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The Geometric Matrix for Stress Stiffening and Buckling

by

Huei-twan Chuo

ABSTRACT

The abjective 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. Tniroduclion

Buckling of members or sructures may occur as a structural response to
membrane forces which act along the axes of members and tangent to plate and
shell midsurfaces. When buckling occurs, the membrane strain energy of the
member or structune should be converied into the strain energy of bending with no
change in externally applied load.

As we consider a slender column, the axial stiffness is muoch greater than the
bending stiffness. Similarly, in a shell structure, the membrane stiffness is orders
of magnilude greater than the bending stiffness. Therefore, comparatively large
lateral deflections and cross-section rotaons are needed to absorb the energy in
bending deformation, but only small membrane deformations can siore a large
amount of this energy.

Thus buckling occurs when the compressive membrane forces are large
encugh 10 reduce the benﬂing stiffness to zero, If the membrane forces are 1ensile
rather than compressive, the bending stiffness will be effechvely increased. This
effect i3 called stress stiffening. In this study, we are interested in the buckling
behavior, since the siress siiffening behavior i3 only the change of the sign in
applying the geometric matrix in 3 linearized analysis,

We will use the matiz method to study the buckling problem of a member or
a structure. The matrix method is a numerical technique that uses matrix algebra to

analyze structural sysiems, The details of the formation of element stif fness matrix



and gecometric matrix wall nol be illustrated 1n this paper, since they ¢an be found
in several related texis. We will directly use these matnces to see the accuracy in
calculaling the critical load of a member or a structure. Several end conditions and
different geometric matrices will be used 10 compare with the exact theorelical

solulions and to see the computational efficiency.

2. Geometric matrix

[n this section, we will 1ilustrate the relations between buckling behavior and
the geomelric matrix. As we discussed in the first seclion, Lhe effects of the
membrane forces can be accounted for by a mairix [ke] that augmenis the
conventional element stiffness matrix [K]. Matrix [ke] has several ditferent
names, as follow: inilial siress suffness malnx, differential stiffness mawix,
geometric stiffreess matrix, and swability coefficient marrix. In what follows we give
[kg] the name geometric sliffagss matrix.

We know that the matrix [Ke] is defined by an element's geomeiry,
displacement Nreld, and stale of stress. 1t is independent of the elasli¢ properties.
The member's or saructure's geometric matrix, global geometric matrix, [Ke] may
be built by summing overlapping terms of the elemenl matrices [ke] in the same
way as the conventional stiffpess matnx [K] is built.

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

displacement field, as

(1] y = A+Br+Cx* +Dat



This cubic lateral-displacement ficld satisties the conditions of constanl shear
and linearly varying bending moment that exast in the beam column element.
Although this displacement field is not exact when 2 beam column carries axial
load as well as lpads that produce bending, accuracy can be obtained by dividing a
given beam column into two or more elements, By using the energy approach, we

eblain the following equations: {Two-dimentional element and ifs d.o.f. are shown

in Figurel)

2] [Q1 ={ [K] + P[K,] } [D]

(12 61, -12 -6l.
, 1. 41F oL 21
(3] [kI=EI/1. |-12 6L 12 6L, for {d} = [w1 g1 w2 g2]

- 2

61, 217 6L JI
~ §

36 3L 36 31
AL 4 L 17

(4] [ke]=F 30L.)-36 3L 36 3I. for {d} = [w1 g1 w2 2|
AL 12 3L .ufJ



in which [Q) contains the Lransverse loads that cause bending, [D] contains
the corresponding bending deformations. and P is the axial load thal is positive in
lension. The stiffness matrix consists of two parts, [K]. the conventional stiffness
matrix of 2 member or a structure subject only to flexure, and {Kg], a matrix which
accounts for the effect that the axial load P has on the stiffness of the flexvral
member or structure. {K] is the element stiffness mabrzx, and kg] is the element
geometric matrix { we say this [kg] in Eq |4] is consisient, since it is buiil from the
same shape functions used to build the conventional element stiffness matrix [K],
for the inconsistent geometrie matnx will be discussed {ater.}.

We can rewrite Eq [2] in the form:

5] ] = { K} + P(Ki) } '[Q]

It is obvious that [D] increases without bound for finite values of [Q] only
when the inverse of the stiftness matrix becomes infinite. That is, the critical load .
¢an be found by setting the determinant of the stiffness matrix equal to zero.
Several end condilions of columns vsing this consistent geometric matrix will be
discussed fater.

Let us consider different displacement fields between the conventional
stiffness matrix [k] and the geometric matrix [kgl. In this case, the geemetric
matrix is termed " inconsistent”. By using this inconsistent matrix we will obtain a
less accurate critical load than that by using the consistent mainix, but
computational efficzency will be increased. We will recall from the finite element

method 10 see that the Inconsistent mamyx is reasonable,



We recall the convergence requirements Lthal 1f a strain energy expression
involves displacement denivalives of order m, the displacement field musl provide
inter-elemenlt continuily of displacement derivatives ol order m-1 as the mesh 1s
refined. When we use the energy approach to find the geometric mainix. in the
energy integrals, the lerm [ke) involves first derivatives of displacements,
ikerefore, the continwily of the displacement field is all thal is required. Thus we
will be able to determine the critical load tor a member or structure by using this
inconsistent matrix. For a given accuracy, we should divide the member into more
elemenlts than when we use Lhe consisten! [Ke].

A very simple inconsistent [k,;] 15 given below that is based on Lhe 1wo-

dimentional bar with a linear displacement shape function,

1 0 -1 0
0 0 0 0

[6] kel =P/L|-1 0 0 for {d} = [w1q1wz2qz]
0 0 0 nJ



A Examples

Examples with several end conditions of columns by using one, two or more
elements with consistent or inconsistent geometric matrix are discussed. We will
use the fipure of the stability functions, see Figure 2, which mav be obtained from
several relaled texls, 1o obtain the minimum length of the element required for
linear analysis. The resulls for the entical leads oblained from martrix method are
comparéd with the theoretical values in Tablel and Table 2.

It is interesting to observe that Lhe error of the pinned-pinned case with two
elements 1s the same as thal of the fixed-free case wilh one element, since the
pinned-pinned case can be assumed as lwo elements of the fixed-free case with
length of Lf2. Therefore, the critical load by the matnx methed of the pinned-
pinned case is exaclly four times as that of 1he fixed-free case.

Another example for a frame problem is adopled from the assignment #7 of

this course, shown in Fig, 3.

d. Discusston ol results

From the results in the previous section, we see thal results using the
CONSisent geomelnic matmix are very good if more than 1wo elements are used. If
we consider the minimum mesh length required in Fig.2 { these values are listed
on the bottom of Table 1 ), it is obvious that using two elements for any end

conditbons 1s quite adequate in order to obtain the cnitical load within 2.5% error.



