissions.

3.1 Concentric LADD (CLADD)

3.1.1 (C)LADD Background

LADD stands for 1inear-to-Angular Displaccment Device, and il. is a transmission

e!cmeut. convert.ing rot.ational 1.0 translational motion, invented and pioneered by

S. C..Jacobsen [19]. IL is described as a favorable alternative 1.0 geaI' trains, har-

24
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VHriilhll~ Hadin:;
l'ulh'y

Figure 3.1: ATLAS dCSCl'ipl.ioll.

monie drives, ball screws or belt and pulley systems ratcd accol'dillg 1.0 nitt·ria. sl]('h

as weight, cast, noise, efficielley, life, dynamic pCl'fol'lnnnce and s1.['(~llg1.h [:W].

A LADD is composed of a number of single LADD ccii:; rixcd elld Lo (~Ild. Each œll

consists of two rings joined by high strength fibers, as shawlI in Fig. :t:2. 'l'Il(! hp1ta.viol'

of this single cell describes the LA DD's basic opem1.i Il~ c!mmcLcl'isties: As LIH' ('('11

is twisted, the distance betwecn the rillgs dccrcascs, t.hus rotal'Y motioll is \.1':t.nslil.Ld

into linear motion. Conversely, if a twistcd cciI is subjccLcd \.0 lilWiLl' extellsion il. will

unwind, producing a rotary motion. III a LADD hascd systcm, il st.a.I.iotliLI'Y l!lotol'

l'otates one end of the LADD wh:.ie the oUler end translates.

Jacobsen conducted Cl. number of tests to cstablish LA DD pCrfOrlllitllce [~~I. 1\

14.3mm diametcr LADD fabricaled of l{evia/0 sUppol'tcd in excess of :~Xr,I':!I \Vith

zero input rotation. When the LAD]) was contmet.cd approximatcly :20%, il.:; llltillm1.(~

strength was about 200ka, A typical test LA DD was 20:hnr/l. IOllg, prod llced ;lI1 ex

cursion of about 50mm, and wcighcd less titan 6g. Fatigue tests hétv(~ heen eOlll.lllded

on a similar sample. The LAD]) performed in exccss or (),OOO,OOO cycles pllllillg a

22.7ka loud through a 50mm excUl'sioll. at Cl. rate or thrce cycles pel' :;ccolld.
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Figure ;1.2: Single LADD ccli s/,at.ics. Pully extenclecl (len), am/ con/.mctecl uncler il

JO!lcl 1" lIIilin/.ilinecl by a torque T (rigilt).

A Concent.ric LADD (CLADD), shown III Fig. 3.:3, is composed of t.wo sizes of

LA DDs nest.ed coaxially inside one anot.her and possesses sorne advantages over the

simple LADD. In a CLADD based system, a stationary motor drives (rotates) one

end of t.he inner LADD while the remaining end is rigidly connected 1.0 one end of the

ont.el· LADD. At. l,his connection point the ext.ernalload is applied, and both inner and

outer LADDs rot.ate and translate t.ogether. The remaining end of the outer LADD

is rixed (no rotat.ion 01' translat.ion) at. a position close 1.0 the motor.

One of t.he advant.ages of a CLADD over the single LADD chain is the removal of

t.he slider mechanislll (no-rot.ation constraint) al. t.he load end which is necessary in

LADDs t.o Illainl,ain t.he t.orque dilferential across the cells. This reduces both weight

and cOlllplexity. With the CLADD, the reaction torque of the LADD cells occurs near

t.he mot.or where the torque was initially generated. Now the load end of the CLADD

must, be permitt.ed t.o rotate freely which can be accollllTIodated by a cable.

Besides e1iminating the need fol' a linear motion guide, a CLADD configuration will

incrense a single LADD's effective length without physically doing so. The addition

of cells allows t.he CLADD 1.0 operate al. a higher mechanical advantage over a longer

exclll'sion than a single LADD chain with t.he same physical length. Also, the load
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Figul'e ~L~~: LAD]) (1/1(/ CL/\I)/) sf.;l/.ics,

applied ta the CLADD is <!Js!: ..i!Jutcd 0V'~1' hol.1I the illlll'r ilnd ol1l.t'r LA J}l)s, l.hlls

each LADD carl'ying a fraction of the tund, increasl's t1w CLAJ}I)\; Illad ('i1Tl'yill/l;

capabilitics.

Jacobsen dctails LADD's use in t\Vo prost.hctic deviœs: t.I\l' lIlah "\1'111, \Vlll~rl'

clbow flexion \Vas aetllated by LA DI)s, and in anot.hcr configura.t.ion wl1<'rl' LA l> J) l\i1d

becn used to actllate prehension in ëUl orthot.ic halld spli nt [1~I, Tlll~ iIII plt~II11·nl.a.l.ioll

of LADD in the cibow flexion of the Ulah 1\1'111. indudcs l.\Vo CLAn!)s driv('11 ill

antagonism by one motor SOUl'CC arollnd a variable radins [ll1l1I'Y. This ClHllip,lIratioli

provided quiet operation ('12 to 5'Jdl3) and a torque ml.io of' ~7 : 1 l~ Il.

In [12], J. C. Cal'1'uth describcs the design challenges associal.cd with LAD!), PhYI\

icat limits of LADD operation and tl';l(lc-orrs between geollletry of t1w 1,r;ulslllissioli

and as well as kinematics, statics, opcrational insta.hili ty, ilI1,crrih(~1' iIl Lm'f(!I'I~Il('(~ il.JIII

knotting, arc presentcd.



3.1.2 Inelastic (C)LADD Models

LADD Model

'l'hl' illl'lasLic LADD lI\odC'1lak<'lI fr011l [:W. ~~] r{'latillg LA!)J) Il'lIg1h 1 10 input.

rotation () is J'cadily dl'rived frolll its geolllt'try, (kpictl'd in Fig. :L·1. The œil links arc

assllllwd t.o l't'main st.raight. and of const.ant. Icngth L dlll'ing cclll'Ot.at.ion.

t{ i n~

Cell
Link

Figure :J,:!; Inciflstic LA IJ1J mm/cl ccli gcolllcil:r I.a/..en (rom [20, 22). T/lÎs modcl

f1SSlIlIlCS (,/mi ccJl /iuks rcméliu siraigllt Mnl of consUlut Icngtll L dUl'iug ccJll'oiaUon.

I\cepillg t.he lowcl' ring fixed <lnd rotating the upper ring by 0, the upper link ends

displace by IJ..;În (~). Wilh I} = (2 + IYsill'2 (~), and solving roI' the cclllcngth l,

wc gel.

l(O) = IJ 11'2 - Shl.
2 (~)

whcre l' '~r LI IJ is the cell's aspect ratio. A chain or n cells will cqually divide the

input, rotation 0, giving the n-cell LADD kincmatics as

• l(O) =nD Jl2 - 8i112 (i.)
271.

(3.1 )
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and \V11('l'e the contraction from 1'1111 ('x!l'II:->illll is

~(({I) = IIIJ~Ji' - .<;11' C:,) -II/..

Hcfcl'ring ta Figl1l'l's :L:2 and :L·1. litt' IrallslIIissioll r:1I iD or h'ad 1'(0) Ill' ,1 L:\ Ill) l'iln

be dCl'ived from the principle of \'irl.nal \Vor\.:. dl\' = Fdl -1- ïdO = Il. alld l!ll' dt'rÎ\.lIi"t'

of (3.1) (li/dO as

- II f).~i 11 (!....,!,)
r( 0) (~f .:.... = _!....- = _;=====~=

F dO ..1 Jl'.! - .~ill·! C:,)
Rcarrangillg (3.3), a non-dil1lellsionallllerhalliral advallt.êI~(· fol' LA Ill) 111(0) is ~i\'l'II

as

m(O) = FD = _ dO IJ = _~I..:...-Jl_'.!_-_'~....,.'i--:l1,....·!_C_?,_)

ï dl .~in (~)
(:L..I)

Limits on LADD operation inclllde IlltcrEiber Illt.erfercllœ (110'1) w!lil'h IHT1l1'S wl]('11

a LADD ccli is rotatcd to a point where the ceIl links I)(~gill helldillp; arolll)ll ilnd rollin!!,

over each otller. This l'ubbing Illakcs modcling dillicllit. and l'illISeS \V('il!' 011 1.\](' lilH'l's.

This rcgion of operation is avoided, and plaœs ail uppet' lilllit. 011 t1\(~ LA 1)1) inpllt.

rotation O. Carruth [12] derivcs an expression fol' IFI,

d sill (~) cos (~_)_
D= (:~J;)

•

whcre Q' = 4;r/c asslIming the ceIl links ta be r~qllally spaccd a,1)[)1lt. t.he l:it'ClllJlr(~rellCl~

of a ring, and c and ri are the Humber and diamct.cr of LA DD œil links l'eHI)(:d.ive1y.

Thc maximum allowablc IFI input rota.tion OWI cali he ohtailled 11I1Illel'ieally.

Howevcl", the marc important limit on operation is LA DI) kllOt.t.illg [J :l]. AH the

name implics, the string of LAD)) cclls bcgins Lo wrap IIp 011 it.self as il. is l'OtaLed
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(3.6)

•

IH~yolld <l. lilllit. Hel. ily Ok",,/. ObservatiollH of ail ovcr-rot.atcd LADD (sec Fig. 3.5)

illdica.t.r~ t.hat the axis of cach ccII sltifts off center into a helical PélttCrII.

Figurc 3.5: LADD knotting.

This !moLting phcnomena, or instability, occms at rotations before IFI, 0 < 01:1101 <

()IFI, and is thlls the dominant limit. Knotting occurs in strings of LADD cells, and

01:1101 is a fllnction of the number of cclls n. ln contrast, IFI is a physical œil limit,

indepcndcnt of the numbcl' of celIs. While IFI is predictablc by (3.5), knotting is

dilTiclllt to modcl and predict. Il might occur from imperfections in LADD manufac

t.lIring duc \.0 slight variations in Jink to ring cnd conditions and thc spacing of links

arouud the circumfcrcncc of cell rings. When a LADD is cxcessively rotated under

a. load, t.he variatiolls arc amplified and the LADD shifts to this helical pattern to

rcdist.ribute the load.

To revie\\' the ineiastic LADD model, the cell length / is non-dimcnsionalized as

/(0) = n 1 _ 2-sin2 (!-).
D IL2 2n

Fig. J.6 shows a plot of (3.6), for a single LADD cclI, n = 1, with a ccli aspect ratio

of Il = 1. The variable rate of contraction depends on the rotational position of the

ccII. This is an important property which contributcs greaUy to the design flexibility

of LADD. In addition, the plot iIlustrates IFI given by (3.5) occurring at 1400 for

c = 2:1, cl = O.5mm and D = l6.0mm.
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Figurc 3.Ci: LADD ccII Idncnllliics (/c/).) IIIHI sl.i1/.ies (righl.) lVil.h IFI (rlol.I..,d 1'111'1'1-)

given hy (3.5) accul'ring at 140" fol' 1/. = l, IL = l, l' = 2:1. " = 0':111/11I iiI/ri J) =

lCi.Omm.

Sincc thc ratc of deflcction fol' a LADD ccII is variable, t.he Ille<:\mnical advant.ap;e

m(O) given by (3.4), also cxhibits posit.ion depcndent. charad.crist.ies, as sholVn in

Fig. 3.Ci. An initial small contraction givcn by a slllall rol.a.t.ional input., rcsnlt.s in a.

high mcchanical advalltagc. Increasing the IItnnbcr of l'dis 1/. allolVs LA 1) 1) t.o opel·a.t.e

al. a higher mechanical advantagc over a longer exctll'sion. A chain of LA DI) œlls

dividcs thc Iincar contraction among t.he cclls while cach œil illclII's t.he sa.nll' forCl'

and torquc. Each LADD ccII thcrcforc operat.cs in a region of highel' lIIe<:\mniea.l

advantagc than if thcrc wcrc fcwcr cells in the chaill.

In discussing opcrating charactcl'Ïst.ics of LADD, it. is wort.h not.ing t.lmt. cha.np;ing

thc ccII aspcct ratio Il will producc difrcrcnt. ratcs of cont.raction and correspond

ingly diffcrcnt mcchanical advant.agcs fol' l'quai rot.at.ional illput. (see Fig. :1.7). III'

1.0 this point. only LADDs with an aspect. ratio of 1 have becn considercd a.ll<l fol'

most applications an aspcct ratio of Icss than or l'quai t.o OIlC providcs t.hc opt.illlnin

transmission [22J.
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Figllre :L7: LA DD cciI killcllWtiCS ami s~(l~ics fol' dWcl'cnt. aspect. mUas p. 'l'Il(.'

d(}U.(~d CIll'\'e l'dc/'s /,0 11"1 gi\'cli hy (;1.5) (01' 11 = i, Il = 1, c = 2:1, cl = 0.5m"ln al/d

IJ = 1fi.01/1'/11..

Onc advallLagc or LADD operation is Lltat iLs nonlinea1' transmission (kinematics)

complcmcnts t.hc c!lametcl'istics or typical DG motors (sec Fig. 2.3) lIsed ror thcir

aduat,ioll. At. a high mechanical advantage, LADD Itas a slow contraction rate. Sincc

l,Ile ac\.uatillg mot.o1' nccd to O1lly pl'ovide a low torque at titis operaLing point, a lot

or Illotol' spced is available to offset LADD's slow responsc. At il. lo\\' mecltanical ad

vant.agc, LA DD liaS a higll contraction ,'ale, Again, the motor pl'ovides a high torque

nt the expcnse or motor spccd which is Ilot required.

