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I 

The Geometric Matrix for Stress Stimening and Buckling 

by 

Huei-twan Chuo 

The objective of this study is to discuss the applications of the geometric 
matrix and the accuracy in computing the critical load. Results for several end 
conditions of column, beam, and frame elements, obtained with the consistent 
and inconsistent geometric matrices, are presented and discussed. 



I .  Inlroduclion 

Ruckling of members or structures may occur as a struc~ural response to 

membrane forces which act along the axes of members and tangent to plate and 

shell midsurfixes. When buckling occur% ihe membrane strain energy of h e  

memher or structure should be c o n v e r ~ d  in@ the strajn energy of bending with no 

change in exmial ly  applied load 

As we consider a slender column, the axial stiffness is much greater than the 

bending stiffness. Similarly, in a shell structure, ihe membrane stiffness is orden 

of magni~ude greater lhan the bending stiffness. Wefore, comparatively large 

lateral deflactionu and cross-sec tion mulions are needed to absorb the energy in 

hending deformation. hut only small membrane deformations can sture a h e  

amount of this m a g y .  

Thus huckling occurs when rht compressive membmc forces are large 

enough to reduce h e  bending sti ffntss to zero. If the membrane force3 are tensile 

rather h n  compressive, he bending stiffness will be ef f~ t ive ly  i n d .  This 

effect is call4 sues$ stiffening. in this study, we are intereaed i n  the buckling 

behavior, since h e  stress stiffening behavior i$ only the change of the sign in 

applying h e  geometric matrix in a l i k z e d  anaIysis. 

We will use the matrix method m study the buckling pblern of a member or 

a st-ucmre. l h  & mcthad is a numerical technique lhai uses mamix algebra lo 

analyze sbuEolral syslems. The details of the formation of eltrncnt stiffnes m w i x  



and gmme~ric matrix will no1 be illustrated in this paper, since they can be found 

in several related texls. We wi l l  directly use these matrices to e the accuracy in 

calculati~~g the critical load of a member or a structure. Several end cond~tions and 

different geometric matrices n c i l l  be used to compare with the enact thlnre~ical 

solulions and to see the compuwhal eficiency. 

2. Geometric matrix 

In this srxtion. we wi l l  illusirate the relations belween buckling behavior and 

the geomekric matrix. As we discussed in the first seckion, the effects or the 

membrane forces can be accounwd for by a matrix (kr] that augments the 

conventional element stiffness matrix [k]. Matrix !kg] has several different 

names, as follow: initial stress skiffness matrix, differential stiffness matrix. 

gmrnhtric shffnrm rnawix, and slability cmtiicknt  ma^. In w h a ~  fdows wegive 

Ilk] the name geometric s ~ i  W e s s  mamx. 

We know thal the matrix [ka] i s  defined by an element's geomemy. 

displacement ireld, and slaw of stress I t  i s  independent of the elastic propenies. 

The rnembet's or sbuc tm's gmmemc matrix, global gmmetric matrix, [KL] may 

be built by summing overlapping terms of the elemen1 matrjces h] in the same 

way as the wnvmtional stiffraess m a w  [K] i s  bui l t  

Considering a beam column element if we choose a deflection function, 

displacement field a 



This cubic Ialural-displact.mm ficld wistics rhe conditjons ofcclnstanl shear 

and linearly varying bunding moment !hat exist in the beam column tlemcni. 

Allhough this displacement field is no1 enact when a beam colun~n cames =id 

load an well as loads h a t  produce bending, accuracy can be obtained by dividing a 

given barn  column into two M more elements. By using the energy approach, we 

obtain the Following quatims: (Tw*dimentional element and irs do.(. are shown 

in Figure 1 ) 



in which [QI contains  he Lransverse loads that cause bending, PI] conlains 

the corresponding bending deformations and P is the axial lmd thal i s  positive in 

lension. The stiffness matrix wnsisls of two parts, [K]. the conventional stiffness 

matrix of a member w a structure subJect only ta flexure, and (&I, a m h x  which 

accounts for the effmt hat h e  axial load Y has on the stiffness ol ihe flexural 

member or structure. Ik] is the eIement stiffness rnamx, and ib] is ihe element 

geomenic mahx ( we ~y this b] in Eq 141 i s  consistent, since it is b i l l  horn the 

same shape functions used to build the conventional element stiffness rnakix F], 

for the in consist en^ gmmemc maaix will be di~ussed lam.). 

WemnrewriteEq121inthefm: 

It i s  obvious that m] i n w s  without bound for finite values of [Q] only 

when the i n v e  of the stiffness matrix bm.f infinite. That is, the critical load . 
can be round by setting the determinant of the stiffness matrix equal to zero. 

Several end wndi~ions of columns using (his consistent geometric matrix will be 

discussed law. 

Let us consider different displacement fields between the conventionat 

stiffness r n a u i ~  and the geometric mama 1141. In this case, the geornerric 

ma!six is termed " inconsisteni". By using this inconsistent m m  we will obtain a 

less accurate critical load than that by using the consistent matrix. but 

cornpuutional efficiency will be increased We will recall from the finhe element 

m w h d  to see that the inconsistent d x  is rea~~nable. 



We recall the convergence requirements [hat if a strain energy expression 

irwolves displacrmrr~t derivatives of  order m, the displacernenl field musl provide 

inter-element continuity of  displacement derivatives oCorder m -  1 as the mesh i s  

refined. When we uw the energy approach to find the geometric makix. in [he 

energy in~egrals, the lerm [kt] involves first derivatives of displacementr. 

therefore. thecontinuity of the displacement field is all thal is required. Thus we 

will be able to determine the critical load for a member or structure by using this 

inconsistent mabix. For a given accuracy, we should diuide the memher inlo Inme 

elemenls than when we use the consistml [ka]. 

A very simple inconsisten1 [h] is given M o w  that is bawd on the two- 

d i m e n t i d  bar with a linear displacement shape function. 



Examples with wverd end co~tdi~ioris of columns by using me, two or more 

elements wi lh consistent or inconsisterit gmmetric matrix are diwussed. We will 

usp the figure of  he srahili~y functions. see Figure 2 ,  which rmv be obtained From 

several relaled tzx~s. lo obtain t k  minimum length of the element rquired for 

linear analysis. T h e  resulls for the critical h d s  ohlaird from matrix m e h d  are 

compared u;i~h ihe theoretical vahm in  Tablel and Table 2. 

I t  i s  intermling to observe thal the error of the pinned-pinned case with two 

elements is the same as thal o f  the fixed-free case with one element, since the 

pinned-pinned case can he assumed as iwo elemenls of [he fixed-free case with 

lenglh of UZ. Therefore, the critical load by the matrix method o f  the pinned- 

p h e d  case is exaclly fwr times &s that of ihe Fixed-free case. 

Another example ior a Franle problem i s  adopted from the assignment #7 of 

thiscoune, h w n  in Fig. 3. 

From the results in the previous section, we see thal results using the 

consisren~ gmmemc rnamx. are ven, g d  i f  morc than two elements are used. I f  

we consider the minimum mesh length required in Fig2 t lhese values are listed 

on rhe bottom of Table I ), i t  i s  ohvious [ha[ using two elements For any end 

condibons is quire adequate in order to & w n  the critical load within 2.5% error. 



We know that a m e m h o r  structure is well modeled when the elemenrs are 

compa~ible and when i t  i s  not softened by low-integration rules. Then such 

formulation yields an upper bound to the magnitude of the correct buckling load. 

T h i s  i s  evidem from the results in Table 1 and 2. If (k j  and [ l~ l  were based on 

the displacement tields that include the buckled shapc, sine or cosine hnctions, h e  

matrix method would yield the correct buckling l ad .  The cubic polynoniial ar we 

used in [ I ]  still yields a very g d  result if more than two elements are ufpd. 

As we see in Table 2, more elements are required to obmn a good result by 

using the inconsistent geornetrjc mamx When we use his inconsistent mamn in 

Eq [6], some mathemalid problems w ~ l l  be encountered Ib] in Eq 161 i s  semi- 

positive definite since i t  conlains all mro values in  some rows and columns that 

wi l l  yield m eigenvalues. Some compum programs solving the eigenproblem 

can not be used directly since they are based on the Jacobi method !hat must use 

symmehic and plsitive clelinik matricer Fclrrtunattly. k]. Eq [dl, is a v a y  simple . 

mamx that make the hand computation applicable within four elements For more 

than four elernems, some numerical method for finding the smallest or largest 

eigenvdue can be used ( S pcncer 1980). Orhenuise, we can use an alternative 

procedure for iletermining the critical IW which consists o f  assuming an wer- 

increasing value of PC, and evaluating the delerrninani at each srep. The criticd 

load then corresponds to The value o f  P<r for which the determinant reduces to 

z m .  



Table 3 is  adopted from the assignmen1 110.7 of the lecture. The maw1 method 

with consistent matrix also yields a very gaod result, even when only w o  elemenls 

am uwd in a c h  member (only I .8% error). 

5. Kemarks on [Kpj 

The result from the incunsisieni Ika] is not as accurate as that from the 

consistent b] for simple column problems. I f  we want to increase mmpu tat ional 

efficiency with little toss in accuracy, however simpler Ik.1 is sometimes 

recommended For a complicatrd wucture, il the accuracy and computalional 

efficiency &re both important, then the "besl" [b] is required. This best geornebic 

r n a h  is probably inlermediate lo the consistenl one and h e  simplesi possible 

[b] (Cook 1989). Numerical evidence suggests that h e  cornpubxi critical loads 

are i n k  when lh] is simplifiwi. 

We have only considered h e  iwdirnentional columns and frames with axial 

loading in his paper. I M ,  the geometric mawices have been devised for many 

buckling problems. For example, for plak buckling (Haskell 1970), torsional and 

torsional-flexural bwkling of prismatic memkrs (Barsourn 19703, tapered bars 

and plates (Tnawi 1972). threedimensid beams (Argyris 1979). geometrically 

nonlimu anaIysis of beams (Yang 1986), and geometrically nonlinear analysis of 

thin-walled frarnes(Conic 1990). 



Some special structures have no convenbonal sMness matrix, for example, a 

linkage of pinzonnec~ed bars wih  each link idealized as rigid Stmight cables and 

flat membrana, which have no bending stiffness wih which to resist la led loads. 

are problems that can be analyzed by [Kp] ID) = (Q], where (D) wnhns  d.0.f.s 

w i a t e d  with small html defleciions (Cook 1989). 