We know thal a member or structure is well modeled when the elements are
compatible and when it is not softened by low-integralion rules. Then such
formulation yields an upper bound to the magnitude of the correc buckling load.
This is evident from the results in Table | and 2. If [k} and [ks] were based on
the dispiacerment fields that include the buckled shape, sine gr cosine functions, Lthe
matnix method would yvield the comect buckling laad. The cubic polynomiat as we

used in Eq [1] s1i] yields a very good result if more than two elements are used.

As we see in Table 2, more elements are required to abtain a good resull by
using the inconsistent geemetnc matnx. When we use (his inconsistent matrix in
Eq {&], some mathematical problems will be encountered. [Ke] in Eq [6] is semi-
positive definiie since it conlains all zero values in some rows and columns that
will yield zero eigenvalues, Some computer programs solving the eigenproblem
can nol be used directly since they are based on the Jacobi method that must use
symmetnic and positive definie matrices. Formnately, [Wel, Eq {6}, is a very simple
matrix that make the hand computation applicable within four elements. For more
than four elements, some numerical method for finding the smallest or largest
eigenvalue can be used (Spencer 1980). Onherwise, we can use an altermative
procedure for determining the critical load, which consists of assuming an ever-
increasing value of Per and evaluating the delerminani at each step. The critical
load then corresponds to the value of Pir for which the determinant reduces 1o

ZeT9.



Table 3 is adopted from the assignment no.7 of the lecture. The matrix method
with consistenl matrix also vields a very goed result, even when only two elemenis

are used in each member {only 1.8% error).
5. Remarks on [Kgl

The result from the inconsistent {kg] i1s not as aceurate as that from the
consistent [ke] for simple column problems. 1f we want to increase computational
efficiency with little toss n accuracy, however simpler Tke] is sometimes
recommended For a complicated structure, if the accuracy and computalional
efficiency are both impertant, then the "besl” [Ke] is required. This best geometric
malrix is probably imermediate 1o the consistent one and Lhe simplest ﬁussiblr:
[ke] {Cook 1989). Numernical evidence suggests that the computed critical loads

are increased when [kg] is simplified.

We have only considered the two-dimentonal columns and frames with axial
loading in this paper. Indged, the geometric matrices have been devised for many
buckling problems. For example, for plaie buckling (Haskell 1970), torsional and
torsional-flexural buckling of prismatic members {Barsoum 1970), tapered bars
and plates (Tinaws 1972), three-dimensional beams (Argyris 1979), geometnically
ngnlinear analysis of beams { Yang 19806), and geometrically nonlinear analysis of
thin-walled frames (Conic 1990).

10



Some special sructures have no convenlional stiffness matrix, for example, a
linkage of pin—connecled bars with each link 1dealized as rigid. Straight cables and
flat membranes, which have no bending stiffness with which to resist lateral loads,
are problems that can be analyzed by [Kg] {D} = {Q}, where {D} comains d.o.f.s
associated with small lateral deflections {Cook 1989),

6. Conclusions

The finite element method is a numerical procedure for analyzing members
and struclures, and it 15 a very powerful tool in analyzing the siability problems of
continua, especially, for the complicated structures. For the simple column
problems in this paper, we¢ find that a large mesh size , say two elements, can yield
a very good result, and similarly, for two-dimensional frame problems, Indeed,
each member of 4 frame structure may be considered as one beam-column element

with appropriale end conditions. Therefore, using two elements in each member is .

quile adequate.
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Table ]

Column stability analysis —

Using CoNsskent geometric matrix.

End Condition | pinned-pinned | pinned-tixcd |  fixed-fixed fixed-frce
1 l 4 f
. = ! *
| ' } !
Bucklcd Shape ' |
| 1 :
1
t ! !
ExactPer  [ogsos b” | 200900 6wl [10a78amin® | 24679 E1°
| element 120 (2L6%)"| 300  (4B5%) N/A 24860 (0.75%)
2elements | 99439 {0.75%) | 20,7088 (2.57%) | 40.0  {1.32%) | 24687 (0.053%)

4 elements | 9.8/47 (0.051%) | 20,2522 t0.16%) | 397754 (0.75%) | 24675 (Q.004%)
Zelements | 9.8699 (0.003%) | 20.1935(0.013%) | 39.4086(0.051%) | 2.9674 (0.000%
16 elements | 9 8696 (0.000% ; | 20.1909(0.000%) | 19.4790.003% ) | 24674 (0.000%
imin. mesh § 0L 06991 050 2.
length required

= indicsles the value of the orrer

“* min. meah length is obiained hy considenng

16
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Table 2 Column stability analysis —

using inconsistent geometric matrix.

End Condition pinned-pinned fixed-free

Exact Per 9.8696 EUL" 24674 EUL”

| element N/A 3.0 (21.59% )
2 elements 12.0 (21.59%) 2.5967 (5.24% )
3 elements 10.8 {9.43%) 25243 (2.31% )
4 elements 10.3866 { 5.24% )

Table 3 Per for the frame problem of Fig.3 —

using consistent geometric matrix.

Exact Per 23237 EIL
3 elements 32.066 (38.00%)
6 elements 23.662 ( 1.83%)
9 elements 23.356 (0.51%)
18 elements 23.257 ( 0.086%)
24 elements 23.252 ( 0.065%)
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Lateral Torsional Buckling of Steel Link Beams

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 those used in link beams in
eccentrically braced frames. Current design philosophy and criteria, as specified
by CAN/CSA §516.1-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 stee]l coupling beams in reinforced concrete wall systems.

L9



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 length 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 leveis 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 fink
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 fiange 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 instabiiity in the flange.

Flange instability resulting from the high stress levels and web buckling comes about because
the restrained compression flange essentially 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 ftange is fully

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

21
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buckling. Once the web has buckled the flange will experience local instabilities about its weak axis,
coinciding with locations of web buckling and high fiexural 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 tarmed ‘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 Resistance

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-piane. 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 trom warping freely, the applied torque' is resisted by a combination of St
Venam shearing stresses and warping resistance. This behaviour results in non-uniform torsion.

Far conditions of uniform torsion, the torque, T, is related to the angle of twist, &, by the

expression:
d|
T, - G2
u dz
where: G is the shear modulus,

z is the direction along the axis of torsion, and

J is 5t Venant's torsional constant given by: %E b,r,3 with b and t, the width

and height of the components making up the cross section.
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For conditions of non-uniform 1orsion, normal siresses arg induced in the longitudinal libies of the

saction which cause warping. This warping causes strong axs flexure of the beam flanges. Figure 2

~ 8.
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-

N

.
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"---..,_\_\);-’

plan and elavalian
Flgure 2 Twisiing of an H section restrained against free warping {adapied from Chajes, 1974)

illustrates the iwisting of a section restrained againsi free warping. Tha warping causes opposite shearing
forces In the flanges, V. which form a couple over the height, h, of the section. The warping torsion. T,

can therelore be expressed as

T = Vit .