CLADD Model

•
ln CLADD design, the co-axial positioning or the inne1' LADO with respect to the

ou\.el' rcquircs t.hal bath LAODs contl'act by the same amount. Theil' lengths are

given by (3.1) as

"l .,' ( Oj )Jii - sm- -,-
2ni
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whel'e suhscl'ipls i nud () dl'IIO\." th,' ilUI"1' nlld "ul,'1' L..\Illls ('('slll'l'li,,"'.". \\ïlh "'\l'h

LADD n",d" 01' "'1unl 1"IIp;lh, Ih" 1'1111 1"IIp;1 h ,,1' h,,\.h L..\I11ls nlld Ihlls Il,,, ('1.:\ Il Il is

{O, where

FUI'\.her Silllplifica\.ioll is illll'oduCI'd hy p;il'illp; ho\.b LAlllls nll nSI"'l't. l'n\.i,, ,,1' ullil.\',

1./; /.1"
Il; = -1), = Il,, = -1) = 1.

1 . ,1

Using (3.7) and (3.8), the indil'idnnl LADD Illod"'s sinlplil'y \."

L;(Oil = L" cos (,;1; .)
... n,

nnd 1,,(Ii,,) = 1" c"s (,;1" ) .
... 11,1

(:UI)

Since both LADDs are in parai1'" , the contl'nct.ion lenp;\.hs or t.h,' inll"l' nwl "11\."1'

LADDs are ident.ical,

(
0; ) • ( li" )l''(cos ~ - 1) = l'(cos -:;- -1)

... 11,1 ... lI u

and thel'el'ore

li; li"= (:1.111)

The total input rotation li 01' t.he dl'il'ing SOlll'ec, t.he 1I10t.OI', is sh1l1'''<\ hy h"t.h

LADDs, 0 = 0; +0". Substitut.iug int.o equat.ion (:1.1 0), wc p;d

O
. _ On;,-

ni +no

(:1.11)

•
Now, l'rom (3.9) and (:3.ll) the CLADD mode! is

L(O) = L"cos (? . Ii )
_(n;+no )

and the change in length l'rom l'ull extellsioll is

(:I.I:!)
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t:.1(O) = l''(cos (. ( 0 ) - l). (:3.l:1)
2 Hi + 11 0 )

;\:; with a L;\DD, the lead r(O) for a CLADD can be derived from the principle of

vi!'tnalwork, dHi = "'dl + rdO = 0, and the del'ivative of (:1.I2) ,II/dO as

r(O),g;r:::'-=_!!i= /" 8i1l( 0 ).
[0' dO 2(lIi +71,,) . 2(11, +11,,)

Hearranging (a.I'I), the non-dimensional mechanÎcal advaut,age for CLADD is given

as
[0' Di 2(11, + 11 0 )

-r- = 1I.j.'-:'/11. (:.!(Jl'~uo))

The load distribution over the two LADDs is solved as

')r
and 1;'" = --. .....,.(~--;:o-') ,

Do sm '(.+ ).. fll "0

where I~ + l'~, = F. An advantage to CLADD is that the total load F is shared

hy hot.h the inside and outside LADDs. Therefore, the smaller inside LADD can be

designed \Vith fewer libers, and the inner eclls can rotate to Im'ger angles increasing

the CLA DD rauge of operation.

ln addition to the operational limits ou LADOs imposed by IFI and knotting, the

range of lIIotion of a CLADD is also limited by the outer LADD necking down and

pinching the inner LADD as shown in Fig. 3.8. As rotation increases, the libers of

the anter LADD collapse on the inner LADD and necking occurs when

D = D, + ~ = (Do - ~)cos (? O"cck ).
~ ~ -(ni+no)

The maximum motor iuput O"cck is given as

•
(D'+!!.)Ollcck = 2(ni +no) étl'CCOS 1 _ 4 .

Do 2
(3.15)
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Figure 3.8: Ou t,Cl' LA DD ncddllg' dowIJ ou ill/ICI' LA f) f) (lof'/.) aud t'/lci \' il'\\' or (:L:\ J) ()

with gcomct1y ta (3.15) (l'ight).

3.1.3 CLADD Detail Design

Our CLADD design supports working loads in the excess or 1OOl~,l1 O\'t'I' I.ht' 1'1111 0Pt'I'

ating range. The design, shawn in Fig. a.9, al10ws l'or hol.h inl1(~t· and onl.t'r l.ADlls

to he manufacturcd scparalcly and fol' co-axial asselllhly wil.h t.hl'eilded t'nd pi(~t·t·s.

This aJlows scpa.ratc inner and out.er LADD mode! validation, and t~as'y l'l~plan·lIlt·nl.

of cithcl' one.

A general purpose cpoxy structural adhcsivc, CWI\-UEIUY AI'rddilc:@, honds t.ht~

flexible links to the rings and end pieccs. Sec.:.L 1.'1 det.ails L11l~ q>oxy i1.pplkation.

Each end piecc is manufactul'ed with 2'1 equally spaced hoh~s 1.0 :mppol't thp links

during manufacturing. The rings are lllallUfadlll't!d l'rom i1.hllllinlll1l and (!nd pi(!œs

l'rom stainless steel.

Requil'cments for a suitahle link matcrial incllldcd: high sl.l'engl.h, ~ood bOlJdilll.!;,

Jow creep and high durabiJity. Two malcl'ials, K cvlm'@ and Spr:dnl.@, Wt!l't~ C011

sidered but neithel' satisfied ail the criteria. f{CVlfll'@, rul ammid fihel', wh ir~h \VilS

used by Jacobsen {22] exhibits good bomlillg, 10\\1 creep and high st.rellgl.h propt~J'tir:H,

howcver it Jacks dUl'ability which is cril.ical roI' rnanufadllrillg and lise. 81ICr;iT'f/0 1
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Figure :U): CLAJ)D cleUli! ciesign.

il. polyl'l.hylcne ribcr, is Itigh st.rcllgth, rcsilicnt a.nd exhibits accept.able bOlldillg, but

CI'C('pS. The l'csnlt.s to OUI' neep t.ests on l\·clJla,.(iY 18.2kg and spccll'ii) 22.7krllîncs

arc pl'l'sellt.cd in Fig. :.Ll o. Salllplcs, ~):IOmlll in Icngt.h, \VCI'C loadcd \Vith ct 5kg static

load OVCI' a. 12 hol1l' pCl'iod.

h'cplar0 dcmollstmtcdcxcellellt.cl'ccp propcrtiesof 1.17111.nr, (0.12%) and l'enmined

sl.cady fol' a 2 hOlll' perioc!. Howevel" Spccln/iJ CI'Cpt 7.22m111 (0.77%) and exhibited

Iloll-vanishing crccp properties of 1. 13mm/hr (0.12%/h7·). Il was ct dirIicult ciccision,

but. we chose S}1cetrii) because of its superiol' rcsilicncc. FlIrther, the low loading

of (~ach lînk dlll'ing ATLAS opel'n,tion, approximcttc1y 10% of the break stl'l'ngth,

:mggcstcd Cl'ecp may Ilot become ct pl'oblem.

'Ih;l,s \Vere cal'l'ied out ta dctel'min(' the bondillg limits of the l'poxy on the 8pcclm 0
linc fol' a cOllt.l'ac!.cd LADD ccl!. Single S'pccl7'fl@ samplcs bondcd to aluminum fix

t.urcs \Vit.h A7'flldilc@, simulating LADD operation al. 90° ccli rotation, supported

51..:g londs. This limits a LADD \Vith 2~1 links to ct maximum load of 120kg.

CLADD syst.em variables \Vere bascd on the inc1astic CLADD modcl presentcd in

Sec. 3.1.2 and \Vcrc choscn t.o maximizc contraction, minimizc link loading, match

t.orque rcquÎrcments and sat.isfy lcg dcsign constraints. The design paramctcl's and
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Cl'ccfJ. Sall1fJ/cs, fMOlJllll ill IClIg'f./l. \Vel'e /oadcd IVith " :ihg Sl.ilt.it' lo,'ll/ cl\'t~I' il I:! Iw"I'

pedod, 'l'lie nl)l'lIpt, }1I111jJ ill S'1ICcln,(0 cI'cep ;11. '2111'.-:, ",I/id, i.~ l'/'{)hi/llfy ,1/1 ''l't.i/;j('(..

docs Hot ;lJ\'èl/idnl,c tilC l'l'SII/t,S. SellSOI' l'cso/,,t.io/l \Vas O.lHi'2l11l11.

l'cfercnces fol' the CLADDs, amI illllt.'1' and out<..'I' LA])])s 1'('SIIl'('l,jvl'ly, art' J.!.iv('n III

Table 3.1. ln addition, Iilllits to LADD and CLA])]) CI'II 1'01.alio ll:-i at'p J.!.iVl'tl III

Table 3.2. CcII rotation fol' CLADDs, lilllil.ed hy knot.t.illg is liX", considl~t'ahly 11'ss

than Iimits illlposed by nccking (92°) and IFI (1 '2'2"). '1'0 itllT('ilS(~ 1.1lt' lIsahll' l'illlg('

of LADOs, it is advantagcous 1.0 llIinillli:œ Lilis knoUing dli~d, dO\Vll 1.0 t.I11~ p!lysical

limits imposed by necking and 1FI. This is a prohllml worth illvl~s1.igaLillJ.!. in ['n l.1ll'! ,

work.

3.1.4 CLADD Manufacturing

Our appraach Lo the fabrica.Lion of LADDs is ill11st.ral.eci ill Fi/-!;. :L11. 'l'Iw dra.w-

ing shows the outer LADD IIHtllufact.l.lring set.-up; iL sillliliLr sd-1Ip is IIs(~d lilr illllPl'

LADOs.

The two end pieces and appl'Opriat.c lII.11nbcr of œil l'illgs il.n~ aligl\(~d axially wit.h

a mandrcl (rad) that is removable fl'olll Olle clld. 'l'he lJ1alldrd rixes t111~ l~rHI pi(~l'.l~s
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(:1,/1IJIJ I,/I/)/) UI/k l,cl/glh Ccl//) i0111 r:l CI' No. of Ccl/" CLA DD

NOIIII" l' NIUI/I", l' l, [IIII11J D [IIII11J Il Application

1 1 1G.O 1G.O 15 Outer LADD

2 8.0 8.0 :lQ Inner LADD

2 :1 1(La 1(La 15 OIlLel' LADD
Il 8.0 8.0 :JO Inner LADD

:1 5 1G.O 1(La 12 Outer LADD

G 8.0 8.0 2'1 Inner LA DD

'1 7 1(La [(La 12 OULer LADD

8 8.0 8.0 2'1 Inner LADD

'l'able :1.I: CLA l) Ds dcsignec/ all<l /Juih bascd on inclastic mac/cl prcscnt,cd in

.)'"c. :1./.2. CLA Dl) pairs 1,2 all<l :1,'1 arc fol' t.hc IolCc and hip l'arc-al/. ATLAS pilclmgcs

l',,spec:t.i l'el,\'.

CI,AJ)D 0L.". O;lcck O)FI LADJ) °kn". 0)1'1
Number [degJ [degJ [deyJ Number [deyJ [deyJ

1 G8 9') [.).) 1 G8 140

_. 2 69 1')')

2 68 92 122 3 68 140

-1 69 122

3 na* 74 122 5 na" 140

6 na" 122

4 rut- 74 122 7 na- 140

8 na- 122

Table :J.2: LA l)l) and CI,ADD limits on ccli input; rotat.ion. Rcfcl' ta Tablc 3.1 fol'

CLA DD and lA DD dcsign pill'amctcrs. (t Valucs arc gi,'cn pCI' cell: --:--+0 fol' CLADDs
nI no

;lIId ~ fol' LA DDs. "Not ilvailablc.)
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rings and the end pieGes. 'l'he epoxy is élpp/icd lVil,h t./w Iwlp of 11 syrillp,'(~ lJee(JI(~ wJridJ

pl'ovides éll! cxcellent application t.ip. 'l'Ile COlJs/,éll/l. rof at.io/J or I.lw /,/\ /JI) dl/rilJg Ulis

proccss J)roviclcs cxcellcnt con/,rol ovel' Uw aclllCsivc iI[J}JJical,iolJ il/Hl 1.1H~ ..mhs(~(/IIt!III.

12 hOlll' drying stagc.

•

at the desired total LADD lcngth. A single Sl'(;c17·c/0 22.ï/.:!J liue is l1s(~d 1.0 sl.l'illS!;

the entire LADD thl'ough the holes local.ed iu l.he cnd pictes. This 11IilliJlli~('s t1](~

problem of dcaling with 48 cnd conditions dowlI to ollly ~, l.hlls prodllc:itlg a JrIOI'(~

l'eliable and stronger LADD. Evcry timc the ribcl' is l.hl'cnded ncl'OSS, a [,!'î/,:g lua.d is

usecl ta tension the fibel' and thc tcnsioned link is bolltlcd nt both elld pi(~CI:S with

fast-drying Pe7'mabonliY Bonding Adhesive berme the uext tbl'eadillg. The lille is

threaded through CVCl'y fOll1'th hole, and thc two fl'cC cnds al'(: t.icd l.ogdhcl'.

The rings are then equally spaced using a comb wil.h the appropl'ia1.c œil ICllgl.h

and grooves of the appropriatc ring width. With two of tbcse combs in plaœ, sdecl.ed
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(:11,1 l'Tlm,:J, ilTL:IS m;SIC;N ..IN f) C'ONSTIIUCT/()N

fil"'rs al''' l.ack"rI 1.0 1.1", rings wil.h rlrops of fast-drying glne, After I.he gille sel.s, the

(:<11111" an- n'lIIoveri allrl the LAJ)J) is sel. rotatillg for the lilial bondillg of the libers

1.0 the rings alld 1.1", end pie""s. The two-pal·t "IlOXy, CII3A-GElGY Araldi/e0, is

lIIixed and Idt 1.0 cllre Iill' '15 IlIinlltes. This gives il. the right consistency prevcnting

1.1", "poxy fmnl 1'I1111ling III' the links. This is espccially important for the inner

LAJ)Ds wh"re the slllali ""II dialnct,er (/J = 8.0111171) packs the 2'10.5"'//111. diamct,er

links tightly toget.her. The epoxy is applied with the Iwlp of a syringe nccdle which

provid('s an excellent application tip. '1'1"0 coats of epoxy arc applied. The first is

a light application, while the second sClllpts the ep"xy into a bead stret.ching evenly

arollnd the circllinfel'encc of the rings. The stcady rotation of the LA)))) during this

proccss provides excellent control over the adhesive application and the subsequent

12 hour drying stage.