6. Conclusions 

The finite element method i s  a numerical procedure Tor analyzing memkrs 

and struciurrs, and il is a very powerful tool in andyzing the slability problems of 

continua, especially, for the complicated structures. For the simple column 

problems in this paper, we find hat a large mesh size , say two elements, can yield 

a very good result. and similarly, fm two-dimensional frame prMems, I n k d .  

each m e m h r  of a frame Etructure may be considered x one beam-durnn ekmnt 

with appropriate end condirions. Therefore, using two elements in each member is  

quile adequaie. 
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Fig. 1 Twwdimentional element and i ts  d.o.f.s 

Fig. 2' Stability functions ( Livesky, 1975 ) 



Fig. 3 Stability of a simplc two dimcrltional h-mc 

( Auignment #7 of the lalure ) 



Table I Column stability analysis - 
using conlir lrn~ geometric matrix 

hcklcd Shape 

Exact Prr 

I element 

2 elements 

4 elemenls 

8 element5 

16 elemenL~ 

~n in .  mesh 

length requira 

pinwd-pi nned 

!) I 
t 

pinned-tixcd fixed-fixed fixed-ircc 

5.47&1 EIIL' 2 . ~ 7 4  EM 

WA 2.4860 (0.75411 

40.0 {1.32%j 2.4687(0.053%] 

39.7754 (0.754t) 2.4675 ( O . m % :  

39.4986(0.05 1 $ ) 2.4474 (0.000%; 

19.4797(0.003~) 2.4674 (0.000%; 

O S L  1.01. 

** min. mesh length i s  & h o d  by s o n d m o g  -I S P, 1 R < 1 from Fip. 2 



Table 2 Column stability analysis - 

using inconsistent geometric mamx. 

Table 3 Pcr for the frame problem o f  Fig.3 - 

using consistent geomemc matrix. 

Exact I'cr 

3 elements 

6 elements 

9 elements 

18 elements 

24 elements 

23.237 EUL' 

32.066 (38.00%) 

23.662 ( 1.83%) 

23.356 ( 0.51%) 

23.257 ( 0.086%) 

23.252 ( 0.065%) 
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Lateral Torsional Buckling of Steel Link Reams 

by 

Kent A. Harries 

ABSTRACT 

The development of the theory of lateral-torsional buckling of steel H 
sections is investigated. Particular attention is paid to the lateral buckling of 
sections subject to high shear loads, such as thme used in link beams in 
eccentrically braced frames. Current design philosophy and criteria, as specified 
by CAN/CSA Sl6.1-M89, will be presented and discussed. The recently 
suggested, four fold increase in required lateral bracing forces, will also be 
presented and discussed in the context of link beams in eccentrically braced 
frames and steel coupling beams in reinforced concrete wall systems. 



1. Introduction 

Link beams are an integral part of eccentrically braced frame (EBF) structural systems. The link 

beam is the element designed to dissipate energy under circumstances of extreme lateral load such as 

in the event of an earthquake. The EBF system is designed so that the link beam will form a plastic hinge 

and protect the remainder of the structural system, especially the columns, from damage. For short to 

medium span link beams this hinge will form in shear over the lengh of the beam, while for longer spans, 

two flexural hinges will form at the ends of the link beam. This paper will discuss the behaviour and design 

considerations for short and medium span link beams, often termed 'shear links'. The discussion, 

however, is largely valid for any length of member. The preferred modes of deformation for two EBF 

systems with shear links are shown in Fig. 1. 

Typically, link beams will not experience high stress levels under service conditions although they 

will be required to deform inelastically under severe lateral loading. Link beams therefore must be able 

to exhibit both large ductility levels and energy absorption characteristics 

Since the most efficient mode of energy dissipation of a short steel H section is in shear, a link 

beam must be designed to remain elastic in flexure while attaining its probable capacity, including the 

effects of strain hardening of the web, in shear. Typically, satisfying this criteria will require a section with 

a disproportionately heavy flange, such as an S or built-up section. Such a section will be prone to 

instability of the compression flange at the high stress levels required to yield the web in shear. As the 

web approaches its ultimate capacity, it will buckle perpendicular to the primary tension field, this will 

increment the instability in the flange. 

Flange instability resulting from the high stress levels and web buckling comes about because 

the restrained compression flange essentialiy acts as a column on elastic foundations. At some point the 

compression forces in the flange, from the compression-tension couple making up the flexural moment 

applied to the beam, cause the flange to buckle laterally, about its strong axis. The flange is fully 

supported by the web, which restrains the flange from buckling about its weak axis, until the onset of web 



lhnlr oeom d a l ~ r n r  in . lagl~col l~  ln rlvnr 

( a )  split K-bracing 

(h) diagonal eccenhr ;c  hroc ing  

FIgure 1 Pseiwred mode ol deformaim tor EBFs 

2 2  



buckling. Once the web has buckled the flange will experience local instabilities about its weak axis, 

coinciding with locations of web buckling and high flexural stresses on the section. Experimental results 

have shown that lateral instability will be the dominant flange Instability mechanism for a properly detailed 

short span member. 

2. Lateral Torsional Buckling 

Lateral flange instability is properly termed 'lateral torsional buckling'. The torsional mechanism 

comes about as the compression flange becomes unstable, wanting to buckle laterally, while the tension 

flange is stable, wanting to remain straight. In this manner a twisting moment is induced. 

2.1 Torsional Reslstance 

When a structural element of non-circular cross section is subjected to a twisting moment, the 

cross sections of the member may warp out-of-plane. If the member is allowed to warp freely, the applied 

torque is resisted entirely by St. Venant shearing stresses. This behaviour is called pure or uniform torsion. 

If the member is restrained from warping freely, the applied torque is resisted by a combination of St 

Venant shearing stresses and warping resistance. This behavlour resuks in non-uniform torsion. 

For conditions of uniform torsion, the torque, T,, is related to the angle of twist, !3, by the 

expression: 

where: G is the shear modulus, 
z is the direction along the axis of torsion, and 

J is St Venant's torsional constant given by: $x b,ta with b and 1, the width 

and height of the components making up the cross section. 



FM conditionsd non-uniform tordon, narmal stresses are lnduced in the longitudinal fibres d the 

section which c a m  warping. This warping c a m  strong axts Rexure d ttW beam flanges. Figure 2 

plan end elevatian 

Flgure 2 TwMlng d an H section restrained againsl tee warplng (adapted from Chajes, 1974) 

illuglrates the twisting d a m i o n  rarained againsl free warplng. The warping c a w  opposae shearing 

forces in the Ranges, V, whlch b m  a wuple wer the height, h, d the section. The warping lorion, T, 

can therefore b? expressed as 

L . vfl 

Recognishg lhat V, can be related to lhe strong a l s  benc%ng mwnem d the flange. M,, by the 

expresw: 

Letlb-ig the laleral displacement of the centrelkre d the compr%ggion llanga (we Flg. 2) equal x, 

the erpressiwl for the flange bendbrg becomes 

where I, is the moment d inerlia d the flange about its strong =is. 



SuDsthuting x = I g h  , t k  expression fcf warping lorslon becomes: 
2 

Tta  I ,  lerm is called the warping cmstant of the section and is given the notation r 

The total torsimal warplng resistance. T, of any m n  is defined as the sum ci the unilorm and 

m-unilorm warping lorsims: 

A compwe derivmim and examples d appkation ol this expression are given in Ankle 5.2 of 

Chajes (1 974). 

2.2 Lateral Torsional Buclllng ol Btmmm 

Lateral iwsional buckling is a combinam oi oligting end lateral bendlng bought a W b y  ths 

instability d the compression flange. T k  firs1 imestigalions ol lalwal buckling ol H sedims were 

conducted in the earty 1900's by Timoshenko. Contemporaries include Wimer in the 1940s and Galambos 

in the 1960's Lateral buclrliq cakulations csn be mede using a variety of numerical or analytical m e w .  

These Cakulalions, N e v e r ,  are complex and make a number d -ions that are not emirah/ 

wnsment with lypcal in silu conditions. 

Investgatmof Meral torsional buckling have, for the most pan, deal wdhsecliwrs propwriwed 

fcx normal structural uses whereReuure of the msmber will be the cmrolling design criteria. Until recenlfy. 

link ~rruestigatlon has been conducted into the stabitq response d short span members, i.e. mernwrs 

where shear is the cwrMling design parametw. 



3. Design Code Approaches to Lateral Torslonal Buckltng of Llnk Beams 

Design philosophies for the resistance lo laleral lorsional buckling of link beams are derhed 

throuyh a combinaion cd thmretical ard empirical studies. 

3.1 Research Programme. lmolvlng Shear Unks 

Research involving link beams in EBFs has been vlnually tne exclus~e domain d the Eanhquake 

Engineering Research Center al the Uniersrty of Calilomia at Berkeley. Through the 1970's and 80's. Egor 

Popov has supetvised numerous r e a r c h  programmes imokmg link beams in EBFs. The Cndings d this 

research is incorporined inta most North American steel design codes incluchng the Unifwm Bufld~ng 

CoUe (UBC), the SEAOC Recommendafions lor  Later@ Fwce Requirernena (1 988) and CANlCSA S16.1- 

M89. Limit States Des~gn ol Sreel Struclures, the Canadian steel design code. Anhuugh P q x v  has been 

very pcplif'ic in lhis =@a, a few publications mera particular anention as strmg summaries d the dsign 

ph~losophies and criteria Irx link beams, these include Popov's work wllh Roeder (1977), Malley (19€3), 

Kasai (1986) and Engelhardt (lgag). The lanor, in particular, summarises ihe behaviour and CWgn 

considerations for stability that represent t k  bash for mosl new code prmisions. 

3.2 Requlrements for Lateral StaMlity of Llnk Beam Flanges In CANICSA S16.1-MBS 

In order for the link beam in an EBF to behave in the desireu duclile manner, kt must b2 prqmly 

designed and dRaP+d A property ty*ned and detailed link beam will nM only exhibil exCellem energy 

atsmption characlerisks, but d also resist lateral ~ns lab i i .  

Lateral torsional buckling & inevitable in any beam tested to failure. The aim of the design 

philosophy is to ensure that the &am mains its mavimum capaclrj M o r e  such instability occurs. 