Recogniséng 1hat ¥, can ba related to 1he strong axis bencing moment of the flange, M, by the

SXpression:

-
az

Letling the lalerai displacement of the centreline of the compression flange {se& Fig. 2) equal x,

the expression for the flange bending becomes

M, - E1,9%
dzz

where |, is the moment of inenta of the llange about its strong axis.
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Substiuting x = %ﬂh . the expression for warping lorskion becomes.

r _Ei'_.hzilp_
r‘sza

The %.‘,h’ 1&rm s called the warping constant of the section arkd is given the notation [ .

The total tarsional warping resistance, T, of any section is defined as the sum of the unifarm and

PE-LNIaIm warping 191§ions:
T-Gs8 _grdt
dr drd

A complete derivation and axampies of application of this exprassion are given in Aricle 5.2 of

Chajes {1974).

2.2 Lateral Torslonal Buck!ing of Beams

Lateral iorseonal buckling is a combination of wisting and lateral bending brought about ‘hry tha
instability of the compression flange. The firsl investigalions of Iateral buckling of H sections were
conducted in the early 1900°s by Timosherko. Caontemporaries include YWinter in the 1940's and Galambas
in the 1960's. Lateral buckling calculations can be made using a vaniety of numarical or analytical means.
These calculations, however, are complex and make & number of assumplions that are nol entirely
consistent with typical i sity conditions.

Investigations of lateral torsional bucking have, for the most par, dealkt with sections propavioned
tor normal structural uses where flaxure of the member will be the controlling design critaria. Until recenly,
litte imvestigation has heen conducted into the stabibty response of shoit span members, i.e. members

where shear is Lhe controling design parameter,

ra
1



3. Design Code Appreaches to Lateral Torslona! Buckling of Link Beams

Design philosophias tor the resistance 10 laleral lorsional buckéng of link beams are derbved

thraugh a combination of thearetical and empirical studies,

3.1 Rasearch Programmes (nvolving Shear Links

Research involving link beams in EBFs has been vintually the exclusive domain of the Eanhguake
Engineering Research Center al Lhe University of Calilomnia at Berkeley. Through the 1970's and 80's, Egor
Popov has supervised numerous research programmas invaling link beams in EBFs. The lindings of this
tesearch is incorporated inta mast Morth Amevican steal design ¢odes including the Uiniform Bulding
Code (UBC), the SEAQC Recommendations for Lateref Force Aequiremants [1988) and CAN/CSA 516.1-
MAS. Limit States Design of Siee! Struciures, the Canadian stael design code, Althaugh Papov has been
vary prolific in 1his arga, a few publicaliong meril particular attention as strang spmmaries of the design
philasaphies and criteria for link beams, thesa include Popov's work with Roeder (1977), Malley (1983},
Kasai {1986} and Engelhardt {1989). The latter, in particular, summarises tha behaviour and oasion

considerations for stability that represent the basls for most new code provisians,

3.2 Requirements for Lateral Stabllity of Link Beam Flanges In CAN/CSA 516.1-M89

i arder for the link beam in an EBF 1o behave in the dasired ductile manner, i must be properly
designed and detailed. A properly cesigned and detailed ink beam will not only exhibil exceller snergy
absorption characlensics, but will also resist iateral instabilty,

Lateral torsional buckling is inevitable in any beam tested to failure. The aim of the design
phikosophy is to ensure that the beam attains its maximum capacity bafora such instability cccurs.

Tha Canadfian steel desfgn code, TAN/CSA 516.1-MBS (1989}, includes new mandatory provisions

tor the design and detailing of link bearns in EBFs, These provisions, camprising Appendix O: Seaismic



Design Requirements for Eccentrically Braced Frames, ara based. almost exclusively, on Ihe provisions
given by SEAQC (1988}, which, n turn, come from Lhe research of Fopoy.

Clause D1 of Appendix [ defines a ink beam as “the segment of a beam in an eccenirically
braced frame that is designed Io viekd, either in flexure or shear, prior 10 vield of other pans of the
structure.” This clause reguires that, for thase critical sections, the web must conform to Class 2
regquirements and the flange must condorm 1o Class 1 requirements. That is, in order to avoid local

bucking of the web, the heighl, h, and thickness, w, of Lhe web must conform to 1he requirement’

. 1100

§11.11.1

=

Ji

where F, is the yleld strength of the steel.

To avaid local buckling of the flanga, the wicth, by, and tha thickness, 1, of the llarge musl conlorm to the

requirement;

b 145

S_._
2t 'd'lr'Fr

§11.111

I should be nolad that doubler plates are not permitted to b used for link beam webs and therafoie

9

cannot influence the class of the section.,

In order to contral lateral buckling, the maximum unsupported length of 1he link beam, L, is

dehned by Clausa 27.2.2.1{b) as having to conform 10 the requirements for plastic design:

f S ikl { §137

where r, is the radius of gyration of the section about it weak axis.
Tha requiraments outlined above arg fundamental aspects of siructural sleal design. The delailing

requirements for dudclility, new 1o Ihe design standards, were firgt adopted by SEACC {1988} and have

' the eguation numbers given corraspond L0 the clause numbers of CANCSA S16.1-ME9.
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now been adopted by most North American design codes. These delailing provisions were Jeveloped by
Ropov. Popov's inlial provisions arg summarised in Engelhard and Popov (198%) and are the provisions
given by CAN/CSA S16.1-M89,

In order 1o ensura that the section will be able to exhibil Hs maximum ductility, Clauses D6 to D10
provide quidelines lor web stiffeners in the link beam. Because link beams are subject ta reversed Cyclic
toading behaviour all reguired stitteners must be full height and welded 1o both flanges and the web. Full
deplh sulleners on beth sides of the web are requied at the ends of the link beam, these stitteners must
have a combined wicth of b - 2w and a 1hickness not less than 0.75w nor 10 mm,

Full depth intermediate slileners are requirgd for link heams contralled either by shear or by
ilexure, were shears are grealer Ihan 45% of the faciored shear resistance. Intermediale stiffeners need
only be provided on one side of 1he web when Lhe section is less than 650 mm deep, otharwise, stiffeners
must be provided on both sides. This reguirement helps to ensure the stiffeners themselves do not buckia,
[ntermediale stitenesrs must have athickness of 10 mm. Stiffener spacing determined in Clause D8, is &
tunction ol tha expected rotations of the link beam. Following these provisions will result in what appears
to be an over-stiffened link beam. Il must be realised. however, espacially in the case of single sided
stiteners. that 1he stifleners wil be called upon to stabilise both the flange and the web. In a properly
detailed link baam, severe web buckling, parpendicular Lo the tension field in the web should no; cause
local instability of the flange. Under clrcumstances of extreme boading, it has been observed that the
stiffenars yiald in double curvature flexwre Hefore instabilities of the Hange are noted (Hamies, 1992).