The LA)))) is allowed 1.0 cure for an additional 48 hours (without rotation) before

heing disa~selllbied from the mandrel and waiting 7 days before being placed into

operation. Individnal LA))D cost is in the order of $240 requiring a complct.e design

1.0 illlplelllentation timeline of 2 lVeeks. A dct.ailed list of manufacl.uring and mate

rials cost.s is included in Appendix C. vVe expect with further design iterations and

illlproved fabl'ication t.echniques that both the cost and timcline of LA))D manufac

t.lII'ing can he significantiy reduced. The two knee ATLAS CLADDs arc shown in

1·"" '\ 1')Ig... ~.

3.2 Variable Radius Pulley (VRP)

3.2.1 VRP Algorithm

The solnUon to maintaining tension in ATLAS lies in a Variable Radius Pulley (VRP)

t.hat. compensat,es for the difference in the rates of contraction and extension of the

prot.agonist and antagonist CLADDs. The derivation of the VRP focuses on the

principles of virt.ual work and geolTletry taken from [12].
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Figurc :3.12: Kncc ATLAS CLADJ)s.

Il

A CLADD and pullcy systcm drivcn by a Illotor is shown ln Fig. :\.I:\. Applyinl-\

thc principlc of virtual work, wc cquatc the total inpnt work 1.0 the tota.l intel'nll'diate

CLADD work and to thc total output work al. the pnlley, T;r/O = Jo'd/ = Jo' /Ir/,/, = Tur/,/,.

From this wc get two important relations. First,

1
Tu

(0 = -d,/;
T',

(:\.1 li)

•

which, whcn intcgratcd, specifies the CLADD input angle 0 given a sl",,:ilic tOl'que

ratio To/Ti and pulley position </J. The secoud relation

Il = T
D !.!il

Ti dO 0

gives the required lcver arm Il satisfying thc torque ratio and Cllntract.ion rate (li/dO.

In ATLAS, the antagonist and protagonist CLADDs Illust satisfy two openLl,ing

boundary conditions. First, thc two CLADDs drivcn by thc saille Inotor ilnplies

Oanl = O~nl + O~'OJ - Op,.!> wherc supcrscript () dCllotes a pl'etwist, and snl)scl'ipts
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F'iglll'c :.3.13: GLAIJD and pulley system clriven hy él motol'.

(lui ami prol rcrcr 1.0 thc antagolli~t cllld protagonist rcspcctivcly. Second, to ll1aintain

tcnsion rC<[llircs

(dO)
d1> prot 1>

•

alld recalling cxprcssioll (3.1(», wc havc

(TO
) = (To

)
Ti uni Ti prol'

'l'his IIICê\.llS thnt thc same d(~sil'ed torque ratio To/Ti should be uscd for both antagonist

alld pl'otagollist pul1ey surfaces. Thc rcsulting VRP not only gives the desired torque

mt.io, but also kccps bol;h CLADDs in tension.

The torque ratio can be constant or sOlUe position-dependen1; relation. However,

therc arc limi1;ations. First, discontinuities in the torque ratio arc not possible, since

thc output of the CLADD il' continuous. Second, large deviations ovcr small rotations

are not acceptable. Lal'ge e1ecreases would nC't allow the previous larger lever ta rotate

out of thc way, and large incrcases woulel cause the fibcr ta sepal'ate from the surface.
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K Ilowing the effccti V{' l'adi liS U ,1l. any gi "t'li PUlll'y posi t iOll ô. t Ill' gl'\ Iml'! l'y 1h'pirll'd

in Fig. J.l'I gi"cs a description or the posit ion uf tIlt' (~L:\nI) in Ihl' l'OI'lU of a lilll'

cquation with its origin at. the pnllt')' C\'nt.{'r. 'l'Ill' init.ial positioll of t Ill' prot agllllist.

is show1I in Fig. J.I:I(a), whcrc

(
OrJSel) ( U1 )j3 = arctan' ; Î'I =arccos -\- ; êlnd, 4J I = Il + ,Il.

Base : nll

(il)

(Il)

l'ull!'\'
("'1I1':l"

J = UljX+llj ---\,
\

l'ulll!)' _~I

CI!IIII!r

) Mill

Ih~l'

J

1
1

nll.Pl
1
1

1
1

Ilrls!'1
1
1

•

Figure 3.14: VllP gcornctl:Y.

Binee the CLADD approachcs the pullcy surrace l.angenl.ially, the slope or Lh(~ lille

that describes the CUl'l"ent CLADD position is perpcndiclIlal' 1.0 the slol'e or III \Vit.h

respect to the Base, ml = - cot ~I' To solve for b" wc use the coordinaLcs of t.he (~lId

point of R\, (x\'yd = (R t COS (Pl, RI sin (PI), and substiLul.e them alollg with 11/.1 illt.o

the line equation y = mlx +b1 to get

By keeping the pulley fixed and incrcmenting the Ana hy (/</) rrom iLs illitial al1g,ll:,

the various descriptions of CLADD positions cncapsulatc the ùcsircù pllllcy s1Il'faœ,
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Fil\. :1.1 '1(" J. \Y,· 1\"""1'"1",, s,,1 of "'1l1a1.iolls d"scl'i"ing Ih" posilions of Ihe prolagonis1.

CI.A DIl,

fi (Offset)
= arctall . _ ;

/3a.,e

(RI"'''' )"fj = êll'CCOS ---' ;
.'Inn

(Pi = li +fi +d</;(j - 1);

!J = 'tni''' +bj ;

'lu) = - cot 'p" (:3.18)J'

b· _. R'(sin'p· + cos<b'cot</;} (3.19)J ') J ' J J ,

0'11'1l1) = To , O. and,-(/Jj + lJrol;
T;

Rp"ol, T" dll=
T; dO '

O,.rf)!)

whel''' j = 1 : 111, and m is the number of increl11ents of d</; over the pulley range </;.

Finding t.he intersection of two successive lines gives a point; describing the pulley

surface. This intersection approach i'esults in a smooth transition between successive

val'ying radii. The increment chp should be made sl11all enough to maximize pulley

surface continuit.y. The pulley X and Y surface cool'Clinates are given as a fundion

of tWO successive slopes and y·intercepts,

(Xj, }'j) = ( bj+1 - bj , mjbj+! - mj+J bj ) . (3.20)
mj - mj+J mj +mj+J

For the antagonist CLADD, we apply the sal11e procedme as above and substitute 0

with Ouul = O~nt + O~rot - 01"'0/'

The algorithms that generate the pulley smfaces for the protagonist and antagonist

CLADDs are coded in a MATLAB@ program given in Appendix E. The program

genel'ates the necessary pulle)' X and Y surface coordinates that are then loaded in

a CA D program for final pulle)' design. In addition, the program generates the tool

path given the tool dial11eter and rotates the pulley surface coordinates, if so desired.
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The required inputs 1,0 the program ar<' :\TL:\S varia1>IPs: T,.fTi. I. i • [Ji. "i. [.". [J, .. 11, ..

O~,·"t, O~"t, B(l~c, Ofr,,·/, d~1 and pU!!"y range 'i" Tlj(' liual (~:\Il d"sigll is dOll'nl",\(I,'d

1,0 a lIumerically controlled milling IIHlchill" for fa1>ricatioll.

3.2.2 VRP Detail Design

The VRP design required a compl'ollliS(' hdll'e,'n torqlu' ratio T,,/Ti and pulh'y rang"

</1: more of one, meant less of the othel·. A torque ratio of 2fi : 1 is adliev"d 1>etll',·,'n

the CLADDs and VRP for both ATLAS packages. This pairs lI'ith a pull,'y rang,· 'f'

of 110° and 80" for the knee alld hip respect,iv"'y, A prdll'ist 0" of 72()" lI'as assign,'d

1.0 each CLADD 1.0 deal with near ~ero plllley radii al. SI Il ail CLADIl inpllt angh·s. Ali

Offse! of 30m.m, alld l3a~c of 37'1111'/11 alld 21511I111 for knee alld hip W,'I'l' illlpoS('d

by leg design constraints. CLADD variables arc giV<'1I ill Table :1.1. Tlj(' total inJlut

rotation 1.0 the knee alld hip CLADDs are n.li alld 7.fi r('volutions resJlective!y.

An unsuspected problem with the VRP detail design was CLA DD cOlupliiluce.

Early experimental work with CLADDs revealed that {,he contr;ld.ioll rate ,li/dO lVas

load dependent. Therefore, we replaccd (3,:l) with expel'imclltal data of CLA Il Ils

loaded with a 15kg load. Data from each pail' of similar CLA D\)s was avel'ag"d

for their respective pulleys. Further dnt.ails 011 CLAIlD complianl:e is induded in

Chapter 4.

Detail designs of both VRPs are given in Fig. :1.I5. The pul1<,ys wel'e desiglled

compact and of minimalmassj 89g fOI' the kllcc alld 77.'1 for the hip. The CLAIlIl

load enels are connected 1.0 the VRP with a cahle 1.0 take up the end rotation of the

CLADDs. The cable loops aroulld a pill that is tightelwd with Il wrendl alld then

locked lI'ith a nul. .
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l''igure :L 15: /ùwc (Jeft) and hip (right.) VH.P c/etail designs with cahle tightclIing

Syst,CllIS.

3.3 ATLAS Packages

The ATLAS transmission honsing provides thc gearing that allows the single e1ectl'ic

mol.or to drive the I.wo a.ntagonistic CLADDs. Details of the housing are shown in

Fig. a.1 G. The housing (part; 75) provides support fol' both hi)) and knec moton';

(part. 18), in addition to their respccl.ivc CLADD pairs. The leg pl'Occssor board

(pa.rl. 1), thal. providcs low lcvcl scrvo control, is conveniently mounted on the housinp;.

The knce ATLAS package is shawn in Fig. 3.17. The hip ATLAS package is similar

in design exccpt rOI' the hip requidng guide wheeis (part 33, scc Fig. 2.7) ta rcdircet

c,tblcs ba::k up to the hip VIlP. This configuration houses both motors near the hip,

lowering t.he leg inerlia significantiy.

Combin.:.d Ilccdle 1'OlIcr/axial bail bearings (INA NX 7) (part 108) support the axial

load on each CLADD whilc allowing the torque input thl'ough spur gears (pat·ts 94,97).

The spur gean.i arc double supported, on one end with the raller/axial bail bearings and

t.he o\.l1er \Vith llangcd bail bcarings (part 109). This ensures proper geaI' alignment

ullder hcavy operation. The spur gears betweell the motor5 and CLADDs provide
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Tablc a.a: COlll[JarÏsoll of "dccl,ecl CA III. kil"" /.J'illlsllli"sioIlS. (" l';xl'/'ct,'d :\'l'L:\S

c[ficicllcies based 011 CLADD e{/icicllcies pre,<ell/,ccl ill Scc, ,Ui. t I\I<I"S s;lI'illg' <Il'<'

achiel'ecl lVi/,h mllt.el'ial slI1Jst.it.lIt,jolls givell jll Appellclix D.)

additional geaI' rcduction of 2 : l, bringing th(, total torque ratio Il/'tw/'eu nlllt.or and

joint 1.0 50 : 1.

The two packages, without motOl'S wcigh O.!ll.:g and 1.01.:.'1 respedivdy, <lssuilling

thc mass of the shared parts is cqually divided bet.ween thenl. 'l'lwse IIlHSS sa.villgs

favor eonsiderably with the 1.21.:.'1 harmonie drive lateml actnation. 'l'hl' qlladl'lll",,1

weight savings are 2.01.:.'1 with ATLAS as opposed 1.0 all h,lI'nlollic drive. Additional

mass savings through matel'ial substitution al'l~ given in Appendix D, reduc.ing bol.1l

packages 1.0 0.71.:.'1.

Positioning of motors is eritieal for minimizing inel·tia in multi-linll",d robots. A

eomparison of our current 10lCe ATLAS package and optimizecl one, aga.illst kne/'

actuation with a harmonie drive or planetary gcarhead snitable for I.1w Maxoll :!:Uit!

(1.31.:.'1) is given in Table :3.3. The latter two require the motor in dose proxinlity of

the joint, significantly increasing the leg inCl'tia (OAk!] 1/1.~ without adllatioll) by IiS'X,

and 65% respectively. This is an order of magnitude lm'ger tball the kn"" ATLAS

package that incrcases leg inertia by only 5%. CLADD efficiellcies (sce Sec. ".li) al'l'

comparable 1.0 harmonic drives and favorable ovel' planetary ge<lI'heads.
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• Figlll'c ~U6: Explodcd \,icw of ATDAS transmission llollsing. Rcfcr ta Appcndix B

lin' CA nt 's list. of par/,s, Félstcncrs élnd kcyways arc Ilot ShOWIl,
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Chapter 4

(C)LADD Modeling

Ae<:llratc kincllHltic nloclcls of LADDs alld CLADDs arc vital 1,0 both the design and

control of ATLAS. Thc inclastic LADD and CLADD modcls presented in Sec. 3.1.2

Ilpon whieh wc bascd our CLAOO design arc experimentally testcd in Sec. 4.3. Find

in!,!; the inclastic Illodcls inadequate, in Sections '1.4 and '1.5 wc propose and vali

c1ate inl!,!'Oved kinematic modcls for both LAODs and CLAODs. Finally, wc review

CLADD dlieiellcy and LADD nHlnufactlll'ing repeatability in Sections 4.6 and 4.7

resped.iveiy.