The Canadan Heel desfgn c d e ,  CANlCSA S16.1 -MB9 11 9B9). includes new mandatory provisions 

for ihe design and detailing of link beams in EBFs. These provisions, cwnprisiq Appendix 0: S m i c  



Design Requlrernents lor Eccenlrically Braced Frames, are based. almosl e~clusively. on lhe provisms 

given by SEAOC (19BB). which, in turn, come from lhe research ol Popov. 

Clause Dl 01 Appendx D Mnes a link beam as 'the s q m e n t  of a beam in an eccenlricalty 

braced kame That is designed 10 yield, eithw in flewure or shear, priw to yiekd of other pans 01 Ihe 

Slructure.' This clause requires that, for these critical smctions, the web must contom to Class 2 

requirements and the flange must cord- to Class 1 requirements. That is, in order to avoid local 

hklrng d the web. the heighl, h, and thickness. w, d the web musl conlorrn to lhe rq4irememi: 

w M e  F, is the yleld strength of the steel. 

To avoid local buckling of the flange, the widlh, D, and the thickness, t, ci the bnge musl conlorm to the 

requiremenl: 

I1 shwld be noled that d w b k  pbtes are rw perrnhted to be used for link &am webs and thsfelme 

cannot Klfluence the class ol the seaim. 

In order to control lateral buckling, the m i m u m  unsupported lengh oi lha link beam, L., is 

defined by Clause n . 2 . 2 .  l ib) as having to cmforrn to the requiremenls lor piastic design: 

wlwre r, is the radius of gyratm d the Wsection abwt ir weak axis. 

The requiramenls outlined a b e  are hndamemal aspects d srructurel sled design. The delailing 

requiremenls lor duclilii, new lo Ihe design standards, were firs1 adcpkd by S E A N  (1988) and have 

the equation numbers given correspond to the clause numbers of CAWCSA S16.1-M89. 

2 7 



now been adopted by mon N m h  American derign codes. Thesedelailing provisions were d s v e l w d  by 

P O ~ O V .  Popm's initial provisiwls are summarked in Engelhard1 and Popov (1989) and are the provisions 

given by CANlCSA S 16.1 -Mag. 

In order lo ensure that the section wlll be abLa to extubll Hs mamum ductility. Clauses 06 to D l 0  

provide guidelines lor web difeners in {he hnk beam. Because link barns are subjen to reversed cyclic 

loading behavbur all required s t i f f e m  must be full hdght and welded lo both flanges and the web. Full 

deplh sl~Nmers on bMh sides d the web are required at the ends of the link beam, these stiffeners must 

have a comkned widlh of b - 2w and a lhrckness not kss than 0 . 7 5 ~  nor 10 mm. 

Full depth intermediate slilteners are required tor bnk barn cwlrolled eaher by shear or by 

l k u r e ,  were ahears are grealw lhan 45% of the factored shear resistance. Intermediale stitIenws need 

mly be provided on om side ol lhe web when lhe seclion is Is$ than 650 rnm deep, Mhenvise, stiflenerg 

must be providedon both sides. This requirmern M p s  to ensure the sliifeners t m s e k e s  do not buckle. 

Intermediale nlnenets must have a thickness of 10 m. Stinener spacimg determind in Clause 08, ls a 

function oi the expected rotations of 1he link beam. F m  these prwisims will resull in what appears 

to be an over-slinened link beam. 11 must be realised, however, especialb in the m e  of sirqle sidd 

sliHenws. that lhe strfleners wiA be called upon to aabil'ise both the flange and 1 b  web. In a properly 

delailed link beam, severe web buckting, perpendicular lo the tensian feM in the web should no( cause 

bcocal instahlity of the flange. Under circumstances d extreme loading, it has been observed that the 

sliffeoers yiald in d d l e  curvature flexure M a e  instaMhs of the fknge are nMed (Hanies. 1992). 

If these design prwislons are iWGwed, Ihe link beam will b aMe to extubit large ductilities and 

large a m n t s  of energy absorptiwr. Stable hysteretic behaviwr a1 ductility lev& of 8 to 10 times the 

displacement at yield are co rmnh /  reponed in link beam teas. Beycad tt is poinl, il is dten observed 

that lateral torsanal buckling is the primary m& of failure (Engelhard and P o w .  1989, and Malley and 

P q n x  1983. anwng others). Figure 3 shows w example oi the typical hyslerelic behaviour exhiMited by 

a p r o p m  designed and mailed link beam In an eccenlricalty bated frame. 



Flgure 3 Applied shear versus rmation d a link h a m  k an eccantricalty braced frame, reported by 
Engdnardt and Popov (1989) 



4. Lateral Braclng Requirements for Link Beams 

Engelhardt and Popov (1 889) reported that in 5 of 14 lull scale link beam test specimens lalwal 

lorsmal buckling w x  the primary rnorle d fallure. In a further 3 spKimens ot the same series, lateral 

torsional buckling was cited as an 'dditimal f a b e  mode'. In two earlier w ies  ol teas (RWer and 

Popov. 1978 and Matley and P o p .  19831, sir& results can be seen from p1-test phmcgraphs. 

although the effect of lateral torsional bucklirq on llnk beam respma was no1 undw cwlsideratior in 

t b z a  programmes. FurIhwwe, recently at McGill, the initial stages d laleral torsional buckllng were 

evident in specimens having reinforced ccfCn%~w* IirLkeC wflh steel coupling h a m s  (Harries, 1992). 

In th~s prcgramme. testing was a m  befmeh* latsral h k l i n g  mukl  take place becauseolcmstraints 

d 1he data acquisitim sy!am-r and salsty C&Mians. 

I! is clear from them resuk, that lateral lusional buckling can be ttw nemesis of a member 

required to exhibit signilkant inelastic response. In ordm lo cmlrol ths rrrcKle d failure, Clause 01 7 d 

CANICSA S16.1 -M89 requires that bMh the top and Mom flanges01 a link beam be prwidad wtth lateral 

bracing a intelvak no greatw than 200/ry . This lateral bacing must be desrgned to resist 0.015 

times the beam ftanp resistance. P,, , which is defined as b x I x F? . at the link beam ends and 0.01 

times the flange resistance along its lenglh. 

T h ~ e  laleral resistance factors ars essentiaIy arbrtrq and stem from thwelical anabres o( 

strong axis bmding of the cmpfesslon flange. R%cmf work by P q x v  and Engalnardt (1989) has 

sugges l~~  that the 1.5% Lateral resistance rsqukement is inadequate lor Ilnkwams in eccentricdb braced 

frames. 01 14 full scale link beam tests, the obs%rvd out-d-plane forcss, Bwened on the lateral supports 

at the link beam ends e x c e W  0.015PT,, in all but one specimen. Thevalues ranged from 0.007P9, 

to 0.22P,, , the av6iage value over all 14 spechens was 0.071P,, , wrth three spsc ims  having 

W r v d  values exceeding 0.1 PI, . Figure 4 shows the tya6reliC re$- d wI-d-plane fmces fw 

three d the spacimens teaed by Engelhardl and Popov. The nmatlons Pt and P2 rdef lo the out-or-plane 



forces d the bonm and top flanges, respectidy, while the horizontal axis relers to lotal curvature 01 the 

link neam assemMy ( y , in Fig. 1). Figure 4(a) shows the response d Specimen 11,  the one specimen 

whch rema~ned M o w  the 1.5% lateral resistance requirement. This specimen reached a peak lateral bad 

d 0 007P7 ,,, . Figure 4(b) shows the response d Specimen 1, having a peak out.of.plane load d 

0.1 P,,, . S p e c i m  1 shows a progressive increse in the wt-01-plane forces wah cycjing, suggesting 

a rdative4y conlrolbd occurrence 01 lateral torsimal buckling. Canvemly. Specimen 12 (see Fig. 4(c)) is 

typical of a sudden laieral buckling lailure. The peak an-of-plane bad recorded lor Specimen 12 was 

o.=p,4,,,. - Shown on the right vertlcal axis of each hysteresis curve is the 0.015Py,, outd-plane force 

requmfnenl. Figure 5 snows two lateral buckring failures observed by EngeIhardt and Popov, The sover.Xy 

of lhis mods 01 lailure 1s clearly apparent. 

F r m  his results. Popov has suggested that m a d - p l a n e  forces are like& to occur at the link 

beam ends, where large loads are transmed to braces M columns. Any eccentriciry caused by a 

rrlisalignrnenl in these pint regions will be very significanl in causing out&-plane forces which lead lo 

lateral twsional buckling. Existing rn&aligrvnents MI be Iunher incremented by lrM&ililles in the jdnt 

region. Popov has suggesled lhat local buckling cl the lvlk b a r n  also contributes lo the inducment of 

large lateral forces. After local bucktiq. the cross seclion of the beam is no b g e r  symmetrical. 

Consequently, 1he shear centre no bngw coincides with th@ cenlroid, ihis. Ln lurn kducesfuther twisting 

rmments w lhw Cross Section. 

Pop& has suggested thd  t b  ~ ~ u m  latwal force r e q u l r e m s  lor link beams tm increased 

a rninmum four fold to O.MP,,, (see Fig. 4, right venkat axes), Funhermme, he has prop& minimum 

stitlness requiremerlts far the lateral bracing members, allhough no quantfiative values have yet been 

defermid.  Popov emphasises that In order 10 efleclive a1 large a- loads and displacemec~rs, a 

properly d e s i g m  lateral bracing system sl-wld no1 restricl any in.plane motion 01 lhe link Oeam. The 

implication 01 this is that floor slabs shwld rlol be considered adequate la lateral bracing of the top 

flange d link beams in EBFs. 
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Flgure 4 OUI of plane forces at link beam ends (from Engelhard and Popw. 1989) 



Flgure 5 LaluIal buckling failures reported by Engelharm a d  Popov (1 9B9) 
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Thew requirements d, undoubtably, make lheir way hlo c d e  provisions in the near tuture. 

Anhoug h not yet an amendment to CArJlCSA Sl6.l aAW, the cDde committees In Canada are suggesting 

that a minlmurn value d 0.05Py, b% adopled tor Ule design d eccentrically braced frames. Thls value, 

lower than the 6% suggested in the Unned Statas raRecls llm Merenm b e t w m  ilm Wit states design 

approach used In Canada and Um working stress approach, traditlonaly used in the Unlted States. 