if these design provisions are icdiowed, the link beam will be able o exhibit large ductilities and
large amounts of energy absorprion. Stable hysteretic behaviour al ductility levets of B8 to 10 times the
disptacement at yield are commonty reported in link beam tests. Beyond this poinl, d is oiten chserved
that lateral torsional bucking is the primary mode of faillure (Engelhardd and Popov, 18859, and Malley and
Popov, 1383, among others). Figura 3 shows an example of the typical hyslerelic behaviour exhibited by

a property designed and detailed link beam in an eccentvically braced lrame.
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4. Lateral Braclng Requirements for Link Beams

Engalhardt and Popov {1889} reported that in 5 of 14 full scale link beam test specimens, lateral
torsenal buckling was the primary mode of failure. In a turther 3 specimens of the same series, |ateral
torsional buckling was cited as an ‘additional taihoe mode', In two earlier series ol tests {Reodar and
Popaw, 1978 and Malley and Popow, 1583}, simadar results can ba seen from posi-test photographs,
although the effect of lateral torsional bucklirg on link beam response was nol undes consideration in
these programmes. Funbermore, recently at MeGill, the initial stages of lateral 1orsional buckling were
avident in specimens having reinforced concreta walls linked with steel coupling beams {Harries, 1992).
Inthis programmae, testing was stopped before Tull lateral buckiing could take place because of constraints
of ihe data acquisition system and safaty considarations.

N is clear from these results, that lateral wrsional buckling can ba the nemasis of a member
required to axhibit significant inslastic response. In ordes to comrol this mode of failure, Clause D17 of

CANSCSA 516.1-M88 requires that xh the top and bottom flanges of a link beam be provided with lateral

bracing a intervals no greater than 200 / JF, . This lateral bracing must be designed 10 resist 0.015

times the beam flange resistance, P, ., . which is defined as b x tx F , at ihe link beam onds i-.'ll:ld 0.01
times the flange resistance along its length.

These laleral rasistance factors are essentialy arbitrary and stem from theorelical analyses of
strorng) axis bending of the compression lange. Recent work by Popov and Engalharcht (1989} has
suggested that the 1.5% lateral resistance raquirement 15 Inadequate for INk eams in eccertrically braced
frames. Of 14 full scale link baam tests, the observed out-of-plana lorces, exerted on the lateral supports
at the link beam ends, exceeded 0.015P, ,_ __in all but one specimen. Tha values ranged from 0.007P°
ta 0.22P, ..., . the average value over all 14 specimens was 0.071P, ., with three specimens having
chserved values exceeding 0.1P, ., - Figure 4 shows the hysteretic rasponse of out-of-plane forces for

threa of the specimens tesied by Engelharct and Popov. The notations P1 and P2 refer o the out-of plane
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larces of the botlom and top flanges, respectivety, while the honizortal axis relars o 10tal curvature of the
link heam assembly { v |, inFig. 1), Figure 4{2) shows the response of Specimean 11, the one spacimen
which remaned below the 1.5% lateral resistance requirerment, This specimen reached a peak lateral koad
of 0007P ... - Figure 4{t) shows the response of Specimen 1, having a peak out-of-plane load of
0P, 1onse - SPECIMEN 1 SOWS A prograssive inCrease in the out-of-plane forces with cycling, suggesting
a relativedy controlled occurrence of fateral torsional buckkng. Conversedy, Specimean 12 (see Fig. 4(c)) s
ypical of & sudden lateral buckling tallure. The peak out-of-plane kad recorded for Specimen 12 was

0.22P Shown on the right vertical axis of each hysteresis curve is the 0.015P, . out-of-plane force

r e -
requirement, Figure 5 shows two lateral buckling failures obsarved by Engalhardt and Popov. The severty
of Ihis mode of lailure 15 clearly apparent.

From his results, Popov has suggested that large out-ol-plane torces are likely to occur at the link
beam ends, where large Ioads ara transmitted to braces of columns. Any eccantricty caused by a
misalignment in these joint regions will be very significam in causing out-of-plane forces which tead 1o
lateral torsional buckling. Existing misalignments will be further incremented by Instabilities in the joint
region. Popov has suggested Ihat local buckling of the link beam also contributes 1o the inducerment of
large lateral forces. Aher local buckling. the cross seclion of the beam s no jonger symmetricai.
Consequently, the shear centre no lohger coincides with the cenlroid, Lhis, I W nguces Turther twisting
mxnents on 1he ¢ross section.

Popov has suggested that the rmnmimum lateral toree requirements for ok beams be increased
a mimmum four fold to Q.06F_,___ (see Fig. 4, right venticat axes), Funhermose, he has proposed minimum
stiffness requirements tar the lateral bracing mambers, allhough Ng guantitative values have yel been
determined. Popov emphasises that In order 1o effective al large apphied loads and displacements, a
progerly designed lateral bracing system shoukd nol restricl any in-plane motion of 1he link beam. The
impdication of this is that floor slabs should nol be considered adequate v lateral bracing of the top

flange of link beams in EBFs.
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These requirements wid, undoubtably, make their way o code provisions in the near future,
Although not yet an amendment to CAN/CSA 516.1-M83, the code committess in Canada are suggesting
that a minimum value of 0.05F, ., be adopled for tha design of eccentrically braced frames. This value,
lower than the 6% suggested in the United States, reflects \he difference between Lhe limit states design

approach used in Canada and the working stress approach, traditionafly used in the United States.

4.1 Application 10 Sleel Coupling Beams In Reind¢rced Concrete Walls

The usa of steal conpling beams, in lieu of diagonally or traditionally reinforced concrete coupling
heams, in ductibe reinforced concreie wall systems., is curmently being investigated at McGill University
{Harries et al, 1992 and Hardes, 1982). Two coupling beams. tested to 20% reduction from uliimate
capacity, began 10 show signs of lateral torstonal buckling. The primary reason for the onset of this
buckling was a progressive increase in clear span of the coupling beams brought about by spalling of

ihe concrede. By the end of both 1ests the couplng beams had exceedad thaeir specified maximum

unsupported length of Emr,f F—; , this, together with pronounced weh buckling was tending toward

large llange instabilities.

The lateral forces set up In coupling beame are significant, nol so much in the clear span, as in
the embedment region Large lateral forces imposa twisling moments on the walls, a phanomenon not
exhibited in propery designed EBF systemns. These twisting moments may become significant if they
occur in the lower glorays, wharg tha wall may by Krming a plastic Nexural hinge. Furthermore, significant
lateral forces caussa spalling of the embedment concrete beyond that caused by the cyclic shear stresses
in the coupling beam. This effect will juther reduce the elfisctiveness of the embedment leading to
crippling of the coupling béam web in the embeéedmerk, an éffect that should be avoided [Harries, 1992),

Although empirical values are not available for steel coupled walls, further research programmes
will be investigating the oul-al-plane lorces generated by instability af the coupling baam. It ts the author's

opinion that values greater than those proposed for tha lateral farces induced in EBFs be used in
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cansidering the iateral bracing which the reinforced concrete embedment o a stoel coupding beam must

provide.