4.1 Experimental Set-U p

4.1.1 Mechanical Hardware

!\inenHltic validation of the CLA DOs and their respective inner and outer LADOs (sec

Table :1.1) illvolved testing thelll umler a variety of static loads with the mechanieal

sd-up illus(,mted in Fig. 'LI. A 19mm thick aluminum plate with equally spaccd MS

tapped holes serves as a fixtlll'e fol' ail experimental work. Allmechanical components

arc fixed (,0 l,he plate with bolts, allowing fol' quick set-up and turnover.

A SOW bl'llsh DC 11101,01' (MIIXOIl 2260) is used 1,0 actuate the LADOs. A combined

necdle roller/axial bail bearillg (INA NX i) supports the axial LAOO load on the

50
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F'igme 4. L: Mecllanical sc/,-u[J {OI' lâllcllw/,ic v;liirJat.io/l Ilf /,;\ D/Js.

motor whilc allowing the t.orquc input.. 1\ !inca!' ltlot.ioll gnide! ('/'/1 h' usu. "H~l'ics)

maintai ns the torque cl irrerential across t.he LA DDs allowiIlg t.1l<~ rl'l!l~ 1!lld Lu t.r;1.Ilslal.l'.

Fol' CLADD testing, the lincar mot.ion guide is rellloVI~rl. 1./\ DI) displaC(~l1ll!lll.s a.l'l!

measured via a pullcy asscmbly instrumcntcd wil.h ail illcrelllellt.al opl.ka.l l'Jll'odl!!'

(l-Icwlett Packal'd's HBDS'-6010). I\n idcntical sensor fixad 1.0 t.hl~ 11101,01" slral'!, is wwd

ta monitor motor displacerncnt.s. 'l'I](~ 11101,01' t.orque is aVililablt~ as il rl~l~dha.ck sigllal

from the servo ampli ficr. A f{ cvlll7'@ line rat.er! al. '272.7/':.fJ !l]'(!ak sl.n!llgt.1t aUad Il:S

to the translating LADD elld, loops ét!'oulld t.he pulley and over ail idll!1' 1.n il fixl'rI

load.
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Ilata fol' (,(>listant Joad nnls (w('ights attaciJ<'d 1.0 th(' LA!)!)s as showll in Fig. '1.1)

Wl'I'(' mJil'ci,('d 0""1' t('nl"'1'iods of full LA!)!) contraction and ext"nsion. Th" ac\.uation

l'at(' was 1",1'1, al, a Jow 0,111 z 1,0 avoid dynalnic df('ci,s. Th" Inaxinlllm load af>plied

was sd i>y th" nIaXimnln allDlvahl" continnons 1lI0tOl' torqne of DJINnl, while shol·t

tenn I"".k Inotol' torqu('s W('J'(' allowed nI' 1.0 I,SNIII. As a l'esult., the maximum

loads I{lI' i>oth outel' and innel' LA!)!)s Wel'e '25kg and 35/~g ,'('Spedively, and 5Dkg

I{,l' CLA!)!)s. A low"r i>ound on the inf>ut angle 0",;" was established 1.0 avoid data

scal.t('1' al. low sensol' values, while an npper bouml O",,,x avoided LADD knott.ing

(see Sec, :I,I,:l). Thesl' bounds wel'e dillcrent fol' inner LADDs, outer LADDs and

CLA!)!)s; amllimited the modcling range or each device.

4.1.2 Electronic Hardware

The c1ect.ronic interface 1.0 the mechanical hardware is illustrated in Fig. 11.2. A singie

XI'ID(,'8 I.ransputer node [3] is used 1.0 reacl and process sensor signais, compute

control oul.pnl.s, log data, ami interface with servo amplifiers. The XP/DCS consists

of a processor board and a custom 1/0 board which links sensors and servo amplifiers

1.0 the X l'IDCS. This custom 1/0 board performs analog 1.0 digital data conversion

fol' servo amplifier fccdback signais, quadrature decoding of raw encoder signais, and

digital 1.0 analog conversion of controller output signaIs.

Software is devcloped and compiled on a Stln SPAH.Cstation and downloaded through

an el.hel'l1c\. link (IMS 13300 TCPlink) to the XPIDCS board before an experimental

rnn. There is no communication bcLween the XP/DCS and the SPARCstation dur

ing the l'un. AI'ter the experiment is complcLed, logged data is downloaded 1.0 the

.') Pli nCs/a/ion for omine analysis by the user.

l'ower for the motor comes l'rom the grid through a single Advanccd lI'lotion Can

I.rols PS2x300W ulll'egul;tted De pawer supply which feeds an Advanced Matian Can

I.rols 25/\ PWM serva amplifier. The serva amplifier can provide 2kW peak power

and serva the motar current at a 2.5kll::: clased loap bandwidth. The servo amplifier
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Figure t1.2: Eiccf.l'olJic l/iln/will'C COllIICc/,;OIJ d;jjg/'lllll.

operatcs in a. ctll"rcnl; fccdlmck mode allowillg llIoLol' tOl'qlw Lo h(~ :·qwcilil'd clil'(~dly.

4.1.3 Software

C codcd software is dcveloped and cOll1piled on t.he 8/11\ UC's(,a(,je)/J I)(~rot·l' lwilll,-'; lo;ubl

i nto the transputer. The software consÎsts of ail i Il i l.ial izal.ioll roll Li lIe~, il 11I<l.i Il loop

and a data 1'ecove1'Y routine which downloads data frolll the t.l'allspllt.(~1' IIJelllOl'Y t.o

the SPAnCstation fol1owing the experimclIta! t'un. Tite main loop is exr~Cllte~d ()tlC(~

cve1'Y millisccond and pc1'fo1'm5 tlte fol1owing fUlldiolls:

•
• keeps track of l'cal Lime 115ed 1.0 cOlllpllLc Lime dcpcndcnL physical qlla.lll.il.il~s alld

to synchrol1ize the contl'ol1cl' frcquency;

• 1'eads raw scnsor data thl'ough the 1/0 boal'd;
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• 1"'oCl's,,'s l'ail' "'IISOI' data illl.o nsablc fOl'ln illrlndillg dirfcrclIl.ial.ioli alld liltcrillg

of positioll dat.a 1.0 obt.aill rates;

• Inailll.ailis a wal.chdog I.illicr sigllal which disahlcs I.hc servo amplifiel's whell the

sigllal is 110(, pl'csent;

a colIl.rols ail andible alal'lll which illfol'lns I.he operator of the hegillllillg alld elld

of ail exp(~rilllcllt,al l'llll;

• rnlls I.he cOlIl.rol algoril.hms t.o det.el'lllille desired torque values;

• sellds desired t.orqlle vailles to t,he servo amplifiers which cOIlt.rol alld power the

lllOtOI'S; and,

• records cxperimellt.ai data illto ail al'l'ay fol' later recovery into the 8PAH.Cst,il

1,;011,

4.2 Experimental Issues

Issues rclat.ing t.o expel'Îment.al el'l'or and IH'olwrt.ies unique to LADOs arc addressed

befnre evalnat,ing t.he experilllelltai data,

4.2.1 Hardware Experimental Errol'

Sensor Resolution

Mot.ol' and LADD displaCClllents arc Illeast\l'ed with incrementa! optica! ellcoders

(l1cll'/,,(.(. l'ilclml'd's I1BD8-6010) II'hich have a resolution of 1024 quadrature counts

pel' revolution. A quadratt\l'e decoder-coullter interface le (Newlett Packard's NCTL

20/(j) quadruples t.he resolut.ion to 4096 counts pel' l'Cvolution, equivalent to 0,001534

radians pel' count. With a pulley radius of 40,2111.111. (including cahle thickness), a

maximnmresolut.ion of 0.062111.111. fol' LADD c1isplaccments and O.OOI5341·Uc/ fol' mot.or

displaccment.s arc obt.ainable,
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Cable Creep

Two types or liHes \\'{'\'(' <lvailahl(' ln illlarh 1hl' 1l'ilU~';[a[ in!-,- L~\ 1)1) ('11.1 1(11111' l,l,Id: il

S'/Jccll'O@ I~W.:l/,:g lill{' Hnd H 1\' cr·f/l/@ ~ï~, ï/'·.l/lilll', :\11)' sI n'l l'II ill 111(' cid.I(· h"1 \\'1'1'11

t.he LA J) D Hlld pulley would a [rl'cI. l'l'l'unit,li L:\ j)]) li isphll"'IIlI'lll s, TII"I't'I~ ln .. [Ill'! l'

C\'Ccp p\'opcl'tics WNe eva.lualt'd. OUI' S<1I11(>1<' or l'arh Jill,,, !1·lll/l1111 in ll'll!-,-lh, n'as

1l10nitorcd ro\' a 12 hour pcriod "1l<1t~1' a Gll/.',(I still.ir luad. Fi!-'- .. 1.:\,

14r----,----~---.---___,,------·, _. ~-~
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Figme 4.3: J( cvla/iD 272.7kg (solici cl/l've) ilm/ S'/ledl'a0 I:W."lkg (d;lslwcl Cl/l'VI!)

line creep. One samplc of Cilch, {}t[Ollllll iIJ 1c1lgUI, WilS /()a(lr~d WiUI :J (;0"'1-',' s/,aUc ÎlJitrf

ovel' a 12 houl' period. SCllSOl' l'cso/utiOIJ WilS O.OG2mm.

•

The f( cvl(l7'@ line c\'cpt l.ü5mrn (0.1 1%) alld l'CllWillCd s1.(~ady l'or il :1 hou\' pl~l'i()d,

The S]Jccll'a@ line, in contrast, crcpt OVCI' 1:.lA:hnm (1.'l:VYt.) in l:l hOlll's alld W;JI'S(~,

still exhibited a steady crecp rate of 0,51 m.mlh7' (O.Ofi/I%1hl') al. t.ll<tt t.i IIW. A rr~lwa.t(~d

test on the 272.7kg Kcvlm,(0 lillc l'cvcalcd CVCIt less cre(~p of O.GH7I/.71/ (1I.07:l%) oV(~r

the same pcriod. As a rcslllt, we lIscd thc f{ cvlm'@ tille ro\' ail 0111' expl~l'ilJl(~lIl.il.l

\Vork.

Using this last data set and tincal' interpolat.ioll for dirrcrcntlinc IClIgths iJ.lld weigh1.s,

wc estimate creep values. With a maximum cable Icngth linkillg t.he LA DD 1.0 t.1t(! plll-
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I(~y of '2:;()1f1'f1l alld lIlaXillllll1l st.ill.ic Joad of :;(J/l'!I~ \\,p pxpcct Cl llIaXilllUtll (,1'<'Cp dltrillg

1 hOllr 1'J'l'ak-in alld 10 llIillllll' ,'xlH'rilll<'1I1 rlllls OfO.OGIIIIII and 0.01111111 respec\.ively.

Since Il,,,sl' vain,,, falllH"low Il,,, fl.O(i2111111 resolllt.ion of LADJ) displacl'menlmeaslIre

Inl'Ills, 1'1' nl'ed not 1.0 IH" C<JlI('I'I"IJ('d with <Teep dfec\.s. Ilowever <Teep for longer tel"ln

l'xpl'rinJ('llts will havI' 10 be addre"ed separately.

4.2.2 LADD Break-In

III ordl'r 1.0 verify LAJ)J) 1lI0dels, repeatable expel"Îments arc a basic pl'erequisite. vVe

fOllnd two dominant "break-in" phenomena which have ta be c1iminated or chil1'ac

teri~ed before modeling l'an begin. The first one, fiber creep, has been documented in

Sec. :\. 1.:1 for individnallinks. The second effect, glue shaping, is caused when the ccII

links slowly work away the comers of the glue t!mt bond them ta the LADD rings and

end pieces. BoUI effects can be minimi~ed by proper break-in proccdtll'es described

below. 1I0wever, hoth effects show non-vanishing steady state changes which, though

small, nlay contribute ta the ctll'rent modcling limits.

LADD Fiber Creep

We applied a 5Oh,[} statie load ta eaeh LADD at full extension for a 12 hour period.

Since each LADD was designed with 24 8]Jccll'(l@ links, this loading l'l'presents D.2%

of eaeh line's 22.n,[} break strength. The results are shawn in Fig. 4.4: LADOs 1

t.hrough :1 exhibited a tata! "break-in" creep of 1.54mm (0.64%), l'hile LADD 4

was slight.ly larger at 1.73mm (0.72%). LADDs 1 and 4 approached a creep rate of

0.();Jm1ll/hl' (0.017%/hl') versus 0.05mm/hl' (0.021 %/hl') for LADOs 2 and 3.

This dat.a shows t.hat. t.here is substantial break-in creep which must be c1iminated

I,,-[ore modcl validation. Unfortunately, the creep continuf," al. a slow, but steady rate.

This does not. affect. our relativcly short experimental l'uns, but could be a problem

for long l.erm LA DD operation.
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Figurc '1.'1: [.-ADD libcr crccp ilt, titl/ cx/,cIIsioll lille/cr aW!,:!! /O,H/ {}\',,l' a 1:2 110111' /lr'/'il/cl,

'Vith cach LADD clcsigllccl wi/,h 2,/ 8I'f~dr(/.@ lil/ks, /,lIi.... /O,H/illg rf'pl'<!Sf'U/.S ~I,'2IXI or
each /illC'S 22.7kg brcak st,rcllgtll. St,cac1y crœ[l rat.es or O.IHIII'f// / h" ;lI/cI (1 .Il fi1/1 'III / hl'

wcre recordcd b.v DADDs 1,'1 (li/cl L/\lJlJs 2,:J rcspcdi\'ely. Sm,sol' l'I~so/llt.il/u WOlS

O.062mm.