4.1 Appllcatlon lo Sled Cwpllng h a m s  In RcMwcd Concrete Walls 

The use ol u e d  -ling beams h lleu ol diagonally or tradtlonarly reblorced concrete coupling 

beams, in ductila rMuced cmcrele wall systems, is currently being investgated at McGSII University 

(Harries ei al, 1992 and Harries, 1592). Two cwpling beams, tested to 2W reduction from ultimate 

capecity, began lo show Sgns lateral tors+mal Wllg. The pirnary reason for the onset ot this 

buckling w x  a progressive increase in clear span of the c o u w  beams b m ~ M  a b m  by spalling of 

lhe concrele. By the end d both less the coupling beams had exmeded their specK6d maulmrm 

unslpported 1-h d 3 S 0 r f / ~  , Ulis, mether wiEh pmmwd w& buckling w a  ttending toward 

large llange h lab i l i t i i  

The lateral lorces s8t LIP R c u q b q  beam are slsrJlicanl, nd rn much h the clear span, as In 

lhe mbedment regkn Large lateral tmea hpae t w k k g  moments m the walls. a phenmenm not 

ewhibied in p r w  d w  EBF systems. m e  twisring ~ e n t s  may become signiticanl I they 

occur in ihe bwsr BIoreys. where the w a l  mey bow- a plesriEMural hinge. Furlhermore, sigdicant 

lateral forces cause spalllng d the ernbebnent m r e l e  bqm-d Ittat c a d  by the cycllc shear stresses 

in the coupling beam. This flea vnllluttm reduce the erreniveness ol Iba ernbedmern leading to 

crippling d the coupling b m ~  web in ihe emkirnenr, an effect that should be mlded (Harries, lW2). 

Although empirical values are not available for st& coupled w d k  tunher research pqrarnmes 

will be investigating tba oul-of-plane forcesswmrated by hstabllfty of the coupling Warn It ts lheauthds 

oplnion that values grealer than those prcposed lor the lateral forces Induced h EBFs b used Ln 



ConsidWing the lateral bracing wilich the runforced concrete embdment ol a Steel coupling b%am must 

provlde. 

5 .  Conclusions 

It is clear lhaf faferal rorslonal buckling is a pflmary concern lor the designers of link beams in 

eccentrically nrxedframes. Lateral torsbnal buckling can cause sudden catastrophic failures at high load 

levels. These farlures can be iriggwed by a number d mechahms such as inirial eccmrichies. bcal web 

or flange buckling or web crippling. Current Nmh Ameiican design c d w  Nequalely deal W h  these 

corrdihons in h e  tom 01 pwisions lm d%signing and detailing link beams in EBFs. 

One aspect d lhe response d thew members which does not s m  10 ba dean wlrh aCaquafdy 

is fhe lateral bracing requlrmnta. PrwMom rewring latwal bracing re5utamlce equal to 1.54; of [ha 

flange resislance have been IouM to be hadequate. Values exceeding 0.06P,,, are now being 

recommended as good dtrsqn ptocedure for EMS.  In the case d reinfmorced conaete walls linked with 

stwl coupling beams, lateral support provided bj the reinimced concrete embedment must be checked 

and should certainty exceed 0-OW,, . Funherme, the lateral suppon provided by lhe reinlwced 

concrete wall must fake in0 account the Meets lhat progressive cover $palling dl have on ihe 

embedment region and on ltm embedment and clear span lenglhs. 

One aspect d design whkh, anhough mernioned in [he design codes, is n a  adequate 

ernphased is the requirement that both flangas be braced agalnsi lateral lnslabilifl. The critical loads 

in this typed member will lib& be si$seismicalb indwed, therdomlhe reveised cyclic nature of the loading 

must be taken into accwnt. Bah flanges will be in cmpresslwr during the reversed cyclic time history. 

Another desgn aspscr, not ab%quately emphasised (in iacr, reiegated lo a footnote in the SEAOC 

(19W) prwisions) L$ That the lateral s u p ~ n  provided by a flmr slab w other topping is NOT adequate 

lateral suppon for the top flange d link b a r n s  m EBFs designed 10 resisl seismic load. Floor slabs, due 

to their nature, tend to restr'in the in-plane as well as out-d-plane mdion of the link beam. Since the link 



beam is the cririal member in the horizontal load r e s M q  systefn, the slab should rmt be designed to 

a c q  lateral tortes lrom the llnk bearn, rather 1 shwld b? designed to 'go along lor the ride'. TyplcaDy, 

i! the link beam is experiencing large ddorrnations, Ule RDor slab wlll b far beyond being able to resist 

anything bqond its own dead load anyway. 

Despite the stringent design and d&g requirements, most ci which are aimed at providing 

s l u l i t y ,  lor link beams in EBFs, the eccentricdh/ braced frame slruclural system is an exceptionally 

Mcieni system lor resisting extreme horizontal loads due to earthquakes. Properly deslgned and detailed, 

t h  link barns in t h  syslem shoold d-M large amounts 01 energy and protect the overall structure 

lrom catastrophic darnage. The mitical design consideration is to provide adequate keral stability in order 

that sudden lateral torsional buckling failures can be avoided. There is a geat deal ol research currently 

being carrhd wt to describ the lateral response ot llnk b a r n  Popw has even suggest& (Engethardt 

and Popw, 1989) that lalateral braciq fwces may not wen b related to bearn flange strength. For ihe 

mornenl, however, design musl be cariied out wlh the best data we have available. 
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The Hu~nnn Knee Joint as a Structural Stability Problem 

by 

Sol Anibal Lorenza 

Approaching a problem in Biomechanics from a Structural Engineering 
viewpoint requires considerable change or focus. Analysing a problem in 
structural stability, we usually assume boundary conditions for the joinls and 
concentrate on the instability behaviour of the members. I-lowever, when we 
begin to treat the stability of the knee joint analytically, we realize that the 
structurnl members - the bones - are stable for all but the most extreme 
overloads. The problem is therefore to understand the way in which biological 
mechanisms act to provide stability to the complex and vulnerable geometry of 
the joint. 

Idealizing the joint with m d e l s  of varying complexity allows us to reach 
an understanding of its stability behaviour for different posit ions and loading 
conditions. This understanding is the basis for treating damaged joints through 
therapy, surgery, or in the most extreme cases prosthetic replacement. 



1 . T n t  roduc t i o n  

"From a c o n s i d e r a t i o n  o f  t he  c o n s t r u c t i o n  o f  t he  k n e e - j o i n t  i t  would a t  

f i r s t  s i g h c  appear  t o  be one of  t he  l e a s t  s e c u r e  o f  any o f  t he  j o i n t s  i n  t he  

body. I t  i s  formed between t he  two l onges t  bones,  and t h e r e f o r e  t he  leverage  

which can be brought t o  bear  upon i t  is c o n s i d e r a b l e ;  t he  a r t i c u l a r  s u r f a c e s  a r e  

but  111 adapted t o  each  o t h e r ,  and the range and v a r i e t y  o f  motion which i t  

enjoys is g r e a t ,  ~ l l  the se  c i rcumstances  tend t o  render  t he  a r t i c u l a t i o n  very 

i n secu re ;  b u t ,  n e v e r t h e l e s s ,  on account  o f  the ve ry  powerful l igaments  which b ind  

t he  bones t o g e t h e r ,  t h e  j o i n t  i s  one of t he  s t r o n g e s t  i n  t he  body . "  (Crdy's 

Anatomy) The s t a b i l i t y  of t he  h m n  knee i s ,  l i k e  many o t h e r  b i o l o g i c a l  

phenomena, a  remarkable p i ece  of eng inee r ing .  A synov ia l  j o i n t  l i k e  t h e  knee is 

a n  a r t i c u l a t i o n  between two bones,  w i th  a gap i n  between f o r  t h e  l u b r i c a t i n g  

synov ia l  f l u i d .  The c o n t a c t  s u r f a c e s  of t he  bones are made up o f  a r t i c u l a r  

c a r t i l a g e ,  and i n  t h e  knee t h e r e  are e x t r a  c a r t i l a g i n o u s  s t r u c t u r e s  c a l l e d  

menisci  i n  between t he  bones which s e r v e  t o  distribute load  and a l low e x t r a  

mob i l i t y .  The bones,  t he  femur above and the t i b i a  below, a r e  bound coge ther  by 

sc rong  co l l agen  structures , l igaments .  which through a c t i o n  i n  t e n s i o n  prov ide  

t he  j o i n t  i t s  s t r u c t u r a l  s t a b i l i t y .  The whole is enc losed  i n  a  l igamentous 

capsu l e .  Figure  1 - 5  show important anatomtcal  f e a t u r e s  o f  t h e  j o i n t .  

Analysing t h e  knee j o i n t  from th@ s t a n d p o i n t  of s t r u c t u r a l  s t a b i l i t y  he lp s  

us  t o  a p p r e c i a t e  t h e  func t i on  of t h e  different  s t r u c t u r e s  i n  r e s r s c i n g  t h e  loads  

t o  which t h e  j o i n t  is r e g u l a r l y  sub j ec t ed .  For instance, L C  t h e  l igaments  a r e  

non - func t i ona l ,  t he  j o f n t  w i l l  t end  t o  buckle  l a t e r a l l y  w i th  t he  s l i g h t e s t  a x t a l  

l o a d ,  a s  a  pin-ended column with a hinge i n  t h e  middle .  To unders tand  t h e  

s t r u c t u r a l  s t a b i l i t y  oE the k n e e - j o i n t ,  i t  i s  a p p r o p r i a t e  t o  cons ide r  d i f f e r e n t  

"modes" of s t a b i l i t y  f a i l u r e  under a  given load ing  c o n d i t i o n .  These modes a r e  a 
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s h e a r - l i k e  t r a n s l a t i o i l ,  the  s r ~ l e r i u r - y o s r e r i o r  o r  drawer  movement: a bertdirtg o r  

p!vocing i n  t h e  l a t e r a l  d f r e c t i o n ,  known as varus-valgus d i s p 1 a c w e r i L .  3::d 

r o r s i u n a l  r o t a t i o n  i rwards  o r  outwards. Laceral cranslat i o n  is also corrce b v ~ h l c .  

bur  t h e  v a r . ~ s - v a l g u s  mode c a n  bs sald  r a  u s u a l l y  c o n t r o l  o v e r  i t  Poterrt:;ll 

ins:abil ity causing l o a d s  a p p l i e d  i n  t h e  p l a n e  containing t h e  axes of t h e  inajor 

5011,s a r e  e f f e ~ t i - . ~ e l : ,  r es i s ted  by the large muscle groups accirig on the knee.  3 

-very i n p o r t a n t  f a a t u r e  i n  :he k n e e ' s  rrsporrse t o  dynamic l o a d .  