5. Conciusions

It is clear Ihat lateral tarsional buckling is a primary concarn for the designers of link beams in
eccentrically braced frames, Lateral torsional buckling can causge sudden catastrophic failures at high 1oad
levels. These fadures can be friggered by a number of mechanisms such as initial accentricities, local weh
or flange buckling of wab crippling. Current Noith American design codes adequately deal with these
conditons in the lorm of provisions for designing and detaiing link beams in EBFs.

One aspect of Ihe rasponse of these members which does not Spam 1o be dealt with adeguatety
it tha lateral bracing requirements. Provisions reguiring lateral bracing resistance equal to 1.5% of tha
flange resislance have been found to be madequate. Values exceeding 0.06F . . . are now heing
recommended as good dusign procedura lor EBFs. 1n the case of reinforcad cancrete walls linked with
steel couplhng beams, lateral suppart provided by the reinforced concrete ambadment must be checked
and should cenainly exceed Q.06P , . Furthermore, the lateral support provided by the reinforced
concrete wall must take o account the eilects 1that progressive ¢over spalling will have \can 1he
embadment region and on Llhe embedment and clear span lerygihs.

One aspect of design which, although menticned in the design codes, is not adequately
emphasisad is the requirement that Soth flanges ba braced againsi lateral Instability. The critical icads
in this iype of mambaer will ikely be saismically induced, therelore 1he ravarsad cyckc nature of the |oading
must be taken into account. Both flanges will be in compression during the reversed cyclic tima history.

Another design aspect, not adequately emphasised (in 1acl, relegated 1o 3 footinote in the SEADC
{1988) provisicns) is that the lateral suppont pravided by a floor slaty or other topping is NOT adequate
lateral suppon for the top flange of link beams in EBFs designed 1o resis! seismic load. Flaor slabs, due

o their nature, tend to restrict the in-plane as well a5 out-ol-plang motion of the link béam. Since the link
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beam is tha critical member in the horzontal Yoad resisiing system, the slab should not be designed to
accept lateral forces from the Jink beam, rather il should be designad 10 'ge along for the ride’. Typically,
i the link beam is experiancing large deformations, the floor slab will be far beyond being ablke to resist
anything beyond its own dead load amyway.

Despite the stringent design and detating requirements, most of which are aimed at providing
slability, for link baams in EBFs, the eccentrically braced frame struciural system is an exceptionalty
efficient system lor resisting extreme horizontal loads due 10 earthguakes. Properly designed and detailed,
the link beams in the sysiem should dissipate large amounis of energy and protect the overall structure
from catastrophic damage. The critical design consideration is 1o provide adequate lateral stability in order
that sudden lateral torgionat buckling failures can be avoidad. There is a great deal of research currently
being carried out 10 describe the lateral response of link beams. Popov has even suggested (Engethardt
and Popov, 1989} that lateral bracing forces may not even ba redated 10 beamn flange strength. For the

momesd, however, dasign musi be carriad out with the best data we have availabla.
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The Human Knee Joint as a Structural Stability Problem

by

Sol Anibal Lorenzo

ABSTRACT

Approaching a problem in Biomechanics from a Structural Engineering
viewpoint requires considerable change of focus. Analysing a problem in
structural stability, we usually assume boundary conditions for the joints and
concentrate on the instability behaviour of the members. However, when we
begin to treat the stability of the knee joint analytically, we realize that the
structural 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 models of varying complexity allows us to reach
an understanding of its stability behaviour for ditferent positions and loading
conditions. This understanding is the basis for treating damaged joints through
therapy, surgery, or in the most extreme cases prosthetic replacement.
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1. Introduccion

"Fram a consideration of the construction of the knee-jeint it would ar
first sighc appear to be one of the least secure of any of the joints in the
body. It is formed batween the two longest bones, and therefere the leverage
which can be brought to bear upon it is considerable; the articular surfaces are
but £l]1 adapted to each other, and the range and variety of metion which ik
enjoys is great. All thegse circumatances tend te render the articulation very
insecure; but, nevertheless, on account of the very powerful ligaments which bind
the bones together, the joint 1z one of the stronpgest in the bedy." {Fray’s
Anatomy}) The stabllity of the human knee is, like many other biological
phenomena, a remarkable piece of engineering., A synovial joine like the knee is
an articulation between two bones, with a gap In betwsen for the lubricacing
synovial fluid. The contact surfaces of the bones are made up of articular
cartilage, and in the knee there are extra cartilaginous structures called
menisci in between the bones which serve to distribuce load and allew extra
mobility., The boties, the femur above and the tibia below, are bound cogether by
strong c¢ollagen struccures, ligaments, which through azction in tension p;.'avide
the joint its structural stability. The whele is enclesed in a ligamentous
capsule. Flgure 1-5 show importanc snatomical feacures of the joint.

Analysing the knee joint from the standpoint of structural stabilicy helps
us to appreclate the functicn of the different strucrures in resiscing the loads
te which the joint is regularly subjected. For instancs, LE the ligamenis are
nen- Funetienal, rhe joink will tend te buckle latarally with rhe zlightest axial
leoad, as a pin-ended column with a hinge in the middle. To understand the
structural stability of the knee-joint, It Is appropriate to conslder different

"modes™ of stabilicy failure under a given loading condition. These modes are a
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shaar-like translacion, Che anterivr-poslerior or drawer movement; a bending or
pivoring In the lateral direction, known as wvarus-valgus displacenent, amd
rorsional reotation inwards or sutwards. Lacersal rtramslacion is also concetvable,
but the wvarus-valpgus mode can be sald To usually conkrel over it FPeotential
inszanility causing loads applied in the plane containing the axes of the major
baues are effectively resisced by the large muscle groups acting on the kones. a
vary impertant feature in the wnee's response to dynamic lead.

The goals of chis paper are very modest: to discuss the bislogical means
uf providing structural stabllity It various geometric configurations to a julut
that is by definiticn a mechanism, and en¢ with 3 wide range of motion. The
approach will be to discuss soma Ideallizatlons or meodels of the knee, to prescnt
the properties of the materlals {nvolved, znd finally te dlscuss an analytical
approach to the problem. By way of concluslon, the importance of such an analysis
will be discussed with reference to lts applicatlon in the field of prosthesis

design.

i. Idealizacion of the Jointg

A first attempt at understanding the mechanics of the joint would likely
begin with a simple hinge (Figure &). This model gives the jeint one depgree of
freedom in rveration, corresponding te the principal acriens of the juint in
flexion and extension. However, axamination of the joint reveals that its nmature
1s much more complex, as diseussed In the snatomical texts. In additicu Lo
flexion and extensien, the jeint allows some inwards and cutwards roctation when
partially flexed. The axis about which tlexion and exrension vake place is also
not necessarily normal to the axes of the members. More impertantly. the

movements of flexion and extension do not take place in a zimple, hinge-lixe

i
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mannetr but have a certain amount of conjunct glicding and rotation. The parts anc
arens of the main arcleular surfaces which are In contact change, as do the axis
and cadius of wmocion, wWich the degrea of flexion. In extrveme flexion. the
poiterior porcion of the arcicular surfaces are in contact. As the leg is broughs
forward inteo excenslon, the upper portiom of the tibla glides Eorward over 1he
conclyles of the femur, accompanled by a shift iu the axis of rotation. Therefors
in the exrended position, it Iz the anterieor portlon of the articular surfaces
which maxe up che contact area. This gliding acrion serves to allow the knee the
grear rangs of motien it enjoys; if the jeint were to act like a simple hinge,
soft tissuss fromw the enclesing jeing capsule would be trapped between the bones
during flexion, causing pain and restricclng morion.