LADD Glue Shaping

Glue shaping arises bccël.lIsC the eJ>oxy t1mt bonds the ,"'/wd,'l'c/0 filll~l's 1.0 LIl!'

aluminum l'Ïngs gives \Vay as the ceUs {U'(~ twisted and lllltwist.ed l'(lll~a.t.ahly. Wf~

operated the LADDs for 30rnin at 0.111;; over the maxillllllll Ol)(~nltillg n1.l11-';(~ or (~ach

LADD undel' lands of 12.5kg a.nd 25~~rJ for outer ami illner LA DDs rcspedi vdy.

The first 30min tests on the f01l1' LA DDs showcd 1.ltat. t.he killerlla.tics va.l'il~d 110-

ticeably ("brcak-in" crrcct) while the secolld showed illllllcdiaLc conV(~l'geIlCf~. ["ig. lUi

illustl'ates this behaviol' for LADD 1. Wc plot the LAI)]) c:ontract.ioll dl for eVI~ry

contraction input angle 0 of 16r'ud. The first. rull shows a large initial lm~tl.k-ill rol

lowed by a steady rate of O.a.5rnrn/hr' (O.15%/ftr'). III t.he second :SOrnin l'Illl, I.lic~
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('ollvergerl(:(~ il; Cjllicker ami a rat l' of O.:Wm/ll/lir (0.1:1%/111') is rccorded. Tilcse l'aLes

an: ail orcier llIore thall those ohtaillcd from li ber creep, iliaki Ilg LA DD glue Sllélpi ng

t1w dOlililla.1 iltg "break-in" dfect.

-35.2,.--,------,--,.--,.-----.--...,---,---,---,--...,

-36 L...---J ---'_-L_--L_---L._-'-_-'-_......L.._--I...__...J

o 20 40 GO BO 100 120 140 160 IBO 200
Tllllolsl

Figllrc '1.5: LA DD 1 glue slwping I,est,s. Variations in LADD /âncmatics werc verificc/

wil.h brCilI\-ill tesl.s t./wt mn for 30m:ln at O.lH z over the maximum operating l'ange of

cadI /JAD[) um/cr loads of 12.5kg ancl 25kg for outer aud inncr IJADJ)s respectivc1y.

Wc plol. I,IIC contract.ioll dl of LADD .1 fol' evcry conlTaet.ioll input ang/e 0 of W7'fui:

wllCl'e "0" ilm/ "+" refer 1.0 the first and second tests rcspec(ivel'y. The first nlIl shows

a large il/it.ial break-in followed by a steac1y break-in rate of O.35mm/h?' (O.15%/lu'J.

ln t.llC secoud 1'll1l, the LA IJD immcdiate~y élppl'Oachcs a st;eady rate of O.30mm/hl'

(0.1~\%/'t1'J.

4.3 Inelastic (C)LADD Model Validation Results

Inelastic LADD Model

i'vlot.or t.orque plots fol' LADD 4 arc shown in Fig. 4.6 along \Vith torque predictions

by t.he inc1a.-;tic LADD modcl (3.3). 'l'orque scatter for the lkg load is a result of
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th", torque feedb"ck sigllal resollllillll (1l.1l2NIII) I",illg of 1Ill' ",Illll' <>nl.'r '" Ih., d"ia,

The orrset ill the motor torqllt' data 1",111'1'1'11 l'xtl'IISi<>1I alld l'lmlradi<>11 is dll" 1<>

the comhilled frictioll torqul's ill the Iw"rillgs of II", mot<>r. 1hrllst Iwarillg assl'III"I~'.

lillear motioll gllide and pulleys. Gi\'en t.\1I' limitl'd accllrac)' <>1' thl' Il,,,asllI'l'd data,

the model matches the data alld is acceptahlt-. l'l't'II thollgh il. ljp\'ial.t's illl'l'I""lillgl)'

towards large motor allgles.

More prohlematic is the kinematic rciat.iollship bdll'l'l'II 1111,1.<>1' illpllt '"lgI1' <llId

LADD lellgth. The experimental cOlltracl.ioll Il'lIgth dl of LADD ,1 is pl<>i.l.,'d lI'ith t.\",

inelastic LADD model (3.2) in Fig. '1.12. LADD '1 had a 1'1111 scall' Illodd dilkn'IIl'e

of 18.3% at a Ikg load alld !1.2% al, a :.l51.,.'1 load. We 1I0tic" as 1,111' IlIotllr allgll' Il

mcreases, the magnitude of error illcreases as weil alld ill cOlltrast, as 1,1", Illad 1,'

mcreases, the error reduccs. The other LADDs ilillstrate the SOlllll' I",havillr with

similar errors. Clearly an error of "l' to 20% is Ilot acœptahll' as a h<lsis l'Ill' dl'sigll

and controlwith LADDs.

The motor torque predictiolls, Fig. 'Ui, show that the mode! prl'dids thl' gl'llI'l'al

trend with noticeable dcviatiolls at largc motor allgles. This is the sallie tn'I"I as

with the kinematic validat.ioll. This is to be expecl.ed sinet' thc torqlle rdatioll (:1.:1)

is derived from the kinematic relation (:3.1). Thercfore, we l'ali expeet t.lmt ail illl

provement in the kinematic modclwilllllldollbtedly hrillg abolll. iml"'o"clllellts ill t.!",
motor torque predictions,

Inelastic CLADD Model

Similar kinematic validatioll experiments were colldllcl.ed 011 CLADDs 1 alld 2 (s<:e

Table 3,1), Results for CLADD 1 lU" shown in Figures ~,7 and ~.I:l. ,IIISt a.' for th<:

LADDs, the ine1astic mode1 for the CLADDs fails 1.0 match t.he expcrilllcntai data hy

as much as 20% full scale, and the el'ror is a funct.ion of both inp"t. allgle ,c' weil aH

load, Again, an irnproved model is J\eceSSlll'y,
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Figure t1.Cl; I,AJ)J) ,1 SU1UCS. Experimental motor torque data (:) for the lk,q and

'J5J,,:g mus of Fig. ,1..12 are shown with t.orque predictions given hy the ineIélstic LADD

llIodc1 (J.:J) (sa/ici curvc). 'l'orque scattcr for thc lkg load (:)(lIpper plot;) is a result of

t./le I.arquc fccdback signal reso/ut,ion (O.02Nm) being of tlw Sêlme order as the data.

A look af, t.J1C 35kg load délta (:)(lower plot) shows that the model predicts the general

t.relld hut deviëlf;cs at, large mot,or angles. The offset in the motor torque data betwcen

c:\f.cnsion éwd contraction is due ta the combined friction torques in the bearings of

HIC 1lI0t.OI·~ f.llI"llst bcaring assemhly, linear motion guide and pulleys.
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l"igurc 4.7: CLADD 1 BtaUcs. Bxpcrirncntal motor l.ore/lIl! dal.n (:) fiJ/' t./H~ 1O/':!1 (IIJ)JWI'

plot) and 50kg (lOWCl' plot) l"UIlS of Fig. LI:J al'e shown wil.l, l,on/Ile Im.·rlicf.ioll.'; giV(~1I

bJ' the illelastic Cf.JAIJIJ modcl (3../tl) (so/id cllrwl). Jjo/.h plots :-;/IOW t./w/, t./H~ lIwdd

predicts the gcneral trend deviating al. large mataI' angles.

•
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4.4 New LADD Models

(,.),_

•

'1'1", n'slIlts frolll tlie prl'violls Illodei validatioll ",ctioll establisli a c1l'ar Ilccd for a com-

pliallœ Illodel, sillœ 1.1", IIlO(ic'lillg elTor is directly related 1.0 tlie applied load. "Vliile

prl'violls work Oll colliplianœ models [:'!:'!, :l:l] simply attributed tliis 1.0 fiber e1asticity,

bot li 0111' "xperilllelll.s witli fibel' crl"'p alld otliers [l:l] sliow tliat S'l'cc/I'a@'s liigli

stirfnl'ss call1lot accollllt for tliis dfect..

Fiber Bending

A close look al. a LADD ccli ill opemtioll shows tliat tlie links liave a finite cllr

vaLure at. t.lie bOlludarics to tlie rings duc to t.he ciamping action of the epoxy, as

illllstmt"d in Fig. '1.8. This contradict.s the illclastic model's assumption that LADD

cel1 lillks "ellutill straight during opemtion. Wc observe that fi bel' bending becomes

more apparent at large ccli twist angles and vanishes at near ~ero twist. angles. Fur

thel1llore, the effect dimillishes with increasing LADD loads. This explains vel'y well

the increasing "'TOl'S at. large angles and decreasing errors al. large forces between the

inc!ast,ic modcls and our expel'Ïmeuts, as shown in Figures 4.12 and 4.13. Thus wc

al'" mot.ivat.ed to include a force dependent "fiber bending term" in t.he ine!ast.ic the

ory, capt.ured in the "Local Compliancc l\'lodcl" described bclow, 1.0 improve model

pl·edictions.

4.4.1 Local Compliance Model (LCM)

The LCM identifies au effective fiber link length L as a function of both LADD an

gle 0 and load P. lt. is titled "local" because il. addresses the previously identified

modcling problem duc to fiber bending at. the source, locally al. the levcl of the iIHli

vidual ccII kinematics, before the ovemll LADD kinematics arc devcloped. Motivated

by t.he l'articulaI' form of the errors (sec Fig. 4.9) betwecn the inelastic model and
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Fi 1"'1'
IIl'IL,1 i II~

( '"l.l

Figure :1.8: Cdl /illf\ fiher /H'lH/illg.

cxpcrimcnts, L(O, F) was chosl'II to be of thl' fOl'llI

02

L(O, li') = !/' -(/,([;')-:;,
'1/."

(.1. 1)

where La is the design ccli lcngth L

Using thc same approach as the inc!astic L;\))D llIodd, W(~ d(~l'i\'(' LIll' kill('lllaLÏl'

m,el statie l'e1ations of the LeM as

and

l(O, F) = li ( U'_a(F}0~)2 -1)'2",in'2 (/!-.)
'II? 2'11

T dl 2a( F)!!.. (U' - a( V) o:t) -1- lf:,~iu (!!..)
1'(0, F} (~ _ = __ = IL Jl~·1 ':...... (:1.a)

Ji' dO (Ill _ ([;')(!2)2 _ [)2 .... '2 (.!!....)
~ li. ,,2 .'HI/. 2n

Rewriting thc inelastic LA DJ) rnodc1 killcmatics (:t 1) as

L(O, F)cxl' = ( 1] JI )

•
wc know, from expcrimcnta.1 data, the effective ccII Iillk lcngth as a I"llll<:Lion 01" Iwl.h

LADD angle 0 and Joad F. Wc thcn filld the coefficients bj , j = l, ;~, in (/1.1) hy Cllrv(~

fitting ta expcrimcntal data (sec Fig. tl.lO).

The improvemcnts, shawn in Fig, tl.12 arc dramatic: The WOI'St. case el'l'Ol' was

clccl'eascd from 18.3% full scaJc ta ].:3% ovel' t.he cntil'c Joad and allJ!;Jc l'ange! W(:
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Pigtll'e lU): Bfl'ect.ive filJCl'liuk IClIgth 1.(0, F) fot LAD}) 1 (rom thc Local Compliélllcc

Modc1 gil'clI hy ('1..1) (solid CUITC) plottcd with thc iIlClélstic mode! (délshcd CUl'l'c)

fIll(l cXjJcl'imclIta/ dal,il (:) fo/' loads of lkg (uppe/' plot) and 25kg (Iowc/' plot),
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Figure t1.10: L,oeal COlllpJi<lllce Moc/el a( F) /(JI' L:\ [)[) l, T/If' U:M icir'lIt.ili,'s i1/1

effcctive fiber link lellgt/I L givclJ as 1.-(0,10') = 1/' - o{l")(O/II)'.!, 'l'lit' cia/,il li'o/ll

constant; load expcl'imcntnl nllls (0) is fi/.t.ccl t.o (/(/0') = blC;17/,~F + f':l (solid ("/11'\'(').

have thus devclopcd and vcriflcd nli illl provcd mode!, pa.yi ng 'll.!.PIl Lioll to LIll' pllysil'a1

realities. Civcn the rcsult.ing complex Illodd, the questioll Clris(~s: Ciln WP r;illlplil:y I.hl'

model and still maintain accuracy'? This question is ClIlsw(~n!d in I.h(' lll'xl. s(·(·Lillll.

4.4.2 Global Compliance Morlel (GCM)

The CCM identifies a global compliancc Lerm g( 10'). II, is cOllsid(,t'l!d "glohar' hl~callsc~

it attempts to impl'ove modcling by mulLiplying the ovcrall conl.ra.ction 1,1\ J)l) ll'II/-',Lh

(3.2) by a. factor that accounts for fiber bending as a flllldioll of L1\l)n Illadill/-',.

Unlike the LCivl, the GCiv[ is cleve10pcd art,cr t.he illeiast.ic: mode! is devdopl~d, a.tld Îs

of the form

•
where

~L(O, fi') = ~L(O)illd(J.dic .q( li') (tJ.!i)

(tJ.fi)
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,1I1l1 t.h(~ (,(H'flicÎ(·IIt.s aj, .i = l, :~, ill'(~ dl'lcl'llIilH'r1I1Sillg ("111'\,(' lit.s 1.0 ('Xperilllcnt.al data

, d,.r T dl/), (0) .,
r(O l') = - = -- = --:-0"111 - q(l').

l l,' dO 2 211'
(,'1.7)

For ('aclt l'Ollstallt. Inad 1'1111, \\'P lIs('d the (~xpel'Î mental data and indastic model pre

didÎolls \V i t.h Icas1, sqllares 1.0 ('vaillate a single valllc for .q( F) for ('l.i)). By cvaillat.i ng

l'cspective .q( l'')s for variolls londs, t.he cocrricient.s t.o (·Ui) were evaluatcd t.hrollgh

Cllrv(~ lit.Ling. Tlw reslllt.s for t.he sim[>lificd CCivl arc ShOWll in Fig. :1.12. Surprisillgly,

\Vit.h 1.5% (~l'l'or t.he acclIracy is ollly IllÎnimally worsc t.han t.hat. of t.he physical1y mo

t.ivat.ed and more colllplcx LeM. TherefOl'e, we prefel' t.o lise the simpler GCiVI for

fllrL!lel' 1l1odcling crrorts.