The p a l s  of chis  paper  a r e  very modest:  t o  discuss thz b i o l o g i c a l  m c a r l s  

u f  p r o v i d i n g  s t r u c ~ u r a l  stability i n  various geomet r i c  c o n f i g u r a t i o n s  to a j u i r l t  

that i s  by d e f i n i t i o n  a mechania~n, and one w i t h  3 v i d e  range of motion. The 

approach w i l l  be t o  discuss some idealizations or models o f  t h e  knee, t o  p r e s c n t  

t h e  p r o p e r t i e s  o f  t h e  msterieIs lnvolvsd, and  f i n a l l y  t o  d i s c u s s  ail a n a l y t i c a l  

approach t o  t h e  problem. By way of conclusion, the importance  of such an a i ~ a l y s i s  

w i l l  be discussed w i t h  reference to its e p p l i c a t i a n  i n  t h e  field of p rus :has i s  

d e s i g n .  

2 .  I d e a l i z a t i o n  of t h e  Joinf 

A first accempt a t  understanding ths mechanics o f  the jainc would l i k e l y  

b e g i n  v i t h  a s i m p l e  h inge  (Figure 6) .  This rwdel gives t h e  j o i n t  one  degree  of  

freedom i n  r o c a t i o n ,  c o r r e s p o e d i n g  t o  tho pr incipal  a c r i o n s  of t h e  j v i r r t  i n  

f l e x i o n  and ex:ension. Howevec, sasminbtion of che Jolnr r e v e a l s  t h a t  its n a t u r e  

1s much more complex,  as discussed i n  the anatomical t e x t s .  I n  addi t1011 LO 

f l e x i o n  and e x t e n s i o n ,  t h e  joint a l l o w s  some inwards  and outwards  r o c a t i u n  when 

p a r t i a l l y  f l e x e d .  The a x i s  abouc which t l e x i o n  nnd extension t a k e  p l a c e  i s  a l s o  

n o t  n e c e s s a r i l y  normal tu t h c  axes  of  t h e  :xembers. More importantly. t h e  

:~ovements  of f l e x i o n  and e ~ t e n s i o n  do n o r  take  place i n  a ~ i m p l e ,  hirrga - l i k c  



Figure 6 :  Simple Hinge Kudel 
Frolo Shaldach 



1n;rnnsr bur  have 3 c e r r a i n  amount o f  c o n j u n c t  g l i d i n g  an? r o t a t i o n .  The p a r t s  anc 

:+reas crE che 1n;lin articular s u r h c e s  uh ich  :,re i n  c o n t s c t  change ,  a s  do rhz  : lu i . s  

 rid raclius oE inotion,  u i c h  t h e  degree of  f l e x i o n .  Irr extreme f l e x i o n .  the 

po*;trriar porcion o f  the a r t i c u l a r  s u r f a c e s  ar-e i n  c o r ~ t ~ c t .  As t h e  l e g  i s  bro~igh: 

Coi'w~cd i n t o  extension, the uppec p o r t i o n  o f  the  Cit,Fo g l i d e s  forward o v e r  the  

condyles  o f  the  femur,  accomya~lied by J s h i f t  i n  t h e  a x i s  of rotation. 'Thecefore 

in t h e  extended p o s i t i o n ,  i t  is the  a n t e r i o r  p o r t l o n  of t h e  a r t i c u l a r  s u c f a c e s  

vhich make up che c o n r a c t  a r e a  This  g l i d i n g  a c c i o n  s e r v z s  co a l l o w  t h e  knee  t h e  

[,rear rang* of  mo:ioo l t  e n j o y s :  i C  rhe j o i n t  were t o  acc l i k s  a s imple  h i n ~ , e ,  

s o f t  t i s s u e s  from thc. e n c l o s i n g  j o i r i t  c a p s u l e  would be trapped betveer]  the  bones 

d u r i n g  f l e x i o n ,  c a u s i n g  p a i n  and r z s t r l c c l r i g  a o r i o n .  

An imporcarrc a s p e c t  of chese secondary movezenrs of che knac i r e f e r r e d  

co a s  t h e  "screw-home" mechanism i n  the  b i o n e c h a n i c s  l i t e r a t u r e .  As The knee 

reaches the  l a s t  1 5 - 2 0  degl-ees of  e x t e n s i o n  t h e r e  is a c o n j u n c t  r o t a t i o n  o f  the  

t i b i a  outwards about I t s  owth l o n g i t u d i ~ ~ o l  a x i s ,  or of t h e  femur inwards ahout 

t h i s  verclcal  a x i s .  T h i s  i s  mainly due to  t h e  r e l a t i v e  l e n g t h s  of  thu members, 

and one of its main e f f e c t s  is t o  puc a l l  t h e  ligaments of the  joint i n  t e n s i o n .  

The movement is guided by the  menisci  ( semi lunar  c a r t i l a g e s  in  F igure  A )  , which 

a r e  themselves  compressed d u r i n g  e x ~ e n s i o n  of :he knee a s  the a r c  i c u l a r  +ur Caces 

come into greater c o n t d c t .  In ;he p o s i t i o n  of f u l l  e x t e n s i o n .  :hc l i ~ a n e n t s  a r e  

maximally s t r e t c h e d .  I n  f a c t ,  t h e r e  mus: be a f o r c e  a p p l i e d  t o  m i n c J i n  rhe  j o i n t  

i n  t h i s  p o s i ~ i o n :  :his can  be ;he Eorce o f  che ex tensor  inllscles che inse lves ,  or 

che r e a c t i o n  a r i s i n g  f r o n  an  asymmetrical s t a n d i n g  p o s i t i o n  i n  which t h e  b o d y ' s  

c e n t e r  o f  g r a v i t y  passes  i n  fron: o f  t h e  J o i n t .  If no Eorce is presen:, che 

l igaments  w i l l  s imply spring the  j o i n t  o u t  of f u l l  e x r e n s l o m  T h i s  p o s i c i o n ,  

whi le  s t r e s s f u l  t o  the  j o i n t ,  is chc p o s i t i o n  of g r e l l t c s t  s t ~ b i l i t y .  The 



c ighcness  o f  the l igaments  and the  large c o n t a c t  surEace c a n  provide s t a b i l i t y  

~ i t b . o u t  tk.e a id  o f  t h e  ~ n u s c l e s .  

711e hingc i r l c a l i z a t i o n  does noc represent these  complex ir.otious r r t l cqus~e ly  

A n a l y s i s  u s i n g  the hinge i d e a l i z a t i o n  would require  tk.at an crjuivaler>t s t  i f  fncss 

b e  d e r i v e d  i th  the degrees  of freedom corresponding co v a r u s - v a l g u .  d r a x e r ,  ;,rid 

r o t a t i o n a l  m t l o n .  Using t h e s e  s c l f € n e s s e s  a c r i t i c a l  load  for  t k e  s t a b i l i t y  0: 

t h e  j o i n t  could then  be fourrd for  any degree of f l e x i o n  and applied l o a d .  '?his 

demands s i g n i f i c a n t  n n o l y t i c e l  o r  exper imenta l  uork eo d e r i v e  a model whick. does 

noc p rov ide  t h e  d e s i r e d  r e p r e s c n c a t i o n  of rht s t a b i l i t y  behav iour  of che knee.  

None the less ,  t h e  hinge model is very  pract ica l  and %as che b a s i s ,  u i c h  the  

r e q u i r e d  s t i f f n e s s c s  bascd on medical  experience, f o r  e a r l y  p r o s t h e s i s  d e s i ~ r l  

The model i s  a c t u a l l y  ve ry  useful i n  c ~ l c u l o t i n g  t h e  f o r c e s  i n  t h e  e x t e n s i o r  and 

flexion m u s c l e s ,  and the important  J o i n t  React ion Force ,  through b a s i c  s t a t i c s  

I c  gives a mean:ngful esc imace  of the forces the joirlu, undergoes during normal 

a c r i v i t y .  

Figure  7 shows h o w  a more detelled two-dimerbsionnl model c o u l d  be  u s e f u l .  

? K s  model t a k e s  i n t o  c o n s i d e r a t i o n  the irregular shepe  of t h e  a r r i c u l a r  

surfaces, and t he  actual lbcn t io r l  of the  inserciorrs of llgamencs and tendons i n t o  

rP.e bone structure. It allws $OM representation of the function of rhe menisci  

i n  d i s t r i b u t i n g  l o a d ,  and an escimace of the contact scressas can be sadc .  Yost  

i m p o r r a n t l y ,  by representing the gliding motion of the knee and Lhe changing a x i s  

of c o t s t i o n  i n  a c  l e a s e  one d i r e c t i o n ,  i c  con p r o v i ~ l c  a meaningful understnnding 

of t h e  motion of t h e  knee.  Th i s  t w o  dimens ior~a l  raodel i s  the b a s i s  o f  papers  

a r g u i n g  t h n t  the knee works as a " c l o s e d  k lncmat ic  c h a i n " ,  e mechnnicnl 

arrangement i n  which rhe Iengch of  che nembers ( l i g a m e n t s  in t h i s  casc )  deterrnirie 

the  p a t h  of t h e i r  connec t ions  co che ocher members. ( S h a l d a c h , l 9 7 6 )  
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3 .  Loading 

The knee j o i n t  i s  one o f  t h e  most h igh ly  s t r e s s e d  i n  t h e  body. Throughout 

i t s  normal range of motion, i t  is s u b j e c t e d  t o  h igh  a x i a l  compressive l o a d s ,  

E rea t  t e n s i l e  f o r c e s  i n  t he  l igaments  and tendons,  and p o s s i b l y  bending s t r e s s e s  

i n  t h e  bones a s  w e l l .  A s  they a r i s e  from the  k inemat ics  o f  t he  human body, t he se  

loads a r e  by d e f i n i c i o n  dynamic and r e p e t i t i v e .  They can inc lude  r e v e r s a l  of 

s t r e s s ,  impact,  and v i b r a t i o n s .  