An imporrapr aspect of chese sacondary movements of the knae 1 referrved
to as the "screw-home" mechanism in the blomechanics literature. 4s rthe knee
reaches the lasc 13-20 degrees of extension, cthere 15 a conjunct rotation of the
tibia outwards about i{ts own loogloudinal axis, or of the [ewur inwards about
this verctlcal axls. Thils is mainly due to the relative lengths of ths mewbers,
and one of Lts maln effects is to puc all the ligaments of the jolne inm teé;inn.
The movement Is guided by the weniscl (semilunar cartilages in Figure 4) ., which
are-themselves compressed during excension of the kuee as che arricular surfaces
come inte greater conteci. In the position of full extension., the ligaments are
maximally stretched. In fact, there must b2 a force applied co waincain the jeinc
in this posicion: this can e the force of the extensor muscles themselves, or
the reaction arising from an asymmetrical sranding posirion In which the body's
center of gravicy passes in front of the Jjoinc., 1f ne force Iz presen:, che

Ligaments will simply spring the jeint eut of full exrension. This posicien,

while stressful rte the joint, is che positien of greatest srtabilicy. The
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cightness of the ligaments and the large contact surface can provide stabiliey
without the aid of the muscles.

The hinge idealization does naC represent these complex motions adegquately.
Analysis using the hinge idealization would require that an eguivalent sciffncss
Le derived in the degreas of freedom corresponding ro varus-valgus, drawer, and
rotational motion. Usking these sctlfinesses & critical load for the stability of
the jeint could then be found for any depgreae of flexion and applled lowad. This
demands significant analytical or experimental work e derive a model which does
not provide the desired rapresentation of the stability behaviour of the knee.
Nonetheless, the hinga model is wvery prackical and was che basis, wicth the
required stiffrnesses based on medical experience, for early prosthesis design
The model is actually very useful In calculating the forces in the extension and
flexion muscles, and the important Joint Reaction Force, through basic statics
Ic gives a meaningful esctimace of the forceg the joiny undergoes during normal
activity.

rigure 7 shows how a more detalled two-dimsnsional model could be useful.
Thiz model takes Inte consideration the {rregular shape of rhe articular
surfaces, and the actual lacarien of the insercions of llpaments and tendons inteo
the bone scrueture. It allows soms representation of the function of the menisci
In distributing load, and an estimace of the contact s¢resses can be made. Most
importantly, by representlng the gliding mocion of che knee and Lhe changlng axis
of rotatioen in ar leasc one direction, it can provide a meaningful understanding
of the motion ¢f the knee. This two dimensicnal model is the basis of papers
arguing that the kpee works as a "closed klnemavie chain”, a mechanlcal
arrangement ln which the lengch of the nembers (ligaments in this case) decermine

the path of thelr connecclons to the ether members. (Shaldach,l1976)
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3. Loading

The knee joint is onme of the most highly stressed in the bedy. Throughouc
its normal range of motlen, it is subjected to hipgh axial compressive loads,
great tensile forces in the ligaments and tendens, and possibly bending srresses
in the bones as well. As they avise from che kinemacics of che human body, these
loads are by definicion dynamic and repetitive. They can include reversal of
stress, impact. and vibrations.

The forces arising in the joint can be estimated chrough equilibrium in ics
principal planes, The problem is complex due to the number of muscles which acc
on the knee. Furthermore, mostc of these muscles act on other joints as well, so
thelr tension Is not decermined unigquely by the configuration of the knee. The
dynamic effeers can be accounted For by considering the inertia foree of the
body, but this is not very convenient as che acceleracion of the limbs is
difficule te calculate. Considerable research has been done using an experimencal
technique invelving filming subjects performing various activicies on a force
platform. (Dowson and Wright, 1%81) A time history of the Fforce exerted on the
ground Is obtalned, which is then compared to the position of cthe limb;. The
force and geometry ar any moment in time are used to caleulate che Joint Reaccion
Force.

From these analvyses, there is a general consensus as to the Fforeces which
the knee undergoes, These are estimated as three to five times body weight during
walklng, abouc cen times body welght during running, and mere than twenty times
body welight during jumping. These walues are expressed as equivalent statie
loads. This is quite appropriate when we take ifoteo account the enscgy absorbing
characteristics of cartilage and ligament tissue, and the damping effect on the

joint of the surrounding synovial capsule and soft tissue. The preat increase in
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jolnt force with invreased mebilicy is of course due Lo Che inertia ferce, o
assure siability durlng such dynamic laading, a person elchar caopnsclously or
instinctively seeks to hawve the inertia force act in such a way that 1t can he
resisted by the large wuscle groups rather than by the ligaments aslone. This
involves the orientation of the leg at the moment of fool strike so thart the awes
of the lep hones and the vector of the inercia force lie in the same plane he
game load which can be controlled by the muscles in the plane of flexion and
cxtension can be dangerocusly destabilizing if applied in a transverse or roctatory

mannet, such asx when turning rapidly. Torn ligaments can ofcen be the resulr,

4, HMat ls
4.1 Generallitles

The human structure is composed of long compression mewmbers balanced hy
active frensiou membar= and bound together by passive tensile connectlons. Bone
Lz an anliseotropic, surprisingly ductile material, with high strength in both
compression and tension., Tendens and especially lipgaments have high tensile
strength, and ligaments in particular have a unigue sCress-strain rela:i;nship
which allows them te absorb considerable energy before rupture The material
properties are well zuited to the scructural funccion of the different membhars,
and bore especially c¢an change 1€s propevcies during life. They have heen
determined by many researcvhers over the years using both destructive testing of
samples (net in wiwval!) and ultrasound rescing.
4.2 Bone and Cartilage