1.11,------,-----.-----.-------.-----,
o

1.0B -

€
Cl

1.07 - o

1.06

l,OS o

25020015010050
1.04L...-----''--------1-----'--__--l.. ......J

o
Forca (N]

•

Figure ,1.11: Global COlllpliancc Model g(F) fol' LAlJD 1. The GCM accounts fol'

inc1w;t.ic LA DD 1Iloc/ding' C1Tors by nwltiplying (3.2) by g( F). The data from constant

lond cxpcrimenta/l'lIl1s (0) is fittcc1 1.0 g(F) = alexpu'2F +a3 (solid CUl'vc) .
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Figure 4.12: LADIJ (} Kinematics. The expcrilll(}I1/,a/ coII/,rild;o/l dl or 1.1\ /JO (1

(:)(lowcl' cUI'ves) is p/ottcd agains(, (,he ille/as/,ie LA /J/J 1lIor/eI (,';ulid clu've) giw~1I

by (3.2). LAOD I} had a maximum [id/ sca/c lnodcl clifférellce or 18.:J% al, il 1f':.'1 hui

(uppCI" plots) and 9.2% at a :J5kfj /mul (/owcr p/o/,s). Wc lIotice t./lil/. ilS U'f! llIo/.or

angle 0 incI"cases, the magnitudc or CI'l'or increascs as wei/ alJ(i ;11 COII/,I'ilS/" il.Ii 1.lw /oacl

F incI"cases, the CITaI" reduccs. ln I./w Icn. plois, Im/.11 LGI\t1 ilmi OC!\(! llIoclds are

indistinguisJ1ablc J'rom the cxpcrimclJtal data. 'l'Ilc crror p/o/,s 011 /,/1e rigill, show iW

enor rcduction down ta 1.5% l'u// scale iudepcm/clJ/, 01' I.1lC app/h:d Joad.
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4.5 New CLADD Model

flS

'l'Il/' ""1' .GLAI)J) 1I10dd i, 1"",,,1 011 th" CCM (CGCl"l) alld is devdoped in a similar

1I1i1l1l1"r ;" 1,1", illdastic IIlOdd pr"sented ill Sec. :1.I.2. 1I0wever, dne lo t.he number

alld ClJlnplexity of the e,!lIat.ions involved, a pure!y nnmericalreialiouship between the

"xternalload F, motor t.or,!ne T, 1.1", CLADD contraction 6./ and talai input. angle li,

Frolll (~':j), assllliling t.he ollt.er and inner LADOs are made t.o be of equal Iengt.h

al, ""'"" ]'(·Ia.l.iv'· rotat.ion. t.he dlil.llge in length fol' each LADD is given as

(~.S)

and

6./,,(fI., F:,) = [",,/JO Il~ - ÛII~ (.t' )- '/loLo] Yo(/::,). (4.9)
... 1' 0

E'I"atilg t.h,· cont.raet.ioll lengt.h of t.he inner to t.hat. of the outer and giving bot.h

LA J)Ds an aspect. rat.io of unit.y, simplifies t.o

[cos (;':,) - 1] Yi(F;) = [cos (2~:J -1] Yo(/·:). (4.10)

lJnlilw t.he simple CLADD mode! present.ed in Sec. :3.1.2, wc arc not able ta obtain a

sinlple relat.ion hctween Iii and li". As before, the total input rotation li of the driving

somre, t.he Inot.or, is shared b}' b01.l1 LADDs,

As with t.he ine!ast.ie mode!, the load distribution over the two CLADDs can be

derived from t.he principle of virtual work, dWk = Fkdlk +TdOk = 0, and the derivative

of E'l\lat.ions 4.8 and 4.9, dl/dOk, k = i,o, as•
ln addit.ion, wc have

0= 0; +00 ,

F = Fi + l~.

(4.11)

(4.12)
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:!T,.i= -----,,--,-,.----
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and

ti~ l

\ 1.1:;)

(1. 11)

•

.)-

r:, - -----;~-:-'-,---
/J" sill (~) .'1.. ( ":.)'.11,.

'1'0 vcrif)' thc mode!, wc solve nUIlll'rieally I.h,' st'l. of "'1U,Jl,ilHIS (-LIli), (-1.\1), (-1.1 ~),

and cithcr ('1.13) or ('1.\'1), wil.h eXIH'rilll('nl.al dal.a I()r Joad ,.', inp"t. 1,)J''1"I' T alld

input rol.ation 0 to gel CLADD displac"lllclIl. 6.1. 'l'he 1'l,still.s a1'l' slll)\\'n ill Vip;. ·I.I:\.

For largc loads of 50kg both I.hc indastic ulocld (:\.I:\), as wt'II as our IIl'W CL:\\lll

modcl (CG CM) derived from the two LAD\)s' CCiV! Illodcl a1'l' within ·1% IIf th,'

expcrimcnta! data. Bnt again, just like wil.h the individnal LA\)\ls, I.IIt' c1ilft'rcn<'t's

incrcasc with dccrcasing load, silice th" filwr b,,"c1ing dfcct is inlTl'asiup;. AI. a load IIf

lOkg, for el'amplc, the ille!astie CLADD model rŒnlts in a worst casc "l'roi' of :!ll%. In

contrast, with OUI' new modcl, thc el'l'Ol' is substanl.ially 1'l',hlet'd, and rl'lllaillS holllld,'d

to within 5%.

A global CLADD model could be identified, whieh mighl. nli\.tcil tilt' "xp"rilll,'ntai

data even bcttcl'. Howevel', such a Illodcl wonld not allow ns 1,0 c1"riv" t.lu' Illad

distribution fol' individual LADDs (Equa.tious '1.1:! allcl '1.1,1). which is n".."ssary 1.0

monitol' the individual LADD's operatillg cOlldil.ious. 011 I.h" 01.111,1' halld, Ollt' Illip;hl.

ask wh)' our model is IlOt predicLing I.he CLADD reSIH)IIS" I>dl."r, l'',illp; hllill. "1")"

LADD modcls which arc accu rate to wil.hill 1.5%. 13"sicllos I.h" addil.iv" Il al. Il l''' of hotll

LADD models' inaccuracics, the maill cause cali allllosi. c"ltaiIl Iy h" al.l.rihlll."d I.oollr

novelt)' to LADD manufacturing: the inner LAD)) is a snmll a11lOl1l11. IOIlp;"r I.hall

the outCI' LADO (~ Imm or OA%) - thc CLADD I.hlls violal."s a_,slllllpl.ioll (:1.7).

A bettel' mat:ch between inncr and outCI' LADD IClIgl.h shollid fmtl",,· illlProv" ollr

mode! 's accuracy.

The new CLADD model might lead to ac!vanl.agcs ill the desigll of ATLAS. Virsl.,

compliance in the two antagonistic CLADDs allevial.es I.he """c1 for il highly acclI

rate VRP. Second, the modcl can he uscd to calculal.c bOllllds on I.he inl.el'llH.I "m:"
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Figure 'I.l:J: CL!\lJIJ .1 /{ilJcmaUc:s. Tile illc1<1sLic CLA DD moclel (solicI cll!'ve) givclI

hy (:J.1:J) is p/oUcel togct/lCr wif,h cxpcrimental contraction (li of a CLADJ) (:)(lowcr

Cll~"\'CS) alJeI 0111' lICW modcl (CGGM)(:)(top cl/l'ves) bascd on the indiviclual LADDs'

GCM. ['or 1<lrgc loacIs of 50kg bath UlC inclastic modcl (3.13), as weIl as ou!' new

GL/\f)[) llloc/cl arc \VitlJin 4% of t.he expetimentül data. But <lgain, just like with

t,11C illclividllal LADIJ.<:. the dirl'erenccs incrc<-lse \Vith c/ecreasing load, since the Iibel'

belldillg effect, is illCï(:;:·'illg. At a load of lOkg, for examplc, tlle illclastic CIJADD

II/oeld rcslI1t.s in a \Vorst case cITor of20%. ln COIltl'élSt, \Vith our new model, thc erraI"

is su1Jst.<IlIUall\' rcdllced, and romains boundcd ta within 5%.
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ncrcssary ta k('('j) t.!tt' sysl.l'Ill frolll goitlg slark.

4.6 CLADD Efficiency

71

One of the key figmes of meril of il t.ransmissioll is it.s l'i1i<'i"IIl',I'. H,'f,'rrill!" III Fi!"

mes 3.13 and 'I.l, wc define the overall CLADD ,'lli<'i"I\(',I' as t.1ll' lot.,li olllplli IIsl'i'1I1

work in the fonn of weight displacemellt Fdl. ,)V,'r t.III' total illpllt 1I1l,tor ",urk TIll),

IV"u' F .rI dl
'/=-,-= ,0 • (-1.1:1)

H'iu .1 TIll!

The efliciencies of bath knee CLADDs (sec Table :1.1) for illlT,'asillg 10ild IIsillg tlll'

experimental mode! validatioll data are given ill Fig. 'l.l'I. Av,'ra!!:l' l'liicil'Il<'i.'s ov,'r

full contracf,ùns of CLADD 1 varied frOlu 88% for a :;~'!J load 1.0 !I:l% 1,)1' a :,llh!1 load,

with sin',dar results fûr CLADD 2. l~fficielley inlTcased with load hl'<'allSl' SYStl'lI1

fricti'n plays a smaller role at. higher loads. At. low IOilds, a "\lW'J' portioll of 1.1ll'

me ,or torque is used ta overcome friet.ioll, These efliciellcy l'I'SUIt.s of CLAIlDs l'laC!'

t'.em within those of t.raditional devices: st.alldard hanllollic drivl' gl'arillg l'ilici"lIciI'S

.Lre uorma\ly in the 80 ~ 90% rallge [l, '1] and hall scrmvs Illide,' 1I01'lllai operatioll

offer 90 ~ 95% [2].

4.7 LADD Manufacturing Repeatability

'1'0 simplify modeliug we look ta improviug the miulufact.uring repeat.ahilit.y of 1,/\ Dils

and CLADDs, This will replace the need ta "fiugerprillt" l'very LADD IlIaullfal'!.lIred,

with a generic LADD model which is a funct.iou of syst.cui variahles L, 0, Il, aud d,

We establish LADO manufacturing repeat.ahilit.y wit.h the reslllt.s of t.he LA Il D C:CNI

given in Sec. 4.4.2. Fig. 4.15 plots the aCNI coefficiellt. !J(F) for LADDs 1 t.hrollgl, 4,

LADOs of identical syst.em variables (sec Table :J.I), shollid illllst.ral.e siulilar cllrves.

Curves for LADOs 1 and 3 overlap but do uol. illustral.e I.he sau1l' deca,Y for iUCl'e,c,illg
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Figure 'I.ltl: L,oad depcndcnt CLADD efficiclIe)'.

Joad. Oll t.he other !lallel, LADDs 2 and :1 exhibit similar decays but the cUI'ves are

ofr:.;d cOlIsidcrably.

Short. tenn operation of LA DDs has shawn that therc arc problems with LAD D

tilH~r creep and glue shaping, (sec Sec. 4.2.2), But at the heart of the problel1l may

lie our n\(ll1ufacl.llI·ing t.echniqll(~. vVe idcntify two al'eas of conccrn. First, there is the

application of epoxy to bond the 8]Jcclra@ fibers to the rings and end pieccs. lt is

left, IIp t.o t.he st.cady hand of the operat.or and his sharp eye ta deterl1line whethcr

t.he l'ight. amollnt. of cpoxy is appIied to the ring: tao I1lltch Ol' too littlc? In the

rolll' LADDs tcst.ed, a. t.ota.l of S end pieces and 86 rings were appIied with epox)'.

Bepcat.ahilil.y is cxt.remdy problematic with mamml application. This is cspccially

so for t.he smaller inncr LADDs 2 and 4, where the denscly packed links al'Ound the

rings lIIakc il. dilficlIlt. to apply epoxy effectivcly. In many instances the epoxy had

a t.clldl'IICY 1.0 rlln off t.he rings ami np the fibcrs. Our 8mm diameter inner LADOs

were vcry difficliit. to build for titis reason, amI the rcsults in Fig. 4.15 ilIustrate the

incollsistcncÎes. Second, there is the equal spacing of links around each ring. The hales

in the end pieces hclp to maintain this spacing locally. However, in the mid-section
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of the LADD. the filwl's I{'nd 10 wilndcl' of!' d1ll'ill~ 1he t'pOX." applical illll. :\~;lill 1his

probl('llI is mos!' prUlIOII1ll'c<! with t.I11' inllt'r 1,:\ I>lh.

ln conclusion, incollsis\.ellcies aillOli,!!; illlll'l' L:\I)\)s an' a1lriilutt'd ltl1l1allllt';lt·!.l1rill!-!,

issues wherc the small cell diallle\.<'rs mal.:!, link spa('in~ and ('PoX~' applicalioll dillindt.