The f o r c e s  a r i s i n g  i n  t he  j o i n t  can be e s t i m a t e d  through equ i l i b r i um i n  i t s  

p r i n c i p a l  p l anes .  The problem is complex due t o  t he  number of muscles which acc  

on t h e  knee.  Furthermore,  mosc of t he se  muscles a c t  on o t h e r  j o i n t s  a s  w e l l ,  s o  

t h e i r  t en s ion  i s  n o t  determined uniquely by t he  c o n f i g u r a t i o n  o f  t h e  knee.  The 

dynamic e f f e c t s  c a n  be accounted f o r  by cons ide r ing  t he  i n e r t i a  f o r c e  o f  t h e  

body, b u t  t h i s  i s  not  very convenient  as che a c c e l e r a t i o n  o f  t he  l imbs is 

d i f f i c u l t  t o  c a l c u l a t e .  Considerable  r e sea rch  h a s  been done u s ing  a n  exper imenta l  

t echnique  involv ing  f i lm ing  s u b j e c t s  performing v a r i o u s  a c t i v i t i e s  on a  fo rce  

p l a t fo rm.  (Douson and Wright,  1981) A t ime h i s t o r y  of t he  f o r c e  e x e r t e d  on t he  

ground i s  o b t a i n e d ,  which is then compared t o  t he  p o s i t i o n  o f  t h e  l imbs.  The 

force  and geometry a t  any moment i n  time a r e  used t o  c a l c u l a t e  t he  J o i n t  Reaccion 

Force .  

From these  a n a l y s e s ,  t h e r e  is a g e n e r a l  consensus a s  t o  t he  f o r c e s  which 

che knee undergoes. These a r e  e s t ima ted  as th r ee  t o  f i v e  t imes  body weight du r ing  

walklng, about  t e n  times body weight du r ing  running,  and more than twenty titnes 

body weight du r ing  jumping. These va lues  a r e  expressed  a s  equ iva l en t  s t a t i c  

l o a d s .  Th i s  is q u i t e  a p p r o p r i a t e  when we cake i n t o  account  t h e  energy abso rb ing  

c h a r a c t e r i s t i c s  of c a r t i l a g e  and l igament  t i s s u e ,  and t h e  damping e f f e c t  on t he  

j o i n t  o f  t he  sur rounding  synov ia l  c apsu l e  and s o f t  t i s s u e .  The great i n c r e a s e  i n  



j o i n t  f o r c e  with i n d r e a s a d  ~ n o h i l i c y  is of rlrlurrc due t o  ;be i n e r t i a  f o r c e .  !'o 

a s s u r e  s t a b i l i t y  d u r i n g  suck, d y t ~ i ~ x i c  l < l a d i n g ,  a  pe r son  ei:k.+r c o n s c i o u ~ l y  c r  

i n s t i n c t i v e l y  seeks t o  have the  i r x r C i ; r  f o r c e  s c :  i n  such a va:, t h ;  i t  cat7 !:z 

r e s i s t e d  by the  l s r g e  muscle g r o u p s  r a t k c r  ;t..an by rk,e ligarnencs  lone. ' : k . i s  

i r ~ o l v e s  tk.e o r i e n t a r i o r i  o t  the  l e g  a t  t h e  moment of  f o o t  s t r i k e  s o  ck.nc :be amcs 

of  :he leg hones and the v e c t o r  of  the  i n e r t i a  force l i e  i n  the same plane it ,e 

s w e  l o a d  uh ich  c a n  be c o n t r o l l e d  by t h  muscles  i n  t h e  p l a n e  o f  f l e x i o t i  and 

e x t e n s i o n  c a n  be dangerous ly  d e s t a l i l i z i n s  i f  a p p l i e d  in o t r a n s v e r s e  or  rocdcory 

a a n r w c .  such ah *.k.en t u r n i n g  r a p i d l y .  Torn l i g a m e n t s  can o f t e n  be t h e  r e s u l t .  

4 .  n o t e r h l s  

4 . 1  Ceneralltles 

'The humac s t  r u c c u r e  i s  composed of l o n g  compression members ba lanced  h y  

4c t l v e  t e n s i o n  rneirbars and bound cogecher  b y  passi .?e t e n s i l e  connect i ons .  Bone 

is UII i l n l s o t r o p i c .  s u r p r i s i n g l y  d u c t i l e  m a t e r i a l ,  ~ i t h  h i g h  strength. i n  hotk. 

cornpression ond t e n s i o n .  Tendons and e s p a c i a l l y  1 igamencs k.ave h i g h  : ens i l e  

s t r e n g t h ,  and l i g a m e n t s  i n  p a r t i c u l a r  have a unique stress - s  t rain r e l a :  i o n s h i p  

which a l lows  t h e n  t o  absorb c o n s i d e r n b l e  energy  before  ruycure  I'he ~ n a t c r i a l  

p r o p e r t i e s  a r e  w e l l  suited t o  the  s t r u c t u r a l  f u n c c i o n  oC t h e  different members. 

and bone e s p e c i a l l y  can change i ts  p r o p a r r i e s  d u r i n g  l i f e .  They havc been 

determined by many researchers o v e r  the years  u s i n g  both  d e s t r u c t i v e  r e s r i n g  a ?  

sarrplcs (noc i n  v i v o !  ! ) and u l t r a s o u n d  r c u c i n g .  

4.2 Bone and Cartilage 

Bone is a f i b c r - m a t r i x  t y p e  composite ins:crlal  w i t h  p r o p e x t i e s  w e l l - s u i r e d  

t o  severe  combined and dynamic load ing  c o t ~ d i t i o n s ,  A d c t a i l c d  d i s c u s s i o n  of '.he 

narure  and properties or hrman bone is far heyottd rhc  scope  of  this paper,  h u t  





Tables 1 and 2 from S k a l a k  and C h i e n .  
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the s l a s r i c .  Th i s  is: I ~ n p c ~ r t a n c  p l ~ y s i o l u g i c a l l y ,  ;IS hone z-hich has  ; f i e lded  b u t  c o t  

t r a c t u r n d  w i l l  be r e p ~ i r e d  hy tile hody . Furthermore, bons s x h i b i c s  visco-r l a s  t i c  

b ~ h i ~ i o u r  ir. r l m c  i t s  s t r e s s - s t r a i n  c u r e  ct~ar.ges wich The S E C J L P .  r a t e  The 

e f f e c t  o t  the  v ~ r i e c i e n  i s  t o  i n c r e a s e   he s t i f f n e s s ,  stren&..rh and ?lwrg:; 

absok-hance ; , l rh i n c r e a s i n g  s t r a i n  r a t e .  The p h y s i o l o g i c a l  strain r a t e  t o r  h i g h  

impact a c t i v i t i e s  srlch a s  rurming has  been estimated a t  . D l  p e r  second  Ttmr i t 1  

rhe  p h y s L o l o g i c ~ 1  rat:xe. g r e a t e r  loads tend ro be a p p l i e d  a t  h i g h e r  s c r ~ i r :  r J c e s  

rol..:nl: a d v t l n t ~ g a  u t  orr important  m a t e r i a l  p r o p e r t y  of  bone.  

The p r o p e r c i e s  of  t h e  a r c i c u l s r  c t r  t i l a g e  a r e  l a s s  w , . a l l  -known, dtie co t h e i r  

c o ~ n p l e x l t y  and che difElculties of 2-orking w i t h  t he  mnterLn1 e n p e r i ~ n e ~ ~ t a l l y  

E s s e n t i a l l y ,  chc inarerial serves  as a bea r ing  between the articular s u r f a c e s .  

d i s t r i b u t i n ~  the  load and absorbiag energy .  (Skalak s r  a l .  1 9 8 7 )  

4 . 3  Ligaments 

Tlia l l gomencs  and tendocs  o f  c t w  knee h ~ v t  31: u r ~ u s u ~ l  5 L 1 e s s .  s r l  *1r1 cukvt. 

The curve s c a r c s  o u t  s h a l l o w ,  s t e e p e n s  inco a s t r a i ~ l i t - l i n e  p o ~ r i o n .  and chcn 

reaches  r u p t u r e  rncher  sudden ly :  see  Figure  9 .  P ~ b y s i u l o g i c a l l y  . t h e  1 i ~ a m e n :  

i t s c l f  r n r e l y  b r e a k s ,  but r a t h e r  i t  comes n p a r t  from t h e  b o n e ,  T h e r e f o r e  t h e  

e n t i r e  s c r a i g h t  l i n e  p o r t i o n  of any l igament  i n  tension c a n  be coun ted  upon  t o  

ahsu:b energy f r o m  an i ~ ~ l p a c t .  C l i n i c a l  works (Lvans ,  1956) o f r e n  r e f e r  co 

l igamenrs  a s  havlng ar. " e l o s t l c  phase" rind s " n o n - e l a . s t i c  phase" ,  This  d o e s  noc 

c e t e c  t o  y i e l d  of t h e  ligamenr, b u t  co che nrliount of r e s i s t a n c e  an examiner feels 

i n  producing p a s s i . ~ e  mo*;srnents on the kmce . The former i s  the r r a n s i c i o n  from a 

l a x  ligamer.: ro the f i r s t  p o r t i o n  o t  the s r r e s s - s t r o i n  c u r v c  d c s c r i b e d  above .  Tile 

l a t t e r  i s  :he region of  che c u r v e  i n  which the  examiner meets  q u i c k l y  incrr .asir ig 

r - e s i s a n c e  t o  t h e  p a s s i v e  movelnents; t h e  sccep l i n e a r  porc ion  of  che c u r v e .  



5 .  S t a b i l t r v  o f  t h e  J o i n t  

5 . 1  P h y s i c a l  I n s r a b t l L t y  Phenomena 

A s c a b i l i c y  f a i l u r e  c a n  be d e f i n e d  a s  a  r e d u c t i o n  i n  t h e  l o a d  b e a r i n g  

c a p a c i t y  o f  a  member a r i s i n g  from i t s  g e o m e t r i c  c o n f i g u r a t i o n  r a t h e r  t h a n  froin 

y i e l d i n g  of  i t s  m a t e r i a l .  Damage t o  m a t e r i a l ,  i . e .  y i e l d i n g  o f  a s r e e l  column o r  

t e a r i n g  o f  a  Ligament, may o c c u r ,  b u t  i t  is more a  consequence of  t h e  c o n t i n u e d  

a p p l i c a t i o n  of Load co che deformed geomecry t h a n  a  n e c e s s a r y  r e s u l c  of  che 

i n i t i a l  s t a b i l i t y  f a i l u r e .  I n  a  structure s u p p o r r i n g  dead and Live l o a d s ,  r h i s  

t y p e  of  damage a l m o s t  i n e v i t a b l y  f o l l o u s  a f t e r  i n s t a b i l i t y  i n  a  member: redundant  

l o a d  p a t h s  r e d i s r r i b u t e  some l o a d  a f t e r  f a i l u r e ,  bur c h i s  i s  a p a s s i v e  p r o c e s s .  

u s u a l l y  n o t  enough t o  p r e v e n t  permanent damage ro rhe  member. I n  t h e  human body. 

however, n e u r o l o g i c a l  r e c e p t o r s  i n  che j o i n t  c a p s u l e  c o n r a i n  r e f l e x i v e  impulses  

which c a n  a c r  t o  p r e v e n t  danage t o  t h e  componencs of  che j o i n c ,  They a c e  by 

i n h i b i t i n g  f u n c r i o n  o f  t h e  muscles  u h i c h  s u p p o r t  rhe  l o a d  c a u s i n g  che i n i r i a l  

i n s t a b i l i t y .  I n  t h e  c a s e  o f  t h e  knee j o i n t ,  t h i s  means t h e  leg m u s c l e s ,  and t h e  

e f f e c t  may b e  t o  f a l l  down, t o  s l i p ,  o r  t o  drop a  w e i g h t .  The c a u s e  is t h a t  t h e  

body " p r e f e r s "  r o  f a l l  down than  t o  r i s k  damage t o  rendon, l i g a m e n t ,  o r  bone.  