Bone is a fiber-matrix type composite material wicth properties well-suiced
to severe combined and dynamic leoading cenditicons. A detailed discussion of the

narure and properties of human bone is far heyond the scope of this paper, but
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i)

fe &o necte that there are two principal types of hone, cancelivus
amut compact, or coerticac, bone. Cancellows bane Is 4 spoupy, Plexible mateiial
which inhakits the interiecy of many of the szeletar members. Io has wery low
srrenpech oand soiffness, but it always appears with campact bene, which s the
dense, strong aund stiff load-learliog matesial of the skelerton. Tables | and
show some 1mpartant material properties ol cozpact bene., Furthermoce, In bones
such az rhe Femur and che %ibia, rthe arrangenent of compact bone Lear the sue? we
<ith canvellous bone inside i well-sulted o a siructural memher, 1o such an
arranpement, resistance Lo bendlnog, tersion, and other leoadiag is pravided
entirely by the conpact bone dun Lo [ts much greater stciffness,

Since the high strenpeh of cocpacr bene {s provided by 115 mineral fibhers,
there are several diffecont subciassificeiions which differentiate tetween the
orientation of theue Plbers, The great advantape of an ani-etroplc composite
material is shiat ler fibers can be arconped ne chat io one direction it is nuch
stronger than an lsotrepic material of the same composition could be. This
excellence is pafd for by weakpess io che ather directions, but in bone large

[

Ll

stregoes usaslly only ocour in the axlal direcclan. In a case where larpe forces
are normally applied in a transverse direceion, as {n a mugele 1nseviian, the
bane f{s lacally altered so that the stropg fibwers lay i line with the muscle
oull | smoothly transitioning over a short distance s0 as Lo alipn tharsolves with
the long axis.

Exarining the stress-strain curves for bonme (Figure B), we see behaviours
somewhet sizilar 2o that of faniliar seruectural materials. There o a sfraiphe,
glastic portion, a rounded vield replen, and mest lmportantly a larpe poastic
region hefore rupture. The Tesponse terminaces in & brivc.e fracture, but the

overall behaviour is ductile: more enecpy is absorbed in the plantic zene than
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the =lastic. This 15 fmporcant plivsielegically, a= hone which has vielded but nat
Eracturad will be repaired by the bedy, Furchermere, bone exhibies visce-elastic
behaviour I rhar [ts stress-strale cur 2 change=s with the straln rate. The
effect of the wvarifation is to Increase the sciffress, strenpth and energs
absorhbance wIth increasing straln rate, The physielogical strain rate tor high
impacr acrivities such as running has been escimated at .0l per secand Thux in
the physlological range. greater loads tend to be applled at higher strain rares
taking adwvantage ot an lmportant material property of bane.

The properties of the arcicular cartilage are less well-known, due re chels
conplexity and the difflculties of working with the material expecimentally
Essentially, the marerial serves as a bearing between the articular surfaces,
digstributing the load and abserbicg energy.{Skalak et al, 19487)

4.3 Ligaments

The ligamencs and tendens of che knee have s uimusual sbiess-sctraln curws
The curve srarcs outbt shallow, steepens inro a strailght-line portion, and chen
reaclies rupture rarcher suddenly; see Figure 9. Physiologically, the ligament
itself varely breaks, but rather it comes apart from the bone. Therefore the
entire straight line portlon of any ligament in tensicn can be counted upon te
absorb energy from an impact. Clinical works {Evans, 1986} ofren refer ro
ligaments as having an "elastlc phase" ond o0 "upn-elastic phase”. This does noc
reter to yield of the ligament, but ro rhe amount of resistance an examiner feels
in producing passive movemenis on t(he knee, The former is the rransicieon from a
lax ligawent te the first portion ot the stress-strain curve described abowve. The
latter 15 the region of che curve in which the examiner meets gquickly increasiug

resistance to the passive movements; the steep linear porvcioen of rthe curve,



5. Scabjlicey of the Joint
5.1 Physical Instakilicy Phenomena

A srabilicy failure can be defined as a reduction In the load beaving
capacity of a member arising from its geometric configuratien rather than Ecom
yielding of its material. Damage to material, [.e. ylelding of a sresl column or
tearing of a ligament, may occur, but it is more a consequence of the continued
application of load ro cthe deformed geomerry than a necessary resulc of che
initial stabilicy failure. In a scructure supporcing dead and live loads, chis
type of damage almost inevitably follows after imstabilicy in a member: redundant
load paths cediscoibute some load after failure, bur chis Is a passive process,
usually not enough to prevent permansnt damage to Che membec. In the human body.
however, neurclogical receptors Iin the Joint capsule contaln ceflexive Impulses
which can act to prevent damage to the componencs of che joine, They acr by
inhibicing Efuncclon ¢f the muscles which suppect the lead causing che inlcial
instabilicy. In the case of the knee joint, this means the leg muscles, and the
effect may be to fall down, to slip, or veo drop a wsight. The cause is that the
hody "prefers" to fall down than to risk damage to rendon., ligament, or‘bnne,
Thus in some cases, instabilities at the knee are actually protective mechanizms,
For example, a healthy knee jeint moves in a path strictly contrelled by the
vightness of rche ligaments, with wirrually no side-co-side movement., Lax
ligaments allow the arrlicular surfaces to slide about randemly on one anocher.
In rhiz way sudden, intense stresses can occur, which may cause the recepters to
fire, inhibicing all muscle activity and resulting in a mementary instabilircy
under no excernal lead.

It is possible te leok ar a knee joint under lecad as a problem in

structural stability. We know from previcus discussion chat che cwo-dimensional
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or hinge models are effective in finding muscle and joint reaction forces for any
given load and degree of flenion. Therefore, a load which can be supported by the
joiut mechanism at one configuration may cause instability upon an attemprted
change ot position. This would be the type of instability mentloned above: che
nerveus system would iphibit motar actlvicy, effe:tively cuu&ing the membears
which stubilize the mechanism to wvanish, and chereby relieving the Joint of a
potentially damaglng load., This type of instabilicy iIs relaved co an equivalent
static analysis of the jelnc, buc {cs gssential nature is beyond che grasp of a
structural stabilicy analysis. Alse, this approach only desls with instabilities
in the direction of the primary metions of the knee, which are tot the mast
danpgerous ones from a stability scandpoint. We need an approach which considers
the patential for instabillircies In the varus-wvalgus, drawer, and rotatory modes.

One pessiblicy would be to use an energy appreach te the problem. For any
given degree of Elexlon, we weuald analyeze the geometry to determine the state of
the ligaments, the artioular contact area. «€to. We would chen suppose a unit
defleccion as usual, and for =ach of the potential modes of instability compate
the strain energy it the deflecrked configuration te the energy of the ;table
geamatry. Knowing the mateclal properties of Lone, cartilage, and ligamencs
allows us to calculate che straln energy. The varicus modes would be coupled only
by the activation of the resistances of the same ligaments; l.e. they would be
wiecupled In cerms of the analysis.