A remcc\y to this Îs 1.0 mo\'e away frolll slllal\ n,Il dialllt'\,t'l' LA \)J)s (::; Snllll) and

lise lm'gel' DlIes (?:: 10111111) 01' use a [l'Wl'I' 11ll1l1lwl' of links (:s ~ll). 'l'ht' 1)I1[t'l' L:\ nI)

ineonsistcncics derive l'rom t.he brcak-in ph<'1I011l<'lla of lihl'r <T<'('pillg and ,..;Illt' shapillg

t.hat arrcet all LA DDs.
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Figure 4.15: Usiug Lhc GCl"! La evalua/,c LA [)f) nWlwfadlll"illg l'e/wal,;dJ;/ily.
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Chapter 5

Conclusion

The sllbject of t.his t.hesis is CARL: a new art.iculat.ed leg prot.ot.ype, t.arget.ed for an

c1cdl'ically aduat.ed, aut.onomous quadl'tlped. lt. consist.s of three limbs - an upper

Icg, lower leg and a foot, wit.h four degrees of frcedom - an unactuated ankle, a knee,

a hip and a lateral joint. CARL's key feature is ATLAS, a LADD based actuation

package t.hat integrat.es along robot limbs in a similar fasllion as muscles do in bio

logical systems. ATLAS exploits small 80W DC motors, weighing 1.3kg 1.0 provide

more t.han GONm peak torque al. the knce and hip joints. The current knee and hip

packages, without. motors, weigh 0.9kg and lkg respectivc\y, a favourable comparison

t.o t.he 1.2kg harmonic drive lateral actuation. When considering the quadruped, t;his

rertects a mass savings of 2kg with considerable reduction in leg inertia duc 1.0 motor

posi!.ioning.

Since LADDs are not. commercially avaitable, llmd 1.0 constl'tlct my own. Despite

t.he dilliculties encountered, 1 l'cIl. my ability to customize these deviccs 1.0 changing

future needs was weil worth the investment. 1 have described my manufacturing

proccss which is readily duplicatable and shown experimental dat<l.. In addition, 1

have selected LADD design parameters according 1.0 the simulation of a planaI' two

legged compliant robot 1.0 1.11eet ATLAS torque ratios of 50 : 1. CUl'l'ent conccntric

LADDs employed in the knee ATLAS weigh ~ 72g and l'an displacc a 50kg load

74
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t.hrough a ,10111111 excursiou wit.h !l:l% dlieieucy.

Based on experiment.al work wit.h LA Il Ils. 1 han' id,'nlili<'d a su1Jslanl ial ,'l'l'<lI'

between t.he traditionally used inelast.ic kill<·luat.ic IllUlI,'1 1Jased '"1 a Silllpi,' )!;"'"11l'il'ic

derivation and t.he expel'iment.ally obsl'n'ed dat.a. 1 bave idcut ili,'d I.h,· uud"r1yiu)!;

effect 1.0 be not fiber elast.icit.y, but. fiber Ill'nding. 'l'wo n,·w coillpiiau...· 1Il<,d,'1s,

a 10cal Compliancc Madel (LCM) and a Cilobal COlllpliann' ~lo,"'1 ((;(~~I) W'·I"·

introduccd, the first modcling t.he iibel' bendiug dred explieit.ly. I!oth ulOd,'\s l't·sult.''d

in a reduction of the worst case cITaI' by an arder or llHlgnit.ud,' l'or LA Il Ils.

These improvements were achieved despite some l'freds which limil, LA Il Il Ill'" "'Iiug

accuracy. First, while Spccl7'a@, is ext.remcly durable and has IIl'glig,'a1Jl .. compiianc,'

l'or ceillinks, il. exhibits a persistent crccp rate. Second, glue shaping or th....poxy t.hat.

bonds the links 1.0 the rings and end pieccs has a similal' erred on the LADIl kill<'lllatic

mode!. Bath of these cffer:ts are extremcly slow but will have 1.0 Ill' ..lilllinalPd Ilu'

long term operatioll. Finally, the manuract.uring to!el'ances have t.o b.. 1",1'1. t.ight,

particularly for conccntric LADDs, where the modcl predidions d"lll'nd critic.dly on

the inner and outer LADOs matching \engths. 'l'hese c1Ii1.1biges nlay t'xplain why

these devices have not been used in the pasto

With our improved knowledge about LADDs' properties, their nmnnlildul'ing dlal-

lenges, and more accurate models, these interesting devices conld find Inany applica

tions in electrically actuated autonolnous systems or any otlter motion control appli

cation where mass is critieal and suitable space is ava.ilable.

Future Work

Before control WOl .. on a CARL ba.scd '1uadruped can begin, inlprovements shonld

be carried out on two arcas of design. First, 1.0 satisry '1uadrnped specilic:ations,

CARL's mass is 1.0 be reduced 1.0 8k!}. A first step ine!n"es a review of the nmterials

used for various mechanieal componcnts such as gears, joint sharts and bushings.

Material substitutions for thesc componcnts are given in Appendix D and save (J.!!k!!
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1"'1' l"i~. Prof. L. L,,,:sard of Iv!c(;ill's COillposit,·s Laboratory proposes 1.0 sllbstitute the

allllllilllllll liml" with gral'hitc-"IlOxy olles for further IllaSS reductioll. 1\11 additiollal

savillgs of (J.7!.:.,! is achieved \Vith modificatiolls 1.0 the cOlltrol e1ectrollics combilled

with relllOvillg the he"t sillks frOlIl the servo amplifiers, lIsillg the body alld limbs as

Sll bsti 1. Il tes.

'l'he Illost sigllificallt lIlass savillgs rcsllits from replacillg the currellt Maxon 22(jO

1I1Otors with IlIlilllrl 120a. The same torqlle-speed charact.eristics arc available with

lllass savillgs ill the ordel' of 2.2kg pel' Icg alld 8.Skg for the qlladruped. Provisiolls

have bec li lnade ill C1\ ll.L's desigll to incorporate these mot.ors. 1\t. t.his poillt. ARL

IIII1St. decide as t.o whet.her t.he mass savillgs out.weigh t.he l'ost. of t.hese mot.ors ($1200).

As it. st.allds, t.he cheaper ($aDO) but heavier (I.:3kg) MIIXOIl motors arc doillg a fille

job.

:,ew:ld, improved LADD desigll for re!i~ble 101lg t.erm ATLAS modclillg requires

alt.E!·!l:~l.ives t.o S'])cc/ra@ which show less 101lg term crccp. K cvla,.(0 is a possible so

IIIt.ioll at. t.he expense of durabilit.y. [li additioll, t.o reduce glue shaping a tougher epoxy

t.han Gll3l1-GElGY Araiditc@ must be used. Improvements in LADD mauufactur

ing repeal.abilit.y require hU'ger ccII diamet.ers (:2: lOmm) or fewer ccII links (:s; 20).

FlIrt.her, superior dynamic operation of CLADDs can be achieved by subst.it.ut.ing alu

minum for t.he st.ainless st.ee! end pieces and graphit.c-epoxy for the aluminum rings,

reducing current LADD lIlass by 50%.

Besides these design changes, future work needs ta address some uuanswered ques

t.ions. What is the cause of LADD knot.ting and how l'an it be modeled'! How does

LADD œil link liber bending cffect the onset of IFI? How '~an the improved CLADD

compliance mode! be exploited in the VRP design for ATLAS? It is apparent that

CA RL, along with ATLAS, offers a virtually non-exhaustibIe platform fol' the 5tudy

of dynamic legged 10comol.iol1 design and control, that ARL can exploit fol' time ta

CotllC.
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• /1 ['['[';NIJ[X il. N(JM1':NCL:lT/I/U';

~l'a1Ilf~t('r 1)('scri ptiOl1 illlliis 1

ni.

"lU

ln

ln

Nm.

Nm
NlJl

NIII

N

Hl.

Ill.

'lJl1l'a tI

1/1.

l'ad

m.

111.

111

Ill.

7'(u/

rad

"ad

'//1.

7'([(/

LA Il Il 101''111'' (fig. :l.~)

L/d)1l axial load (fig. :U)

I.AIlD ""II dialllet"r (fig. :1.'1)
LA DD cel 1 lellglh (fig. :U)
I.ADIl illpllt. rot.at.ioll (fig. :1 ...1)
LADD œllrillg widlh (fig. :\.'1)
I.ADD cel 1rillg t.hickllcss (fig. :1.'1)
LADD lellgt.h (:l.I)
1I11111ber of LADD cells (:l.I)
LADD œil aspect. ratio: LID (:J.I)
LADD lellgt.h challge (:J.2)
LADD ulCcll1luicallead (:U)
LADD 1iI,·~chauicaladvaut.age (:JA)
LADD ccli liuk diamct.er (:3.5)
spaciug of LADD links <tronnd ccII rings (3.5)
IIlnUbel' of LADD ccii links (:J.5)
LADD input. torque (fig. 3.1:3)
VRP out.put. !0rque (fig. 3.1:J)
VRP radius (fig. :J.I:3)
VRP angle (fig. :J.I'I)
angle belween Base and Il (fig. :J.I'I)
angle bet.wccn 111'1/1 Ind Base (fig. :J.l4)
perp. dist.ancc from CLADD beginning t.o VRP ccnt.er (fig. 3.14) 'llI

perp.•I;st.ancc from Base t.o CLADD beginning (fig. 3.14)
di~t.ancc from ccnt.er of VRP 1.0 CLADD beginning (fig. 3.14)
slope (3.18)
y int.erccpt. (:l.19)

VRP smfacc coordinat.es (:3.20)
design LADD celiiengt.h (4.1)
LCI'I'I coefficient. ('1.1)
coefficient.s t.o a(F) (4.1)
GCIVI coefficient. ('1.5)
coefficient.s t.o y(F) ('1.6)
CLADD efficiency (4.15)
t.ot.al IVork (4.15)

l'

111.

tI

l'
61

LI'

li

(l'

f)

l,

T

Ti

Il

/1.

'/)
l'

l'
/Jase

Offsel

Ann
'/II.

b
(X, Y)

a( F)

bj,.i=I,:!
y( F)

aj,.i = l,:!

'[

IV• Table A.1: Nomenclatul'e (in ol'der of appeamncc).



:\ l'J'END/X:I. NOM EN(,L:\Tl!l! /.:

1 Acronym 1 Dcscription

CARL
ATLAS
LADD
CLADD
VRP
LCiV[

GCM
CGCIVI

Compliant. Art.iculated ]lohot. ':'pg
AnIagonist.ic hADJ) Acl.uat.ion t2'ySt.(·1l1
hinear-t.o-Angular ]lispla(,l'IIlŒt. Jll'vin·
Concent.I'ic LA D])
Variahle ]la,lius fulley
hocal Compliance i\'[ode!
Global Compliance Mode!
CLADD CCM

Table A.2: ilcl'OnJ'lIIs (in order 01' "l't"'1I1·;II"'l').
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,1/'/'[o;XIJ/X li. r::I/U, /':I/ITS LIST

l--p'lI'!. No. 1kSlTi l'l.ioll îci\l ~Ial.('rial
1
~Ia';s [g]

1

1 IlIkgrat,," 'l'ra"sl'"t,,r \\"j 10 1 Stock '150
:! M:\x I:! llexagoll;d Ca l' Scn'\\" 15 Stock 1:1
:\ l:lIIl/lI ri, Shart IlPtaillillg Hillg 1 Stock 1
:1 ATLAS NX 7 Z Il,,arillg Illlshillg :1 Sta iIIless St"e1 IG8
!} CLAJ)J) Olll."r Motor 1~lId Pil'ee :1 Sta iIII"ss St"e1 ·
(; l' Il Il "y 'l'ight,,"i"g Ilolt :1 Stainless Steel :18
7 lIip Variable Hadills l'lIlIey 1 Aillminllill GOGI-TG 'il
S M8 Washer :1 Stock G
!) MS NlIt '1 Stock 18
10 Mfix 12 llexagollal Cap SereIV 10 Stock 28
Il Latl'ral Ill{ 1:112 l3earing IlollSillg 1 Aillminlllll GOGI-TG 1:30
12 MGx8 Dog Poi nt SctscreIV :3 Stock a
1:1 Lateral liard Stop 1 Aillminllm GOGI-TG 78
1'1 fix5x20 I\ey 1 I\l'Y Stock ,1
lfi A.M.C. 25A PWM Servo Amplifier :3 Stock 8:IG
IG i\'1:Ix 12 lIexagonal Cap ScreIV 8 Stock 1:J
17 IITD Timing Belt PlIliey 2 AllIlllinllm Alloy 102
18 Maxon 22GO 80 WaU De MotOI' :3 Stock 3780
1!) Makeshirt l30dy 1 Aluminulll 6061-'1'6 t

20 lIa\"lnonic Drive Input I10using 1 Aluminulll 60ril-T6 242
21 IITD Timillg Belt Pullcy Flange 2 Alulllinulll G
22 IITD Timillg Belt 1 Neoprene 18
2:1 Lal.eml lIip Shart 1 Steel 4:3:10 Hl' 270
2·1 1'1'1:1 Washer 2 Stock 1
')r: i\""x8 Hexagonal Cap ScreIV 2 Stock :3_,1

2G lIip Spring: RighI. End Plate 1 Alulllinull1 G061-T6 ·
'r Torsional COll1pliance 3 Elastomer ·-1

28 I1ip Sprillg: Lcrt End Plal.e 1 Aluminull1 G061-TG ·
2!) 111\ 1512 Bearing 1 Stock Il
30 111\ 1516 Bearing 2 Stock 30
31 Dnll1111Y Force Sensor 4 Stainless Steel ·
:12 M8x:30 Hexagonal Cap ScreIV 2 Stock 30
:13 A 7Y Hi-2 Guide Whccls 2 Stainless Steel 79
:\:1 Upper Limb 1 Aluminum GOG 1-'1'6 581
:\(i Bearing Cap 3 Alulllinulll 6061-TG 72
:\7 I\nee Shan 1 Steel 4140 Q&T IDS
38 CP-2FK(B) Angle Sensor 5 Stock 75
:l!J M2xG SetscreIV 5 Stock 1
:10 12111111 cP Shart Rctaining Ring 4 Stock 1
41 NI\IB 5901 Bearing :3 Stock 129

Table 13.1: CAin parts list: 1 of 3. Numbered parts are iJ1ustrated in Fig

ures 2. ï, 2.8 and 3.16. ('Mass included as ail assembly. tMass not included. tNot

ill'ili/a bic.)