Thus i n  some c a s e s ,  i n s t a b i l i t i e s  a t  t h e  knee a r e  a c t u a l l y  p r o t e c t i v e  mechanisms. 

For example,  a  h e a l t h y  knee j o i n t  moves i n  a  p a t h  s t r i c t l y  c o n t r o l l e d  by t h e  

t i g h t n e s s  of  rhe  l i g a m e n t s ,  u i t h  vLrrualLy no s i d e -  co- s i d e  movemenc . Lax 

l i g a m e n t s  a l l o w  che a r c i c u l a r  s u r f a c e s  co s l i d e  abou t  randomly on one a n o c h e r .  

I n  c h i s  way sudden,  i n t e n s e  stresses c a n  o c c u r ,  which may c a u s e  t h e  r e c e p t o r s  t o  

f i r e ,  inhibiting a l l  muscle a c t i v i t y  and r e s u l t i n g  i n  a momentary instability 

under no e x c e r n a l  l o a d .  

I r  i s  p o s s i b l e  t o  Look ac  a  knee j o i n t  under  l o a d  a s  a  problem i n  

s c r u c t u r a l  s r a b i l i t y .  Ue know from p r e v i o u s  d i s c u s s i o n  c h a t  che cwo-dimensional  



o r  thinge models a r e  e f f e c t i v e  i n  f i n d i n g  muscle and j o i n t  r e a c t i o n  f o r c e s  for ;I::? 

g i v e n  1o:id :in4 degree  of  I le: ; iot>.  ' h e r e f o r e ,  a l o ~ d  ,uhich c a n  be s u p p o r t e d  by the  

j o i r ~ t  mechanism a t  one c o n f i ~ u r d t i o n  may c a u s e  i n s t a b i l i t y  upor\ an  a t t e m p t e d  

change or p o s i t i o n .  T h i s  vould  be ttlc t y p e  of  i n s t ~ b i l i t y  ~i~etnt ioned ,rbove: t h e  

nervous  system would L n h i b i t  motor ~ r c t L v i t y  , e f f e c t i v e l y  c1lusi118 the  members 

which s t t l b i l i z e  the  mechanism t o  v a n i s h ,  and t h e r e b y  r e l i e v i n ~  t h e  J o i n t  of a 

p o t e n t i l ~ l l y  d.imap,ing l o a d .  ? h i s  type of  instability i s  r e l a t e d  co irn e q u i v a l e n t  

s t a t i c  a n a l y s i s  o f  the j o i n c .  buc i c s  e s s e n t i a l  n n t u r e  i s  beyund che gcirsp of a 

s t r u c t u r a l  s c a b i l i ~ y  anillysis. A l s o ,  t h i s  r b p p ~ o a ~ h  o n l y  d e ~ l s  w i t h  i 11s tab i1  i  t i e s  

i n  the d i r e c t i o n  of t h e  prinayr motions o f  t h e  k n e e ,  which a r e  tnot t h e  lnost 

dangerous ones  f r o m  a s t a b i l i t y  s t a n d p o i n t .  Ue need an approach which corns iderr  

t h e  p o t e n t i a l  [ o r  i n s t n b i  l l c i e s  in the  v a r u s - v a l g u s ,  d r a w e r ,  and r o t a t o r y  modes. 

One p o s s i b l i t y  would be t o  use  an  energy approach t o  t h e  problem.  For any 

g iven  degree  of  f l e x i o n  we miould ana lyze  c h r  geometry co de te rmine  t h e  s t a t e  o f  

che l i g a m e n t s ,  t h e  articular cenracr area. e c c .  Y c  vould  chen suppose a u n i t  

d e f l e c c i o n  as u s u a l ,  a n d  f o r  each of  the  p o t e n t i a l  modss of i n s t a b i l i t y  colnpare 

the s t r a i n  energy it) t h e  d e f l e r t e d  configurdtion co the energy o f  t h e  s t a b l e  

geometry.  Knowing t h e  m n t e r l a l  p r o p e r t i e s  of  b o n e ,  c a r t i l a g e ,  and l igamencs  

; i l lows u s  t o  calculate ctw s t r a i n  energy. The v a c i o u s  modes would be c o u p l e d  on ly  

b y  t h e  a c t i v a t i o n  of  the  r e s i s t a n c e s  o f  t h e  some l i g ~ m e n t s ;  1 . e .  they  xould  be 

uncoupled i n  terms u f  ~ h c  drra lys i s .  

T h i s  is che approech implicitly caken by L r o v r ~ i n s h i e l d  ec a1 i n  t t ~ e i r  

. 4na l :~ t i ca l  Model o f  the  Knee.  Thsy used s f i n i t e  e l e m e n t s  ( e n e r g y - b a s c d  by 

d e f i n i t i o n )  model ro represer ic  che c o n t r i b u t i o n  uf t h e  v a r i o u s  l igamencs  t o  j o i n t  

s c s b i l i t y .  They achlevvd t h i s  by n e g l e c t i n g  t h e  c o n t u l h u t I o n  of  t h e  muscles  (very  

a p p r o p r i a t e  s i n c e  chey v e r i f i e d  c h e i r  rcsulrs w i t h  t c s t s  on cadaver ic  l i m b s )  and 



Figures 10-11 from Crowninshield et 81. 
Noce chat the llgamenc model the authors 
used only resists tension w i t h i n  5% of 
ulclmate l ength .  Thus che scrain % in 
F i g .  11 is from 9 6  to 100$ o f  ultimate. 



r e p r e s e n t i n g  t he  c r u c i a c e ,  c o l l a t e r a l ,  and capsu l a r  ligaments by c h i r t e e n  

elements .  F igures  10 and 11 show important  f e a t u r e s  o f  t h e  l igament model l ing 

they used .  They then eva lua t ed  che stiffness o f  che model a c  f l e x i o n  ang l e s  

between 0 and 90 degrees  i n  t he  chree aforementioned modes o f  d i sp l acemen t ,  

o b t a i n i n g  good agreement with  exper imental  r e s u l t s .  Such a  model is o f  g r e a t  

va lue  i n  unders tanding  t he  s t a b i l i t y  behaviour  of che knee.  Crowninshield e t  a1  

used i t  t o  o b t a i n  q u a n t i t a t i v e  va lues  f o r  t he  importance of t h e  p a r t i c u l a r  

l igaments  i n  r e s i s t i n g  t he  v a r i o u s  modes of i n s t a b i l i t y  (knoun from a n a t o m i c ~ l  

and c l i n i c a l  e x p e r i e n c e . )  I c  cou ld  t h e r e f o r e  be used t o  determine which is the  

c o n t r o l l i n g  mode of f a i l u r e  f o r  s e v e r a l  load ings  and p o s i t i o n s  of t h e  j o i n t .  

Ac tua l l y ,  t he  s t a b i l i t y  o f  t he  knee j o i n t  i s  ensured  by t he  combined a c t i o n  

o f  t he  muscles ,  t he  l i gamen t s ,  and t he  a r t i c u l a r  s u r f a c e s .  The muscles a r e  o f  

p a r t i c u l a r  importance,  s i n c e  they can compensate f o r  d e f i c i e n c i e s  i n  t h e  o t h e r  

components. For i n s t a n c e ,  a  knee w i th  t o r n  o r  l a x  l igaments  is u s u a l l y  g iven  

quadr iceps  e x e r c i s e s ;  t he se  e x e r c i s e s  do no th ing  f o r  t he  l i gamen t s ,  b u t  t he  

s t r eng thened  muscles w i l l  p lay  an increased  r o l e  i n  j o i n t  s t a b i l i  t y .  However. 

t h i s  i nc r ea sed  r o l e  i s  s t i l l  dependent o n  t he  o r i e n t a t i o n  o f  t he  f o o t  s t r i k e  a s  

d i s cus sed  i n  s e c t i o n  3 . .  No m a t t e r  powerful t he  muscle becomes, i t s  c o n t r i b u t i o n  

t o  r o t a t i o n a l  s t a b i l i t y  is minimal. 

5 . 2  Role of Menisci and A r t i c u l a r  Su r f ace s  

The menisci  a r e  important  s t r u c t u r e s  f o r  main ta in ing  j o i n t  stability. They 

c r a d l e  t he  condyles  of t he  femur du r ing  a p p l i c a t i o n  o f  any compressive l o a d .  This  

s e rves  t o  provide l a t e r a l  suppor t  a g a i n s t  drawer  o r  l a t e r a l  i n s t a b i l i t y .  The i r  

shape a l l o u s  t h e  t i b i a 1  c o n t a c t  a r e a  t o  be up t o  t h r e e  times g r e a t e r ,  dec rea s ing  

t he  c o n t a c t  s t r e s s  by up t o  seven times.(McBride and Reid,  1988) I t  is t he  

menisci  which a l low a c t i v e  r o t a t i o n  of t he  f l exed  knee,  and t hey  guide t h e  screw- 



home motion which b r ings  the knee i n t o  i c s  p o s i t i o n  o f  g r e a c e s t  s t a b i l i t y .  

5 . 3  Role o f  Ligaments 

The l igaments  bear  t he  burden o f  controlling the  motion o f  t h e  knee,  o f  

absorb ing  energy from dangerous l a t e r a l  l o a d s ,  and o f  p r even t ing  t he  knee from 

buckl ing  i n  a  l a t e r a l  o r  r o t a t o r y  manner. A s  s t a t e d  b e f o r e ,  each l i gamen t ' s  

c o n t r i b u t i o n  t o  t he  o v e r a l l  stability o f  t he  j o i n t  is controlled by i c s  geometry,  

wlch t h e  s i tes  of its a t tachments  t o  t he  femur and t i b i a  be ing  t he  most 

imporcanc. Figure  12 is from Crowninshield e t  a l ,  be ing  a  summary o f  c h e i r  

f i n d i n g s  f o r  t he  r e l a t i v e  imporcance of che major l igaments  i n  t h e  t h r e e  main 

i n s t a b i l i t y  modes. Table  4 is a  summary of irnportanc phys io log i ca l  in format ion  

de te rmin ing  t h e  c o n t r i b u t i o n  t o  j o i n t  s t a b i l i t y  o f  some o f  t h e  major l i gamen t s .  

I n  t h e  knee,  i n s t a b i l i t y  causes  i n j u r y ,  and i n j u r y  cause s  i n s t a b i l i t y .  

S p e c i f i c  medical a t r e n t i o n  t o  injuries of t he  knee related t o  i t s  f u n c t i o n  seems 

t o  be a r e c e n t  phenomenon: Gray's states " . . . d i s l o c a t i o n  from traumatism i s  o f  

ve ry  r a r e  occu r r ence . "  Thls i s  very l i k e l y  a  r e s u l t  of t he  g r e a t  l e a p  i n  a t h l e t i c  

performance i n  t he  l a s t  s e v e r a l  decades. The qu ick  t u r n i n g  motions r equ i r ed  i n  

modern s p o r t s ,  combined w i t h  che increasing p h y s i c a l  power of t he  h igh  v i s i b i l i t y  

p r o f e s s i o n a l s ,  have l e d  t o  great advances i n  t he  unders tanding  o f  t he  mechanics 

o f  t h e  j o i n t  through trearmenr: of c r a m .  

Figure 12  and Table  k can serve t o  p r e d i c t  t he  reduced s t a b i l i t y  of t he  

knee a f t e r  i n j u r y  t o  any partkular  l igament .  C l i n i c a l  examinations have sets o f  

pass ive  motions which, when imposed on t h e  knee,  r evea l  through exces s ive  

f l e x i b i l i t y  i n  a  given movement damage co a p a r t i c u l a r  l igament .  For i n s t a n c e .  

damage to the  An te r io r  Cruc ia te  Ligament l e a d s  to i n s c a b i l t c y  i n  a n t e r i o r  
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Tabla  3 from C r o m ~ i r ~ s h i a l d  e t  a l .  I t  is e l i s t  
of t h e  l i g a m e r ~ t  e l e n e ~ ~ t s  t h e y  u s e d .  Some l i g a m e n t s  
were represented by more than  one e lemont .  

T A B U  4 
S t a b i l i t y  Behavior of Major Ligaments 

P o s t e r i o r  
C r u c i a t e  

L a r g e s c  c r o s s .  s e c t i o n a l  
a r e a .  AlrnosC sxinlly 
a l i g n e d  between tibia and 
femur.  

S t a b i l i t y  Function 
(ACcer C r o w r ~ i n s h i e l d  e t  a l .  
1980 and Evans, 1986) 

_q 

I t  i s  t h e  maIn s t a b i l i z e r  
of t h e  knee  in drawer 
mot ions .  

A n t e r i o r  
Cruc ia te  

C r o s s e s  the p o s t e r i o r  
c r u c i a t e  : o b l i q u e l y  
a t  EaEched be tween t Ibia  and 
femur.  

P r o v i d e s  s t a b i l i t y  i n  
a n t e r i o r  drawer and 
I n t e r n a l  rotacion. 

I Medial Collateral 
Anrer ior 

The attacchrnent between t h e  
p a t e l l a  and the  t i b i a ;  the  
end of  the  e x t e n s o r  a r m .  

The wid th  o f  t h i s  l i g a m e n t  
p r o v i d e s  varus  s t a b i l i t y .  

Collateral L 
Posterior 
Capsular 

P o s t e r i o r  p o r t i o n  of  t h e  
band o f  l i g a m e n t s  e n c l o s i n g  
t h e  j o i n t  . 

The long. vertically 
a l i g n e d  e x t e r i o r  l i g a m e n t .  

P r o v i d e s  s i g n i f i c a n t  
e x t e r n a l  r o t a t i o n a l  

P r o v i d e s  most of  the  v a r u s  
s t a b i l i t y .  



Figure I2 from Croninshield e t  al. 



t r a n s l n r i o n  and i n t p r n s l  r o c ~ t i o ~ : .  T h i s  might be a d e q u a t e l y  creaced by provir!ir:;, 

dn o l - t t ~ o s r s  ( b r a c e :  , ih ich  f i c s  t h e  1e; t i g h t l y .  x i t h  srraps t o  l i m i t  t r a n s l a t i o n  

a n d  r n t a t i u r t  i chc vcak d i r e c t i o n s .  (Kas iuk  1990) 

U n s t h a s e s  

Tire f i e l d  o f  modarn biomczhsnics  h a s  bsen l i n k c d  on tile one hand  t o  

i n c c e s s c d  i n t e r e s t  i n  j o i n t  dnii n u s c l e  behav iour  of  spor ; . s  m c d i c i r w  and O N  

o t l ~ e r  t o  tlie ndvar~ce i n  s u r g i c a l  r.?chnlquss t o  t h e  p o i n t  h e r e  co~nplc,ce j o i ~ l t  

replncement  i s  a f e a s i b l e  option f n  creacment of excrcme j o i n t  d e ~ e n e r s t i o n ,  s u c t ~  

ns i n  advanced o s t e o a r c h r i c i s .  I n  t h e  l a c t e r  c a s e ,  I need is f n r  p r o s c l ~ e : i c s  

which meet d ie  dun1 requ i rements  o f  s t a b i l i t y  and m o b i l i t y .  I n  t l ~ c  f icld of t o r a l  

knee r e p l a c e m e n t ,  t he r e  a r e  t w o  b a s i c  s o l u t i o r ~ s :  A h i n g e  c;ya j o i n r  o r  an  " i n t e r -  

condy la r"  joint. 

T h e  f i r s r  h inge type prostheses werc basctl on t l ~ e  i r ~ s u r n p r i o r b  tliat i t  vould  

be imposs ib le  co reprniluce the  complex mocions of chr  knee v i t h  a meclranical 

d e v i c e .  The s o l u t i o n  is t o  implant  a s i ~ n p l e  h i n g e .  s a c r i f i c i n g  rile n a t u r a l  

m o t i o n s .  The advan tage  of t h i s  s o l u t i o ~ ~  is t h t  a s i n g l e  degree of  f r e e d o n  hinge  

will provide g r e a t  s t a b i l i t y  i r i  a l l  d i c e c t i o n s .  U n f o r t u n a t e l y ,  many hirlge cype 

implar:ts d e - ~ e l o p  problems a t  the Lntecfnce of p r o s t h e s i s  dl!d bone.  This is 

because  t11e 11ingt: h a s  v i r t u a l l y  no energy a b s o r b t i o n  f e a t u r e s .  T h e r e f o r e ,  t h e  

energy ,;hicl~ would be absorbed  by Cltc l igaments  i n  a normal knee is t r a n s m i t t e d  

t o  t h e  bone i n t e r f a c e ,  eventually c a u s i n g  l o o s e n i n g  o f  t h e  p r o s t h u s i s .  To 

~ c i n i ~ t i z e  r h i s  e f f e c t ,  the bone/mec.al i n t e r f a c e  s u r f ~ c e  is i n c r e a s e d ,  r e q u i r i n g  

grcstcl -  r e ~ r o , ~ a l  of bone.  which may have de : r i r :~e r~ td l  e f f e c t s .  

In p a t i e n c s  utiete some l igaments  car1 hc p r e s e r v e d ,  a more modern s o l u c i o n  

i s  h e  inca rcnor ly la r  type o f  i n p l a n t .  Damaged j o i n t  s u r f a c e s  are  rep laced  b y  



mecal condyles  on t he  Eemur and a  p l a s t l c  bea r lng  pad on che c i b i a l  p l a t e a u :  the  

s t r u c t u r e  o f  t he  j o i n t  i s  conserved ,  3s the  p r o s t h e s i s  r e q u i r e s  l i t c l e  anchorage.  

The philosophy o f  t h i s  s o l u t i o n  i s  t o  reproduce t h e  motions o f  t h e  knee a s  

c l o s e l y  a s  p o s s i b l e ,  w i th  s t n b i l i t y  provided by t he  remaining l i gamen t s  combined 

w i th  t he  c l o s e l y  f i c t i n g  n r c i c u l a r  s u r f a c e s  of t he  artificial j o i n t .  These same 

f e a t u r e s  p rov ide  some energy absorbance,  contributing t o  t h e  important medical 

advancage of r e q u i r i n g  m i n i m s 1  removal o f  hea l t hy  bone.  

8 .  S u m m u  

A s t r u c t u r a l  s t a b i l i t y  approach co che geomecry o f  che hea lchy  knee is a 

good way o f  ana ly s ing  t he  response oP t h e  j o i n t  t o  v a r i o u s  l oad  c o n d i t i o n s .  The 

b i o l o g i c a l  s t r u c c u r e s  which provide s c a b i l i c y  i n  v i v o  t o  t he  h e a l t h y  knee a r e  

extremely complex t o  model, and much more s o  t o  reproduce a r t i f i c i a l l y  i n  t he  

manufacture o f  f u n c t i o n a l  j o i n t  p ro s the se s .  However, a  complex, b i o l o g i c a l l y  

a c c u r a t e  model i s  j u s c i f i e d ,  a s  t he  r e s u l t s  of a  s t r u c c u r a l  s c a b i l i c y  a n a l y s i s  

such a s  l o a d - d e f l e c t i o n  response can he lp  us  unders tand t he  i n j u r i e s  o f t e n  seen  

i n  t he  knee.  Likewise,  a  s t a b i l i t y  a n a l y s i s  i s  e s s e n t i a l  when de te rmin ing  t he  

adequacy oP p r o s t h e s e s ,  of o r t h o s e s ,  o r  o f  o t h e r  methods f o r  r e p a i r i n g  a  

d y s f u n c t i o n a l  j o i n c .  
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