• :\PPEN1Jl.'( B. c..\[n [J.. \UTS usr

11\1I't No. [Dc.",niptio ll G~ty l\li\lt'rii\IJ;\I;~~slgl1
~==~===========*,==*====,,"-=--=-_=,==-c::= ,_. ,_

•

'I~

:13
:1:1
:15
!16
47
:18
:19
50
51
52
53
5t l
55
56
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

NI\:1I359(1l Bllshillg
Lowe!' Limb
Allklc Sprillg: !.t·ft. End Plalt>
[\Hi Was \1('1'

i\Hhd6 Hexagona.l Cap SnI'\\'
Ankle Spring: Hight. End Phl!('
Anklc Index Coupling
4x:lx 15 I\:cy
1\'I5xl0 CSI\ Cap Snew
II 1\ 1212 Bcaring
lIK 1212 13ushing
Toc wl Switeh
HK 1412 Bearing \VI lB. IOxl--lx\:l
Foot
Anlde Shan,
Kure Variable Hadim; Pulle)'
Knee Spring: Left End Platc
NX 10 Z l3earing
IOmm. 4> Shan, lletaining Ring
HK 1516 l3ushing
Knec Spring: RighI, End Plate
M4x12 CSK Cap Serew
136.4k.q Line
Scnsor to Fibcr Connec\.or
CLADD Outer Rotating End Piet:C
HP lIEDS-6010 Optical Encoder
22.7kg Line
CLADD Outcr Rillg
CLADD lImcr Ring
Hip Bushing
Hip l;'ore-Art Sltart
ATLAS HOllsing
ATLAS l10using Cover
Elcctronic Board Support.s
M4xlG Hexagonal Cap Scrcw
Harmonie Drive Input Sltart.
M4xlO Sctsercw
3200 ZZ Bearing
30mm 4> Bore Retaining Ring

.) Stailt1l'ss SII'I']
1 :\llIl1liIlIl1l1 (itHi l-'I'(i
1 :\hllllillllI11 (itHil-Tti
~l Stock
1·1 Slnck
1 :\ll1111illlllllli(ltil-Tli
1 :\llIlllillllllllmlil·'I'li
1 1\1')' Stock
~ Stock
1 St.ock
1 Sl.aÎllll'ss Stl'l'l
1 Stock
1 St.ock
1 AllIlllillllllllilHil-'I'li
1 St.('('l '-11'-10 qS.~'I'

1 AlulIIillllllllilllil-Tli
1 Allllllilllllll (;ll(il·'I'I;
1 St.ock
2 St.ock
1 Sl.ai Il h~ss Stl'd
1 AllIlIIilllllll <illli l-Tli
;J Stock

lla t Spedra@ FilH'r
:1 Staillless Sl.(~d

:1 St.ai llless SI.(~(·1

:1 Stock
na. t Spœt.m@ Filler
50 A 11I1II iIllllll GlHi I-TG
lOti i\ Illlll i1111 111 (j()(j l-'I'fi
1 St.ainless St.eel
1 Steel '11:10 Q8/1'
1 Allllllilllllll (;Oeil-TG
1 Plexigl<L'iS
2 Plcxigla~s

2 Stock
1 St.aillless St.ed
2 St.ock
1 Stock
1 St.ock

i(i

~:m

1
1·1
!)

:1';
:t~

l~

1·1 ~ 1
!1·1
:-I!l

~Ill

Iii
1!J7
:tl!)
1tll

Table B.2: CARL parts Jjst: 2 of:J. Num1Jcrcd parts <ifC i/lllsl,ral,(Jd /Il Fil{

ures 2.7, 2.8 an d 3.16. t Mass inclu dcd as ;m a.'iscJn iJ/y. tM;ls,') flf) t illd,u[ed. : Nol,

!!yailable.)
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,\l'I'I';SIJ/.\ Ji, (:,I/!L l',\/!,!,S J./S'!'

1
jJarl. Nu, J)('sni l' 1. ion Qty ~Iakrial IIlass [g)

s:~ II-I:lx:lll lI('xaf',onal Cap Sn ('II' I~ Stock :21
~'I :lx:lx 1:; I\ey 1 i\ey St ock 1
HG Il D CSF-~O- 1fiO-:2A-<:I1 1 Stock ~~ï

H{i !JIIIII/ ri' Shan. Iktaining Hing 1 Stock 1
X7 iVI:;x 10 Ilexagonal Cap Serell' S Stock 2:2
XX lIarInonic Drive Clalnp Hing 1 Stain1css Steel G
~!J :1:;/11111 rp Bore Hetaining Bing 1 Stock :.l
!JO lIarmonic Drive Output lIousiug 1 Alull1inum GOGI-TG :3G4
!J 1 :1:20:2 ZZ l3eariug 1 Stock ï2
!J:2 :Ix 1:2 Dowel Pin 2 Stock 1
!):I fix 10 Do\\'e1 Pi n ,1 Stock S
!J'I :mllllll ri) Fairioc@ Splll' Gear :2 Slainicss Steel ïS
!J5 iVl5 Washer S Stock :3
!J(i ATLAS Shart ,1 Stainless Steel 78
!Jï fi01ll1ll ,p Ilubless Spur GeaI' ,1 Stainless Steel 220
98 1\'15x20 CS 1\ Cap Sere\\' G Stock 17
!)!J CLADD Inner iVlotor End Piece ,1 Stainless Steel .
100 CLADD Inner Hotating End Piecc 4 Stainless Steel .
101 iVlodel :1I Force Sensor ,1 Stock t

102 iVl5x:.l1 Shoulder 13011. 1 Stock 9
10:1 M2.5xS lIexagonal Cap Scre\\' 10 Stock 4
10'1 Angle Sensor CI il' 10 Stock 1
105 M'I Nul. 2 Stock 2
lOG M:.lxS Hexagonal Cap Serell' IG Stock 12
107 1,111/111 </J Slmrt Hetaining Ring 4 Stock 1
IDS NX 7 Z TN l3earing '1 Stock 56
ID!! Flanged Bali l3earing 4 Stock Il
110 1\'1<ix20 Hexagonal Cap Scre\\' 6 Stock :.l6
III Gnide Wheel l3ushing 2 Stainless Steel 17

Assembled Knee CLADD 2 Parts: 5,:.l1 ,66,67, 144
6S,70,71,72,99,100

Assembled Hip CLADD 2 Parts: 5,:.l1,66,67, 1:.l0
6S,70,71,72,99,100

Assembled Ankle Torsional Spring 1 Parts: 27,44,47 ""125
Assembled Knee Torsional Spring 1 Parts: 27,60,64 125
Assembled Hip Torsiona! Spring 1 Parts: 26,27,2S ;::::125

1 CARL Total Mass 1 ;:::: 11.7kg 1

Table 13.3: CA ilL parts list.: 3 of 3. NUlllbered parts are illustratcd in Fig

ures 2. ï, 2.8 and 3.16. t Mass inc1udcd as an assclllbly. t Mass not inc1udcd. 1Not

ill'ai/;1 bic.)
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j\l'I'I';!VIJIX C. (·,IIU. CO:;'!':;

rParl. j'io. De"Ti pt ion QI.Y linit l'rie<' 'l'ota1

1 Integrate" Transpllter w/ 10 1 2000.00 2000.00
1" 1\.11'1.(:. 2"A 1'\V11'1 Servo Alllplifier :J ''''5.00 liS 1:1:j".OO US
17 liT!) Tillling Ildt 1'1Iliey 2 I:UH US 27.~H US
I~ 11·1 axon 2260 ~O Wat 1. 11·101.01' :1 :jOO.G5 US 901.9" US
22 IITD Tillling Ildl 1 9.90 US D.~lO US
2!J 111\ 1" 12 Ileari ng 1 '1.5:l '1.5:3
:1O III": 1516 13earing 2 '1.75 9.50
:j:l 1\ 7Y 16-2 GlIide Wheds 2 '1:l.55 US 87.10 US
:l~ CI'-2FI\(13) Angle Sensor 5 :39.00 US 1~)5.00 US'
'II N1\ lB 5901 13earing :3 '17.GG 1'12.98
,,1 III": 1212 Bemi ng 1 '1.25 4.25
!'i/l 111\ 1,112 Bearing w/ IR 10xl'lxl:J 1 II.GO 1UiO
GI NX 10 Z 13earing 1 'IOJJI 'ID.!) 1
GG SpecLra@ l:lGAkg Line 91.'111I 1(L80 (;S' 1G.80 US'
(i!) 11 P lIEDS-GO 10 Oplical ElIcoder :l 12!J.:.l5 :388.05
70 Specl.m@ 22.7kg Line .' :304.811I :38.00 US' :38.00 US
81 :l200 ZZ l3eari ng 1 17.7:3 17.n
85 IID CSF-20-IGO-2A-GR 1 725.00 US 725.00 US'
DI :l202 ZZ 13earin~ 1 21.5G 21.5G
!H :101II711 'P Faidoc Il Spur Gear 2 14.17 US' 28.:34 US'
97 GOllllll 'P lIubless Spur GeaI' 4 1:3.14 US' 52..56 US
108 NX 7 Z TN Bearillg 4 :30.08 120.:32
lm) Flanged Bali l3earillg 4 11.7:3 US 4G.92 US'

St.eel ,1:3,10 lIeal Trealed (assort.ed) na- ~15.00 ~15.00

St.eel '1140 Allnealed (assorled) na" ~:l5.00 ~25.00

AlulllinulII GO(il-T6 (assort.ed) na"' ~200.00 ~200.00

l'lexiglass (assOlted) na."' ~20.00 ~20.00

Fast.eners (assorled) na"' ~50.00 ~50.00

Harmonic Grease HC-I 0.5kg 44.00 US' 44.00 US'
Polyuret.hane l~laslolller na"' ~50.00 ~50.00

CIBA-GEIGY Amldile@ 20Gg ~30.00 ~30.00

Permaboud@ Bondiug Adhesive 28.4g ~10.00 ~10.00

IVlachinillg Cost.s w/0 LADDs 250hl' 30/hl' 7500.00
Variable Radius Pulley fl'Iachining 4111' :30/h,. 120.00
LA DD lVlachining 50hl' 30/hl' 1500.00
LA DD Const.ruction 32hl' 10/hl' 320.00
Quenching &. Tempering na."' 120.00 120.00

.
Grinding na"' 200.00 200.00

1 CARL Total Cast 1 ~ $17,500
1

Table C.I: CAHL cost.s dated J'ine 1994. (Exc1Jange mte: 1 US= 1.3 CAN. Cana

(lian dilUes ail impol'ts and t1'xes not included. •Not i!vailable)



•

•

Appendix D

Proposed CARL Mass Savings

BD



• ;I/'/'/o:"'/)/.\ /). l'/WI'()S/W (',1/11, .\1,1.'1.'1 .'1,1 l 'l:'VGS ~J 1

•

1'111'1. No. D''''Ti pl.ioll Ql.y Sil bsl.i 1.11 1. iOIl SIIvillgs [g]

1 1111."1(1'111.,," Tmllsplll.er IV/ 10 1 ~v1odiry desigll. 225
:1 ATLAS NX 10 Z Ilearillg I3l1shillg :1 Allltnilllllll GOG -'l'li 10!J
r, CLADD Olll.er iVI'Jl.or Elld Piece :1 AllIlllilllllll GOGj-'I'G ·
IG A.iVI.C. 25A l'''ViVI Servo Alllplifier :l Relllove heal. sillk. '150
II{ iVlaxolI 22GO SO Wal.l. De iVlol.or :l IlIlalld 1:20:3 221:1
2:1 Lal.eml lIip Shan, 1 Til.alliulll IDS
:11 DlltnlllY FOI'ce Sellsor :1 AlulllillUIll GOGI-TG ·
:1:1 A 7Y 1G-2 Guide Wheels 2 AlulllillUIll GOG1-TG ;::,:10
:17 1\lIee Shart. 1 Titallium :I~l

:12 NKIB 5!JOI l3ushillg 2 Alulllinum liQG1-TG :.12
52 111\ 1212 l3ushillg 1 AlulllillUIll GOG!-TG 2:1
GG Allkle Slmrl. 1 Titaniulll :.18
G:I 111\ 151G Bushillg 1 AIUIll illUIll GOlH-TG :30
G7 Sensor ta Fiber COllllector :\ Alutninulll GO(H-TG ·
GS CLAOD Oul.er Rotatillg Elld Piece :1 AlulllillUtn G061-TG ·
7:1 lIip Bushillg 1 AllIlllinulll GOG1-TG '10
7:1 Ilip Fore-Art ShaJ!. 1 Titanilltll 79
!J'I :101/l./l1 cP Fairloc@ Spur GeaI' 2 Alulllinulll Alloy 51
!l7 GOIllIll 'P lIubless Spur GeaI' :\ Aluminum Alloy 143
!l~) CLADD IlIlIer IVlotor Elld Piece 4 Alumillulll (iQ6 [-TG ·
100 CLADD IlIlIer Rotatillg Elld Piece 4 Aluminulll G061-T6 ·
III Guide Whecl Bushillg 2 Aluminulll G061-T6 Il

Assembled Kllcc CLADD 2 Replace parts: 5,31, 62
67,68,99,100 with
Alumillum G061-T6.

Asselllbied lIip CLADD 2 Replace parl.s: 5,31, 62
67,G8,99,100 with
Aluminull1 6061-'1'6.

Expected ~I'lass Savings 1 ;::, 3.8kg 32.5% 1

CARL New i\'lass 1 ;::, 7.9kg 67.5% 1

Table D.I: Pl'OfJosce/ CAIn lllilSS savings. (" Mass saving'S inclue/cd as an ilssembIy.)
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