This is rche approach implicicly raken by Crowninshield et al in their
Analyrical Medel of the Knee, They wused s finite elements (energy-bascd by
definicion) model 1o represenc che contribucion of rthe warious ligamenrcs to Jolnte
stability. They achleved this by neglecting the contribution of the muscles {very

appropriate since chey verified cheir rosulrs with testcs on cadaveric limbs) and
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representing the ecruciace, collateral, and capsular lipaments by chicteen
alemencs. Fipures 10 and 11 show Imporcantc features of the lipament modelling
they used. They cthen evaluaced the sciffness of che model ac flexion angles
betwaen 0 and 90 degrees in the chree aforemencioned modes of displacement,
obtaining good agreement with experimencal results. Such a model is of great
value in understanding the scabiliecy behaviour of che knee. Crowninshield et al
used it to obtain quancicative values for cthe importance of the particular
ligaments in resisting the various modes of lmstability (known frem anatomical
and clinical experience.) It could therefore be used to decermine which is the
contralling mode of failure for seweral loadings and positions of the jaine.

dctually, che stability of the knee joint is ensured by the combined actlan
of the muscles, the lipaments, and the articular surfaces. The muscles are of
particular importance, since they can compensate for deficiencies in the other
compenents, For insrance, a knee with tern or lax lipaments 1is usually given
quadriceps exercises; these exercises do nothing for the ligaments, but che
strengthened muscles will play an increased role in joint stabilicy. However,
this increased role is s5till dependent on the orientation of the foot serike as
discussed in section 3.. Ho matter powerful the muscle becomes, its contributien
ta rotational stabiliecy 1s minimal.
3.2 Role of Menlscel and Arcicular Surfaces

The meniszsci are important structures for maintaining joint stabilicy. They
cradle the condyles of rthe femur during application of any ¢ompressive lead. This
serves to provide lateral support apgainst drawer or lateral instabiliey. Their
shape allows the tibial contact area to be up te three times greater, decreasing
the contact stress by up to seven tCimes.{McBride and Reid, 1988) It is the

menisci which allow active rotation of the flexed knee, and they puide the zcrew-
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home motion which brings the knee into ics position of greacest stabilicy.
5.3 Bole of Ligamentcs

The ligaments hear the burden of controlling the motion of the knee, of
absorbing energy from dangerous lateral leads, and of preventing the knee from
buckling in a lateral or rotatory manner. As scated before, each ligament's
contribution to the overall stabilicy of the joint is conctrolled by ics gecometry,
with the sites of its attachments to the femur and tibia being the mose
impercanc., Fipgure 12 is Ffrom Crowninshield et al, being a summary of cheir
findings for the relative impoercance of che major lipaments in the thrae main
instabilicy modes. Table 4 is a summary of important physioclogical Informacicn

determining the contribution to joint stability of some of the major ligaments.

6. Injuries

In the knee, instabilivy causes injury, and injury causes inscabilicty,
Specifiec medical acrentlon co injurles of che knee relaced eo its Funccion seems
te be a recent phenomenon: fray’s states ". .dislecation from traumatism is of
very rare cccurrence." This is vary likely a resulc of the great leap in atgietic
performance in che last several decades. The quick turning motions required in
modern sports, combined with the increasing physical power of the high visibilicy
professionals, have led teo great advances Iin the underscanding of the mechanics
of the joint chrough creatment of crauma.

Figure 12 and Table 4 can serve o predict the reduced scabilicy of the
knee after injury te any particular ligament. Clinical examinacions have sets of
passive motions which, when imposed on the knee, rewveal cthrough excessive
flexibilicy in a given movement damage to a particular lipamenc, For instance,

damage to the Anterior Cruclare Ligament leads to imscabilicy in anterior
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Table 3 from Crowninshield e¢ al. It is a list
of the ligament elements they used, Some ligaments
were represented by more cthau oune element.

TAR 4
Stabilicy Behavior of Major Ligaments

alipgned between cibla and
femnur.

L ———— —
Ligamenc Anatomical Descripeion Stability Function
| (afrer Gray's ADACOmY) {aAfrer Crownlnshield et al,
1380 and Evans, 1984a)
': I ' — .
Posterior Largest cross-sectional It is the main stabilizer
Cruciace area. Almost axially of the knee in drawer

.

mobions.

!|Anterior

Crosses the posterior

Provides scability in

Cruciate cruciate; obliquely anrerior draver and
attatched between tibia and internal rotacion.
femur.
Medial The attatchment between the The width of this ligament
Collateral patella apd the tibia; the provides varus stabilicy.
Anterior end of the extenser arm,
Lateral The long, wertically Provides most of the wvarus
Collateral alipgned exterior ligament. stabilicy.
Posterior Pasterior porcion of the Provides significant
Capsular band of ligaments enclesing | external rotational
the joint, stability,
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translation and internal rocaticn, This might be adegquately treated by providing
An orthosits sbrace? which fies tha les tightly, with straps to Llimit translation

and rotacicn in the weak dirvrections, (Kosiuk 19900

7. Prostheses

The field of modarn bliomechanies has been linked on the ane hand re Lhe
locreased Interest in joint and ruscle behavicur of speris medicine, and on the
gther to the advance in surgleal teshniques to the point where compleore jolod
replacement is a feaslble option in treatment of extreme joint depeneratlion, such
ag in advanced ostecarthrircis. In the lacter case, the need is for prosthetics
which meet che dual reguirements of stability and mobility., In the ficld of rtoral
knee replacement, there are two basic solutions: a hinge tvpe joint or an "inter-
condylar" jalnt.

The firstc hinge type prostheses were based on the assumprion that it would
be impazzible co reproduce the complex moclens of the knee with a mechanical
device. The solution [s te implant a simple hinge, sacrificing the natural
metions. The adwvantage of this selution is that a single degzree of E:eedom‘hinge
will provide great stabllity in all divections. Unfortunately, many hinges cvpe
implarts develop problems at the [Lnterfnce of prosthesis and bone. This is
because the hinge has vwirtually no energy absorbtion features. Therefore, the
energy which would be absorbed by the Ligaments in a normal knee [s transmitted
te the bore interface, eventually causing loosening of the prosthesis. Tao
minimize this effecc, the bone/metal interface surtface Is increased, requiring
Ereater vemaval of bone, which may have detrimental effects,

In patiencs where some ligaments can be preserved, a more modern scluclen

is the intervendylar type of implant., Damaged joint surfaces are replaced by



mecal condyles on the femur and a plastic bearing pad on che ciblal plateau; the
structure of the jolint is conserved, as the prosthesis requires litele anchorage.
The philasephy of this solutien s vo veproduce the motions of the knee as
closely as possible, with stabllity provided by the remaining ligaments combinsed
with the closely ficting arcicular sucfaces of the arcificial joint. These same
features provide some energy absorbance, concributing te the importanc medical

advancage of requiring minimal removal of healthy bene.

8, Summary

& structural sctablilicy appreach rto the geomerry of che healrchy knee is a
good way of analysing the response of the joint te varicus lead condiciens. The
biclogical struccures which provide scabilicy in vive to the healcthy knee are
extremely complex to model, and much mere s¢ te reproduce accificially in the
manufacsture of funecicnal jeint prostheses. However, a complex, bilolegically
accurate model Is juscified, as the resules of a struccural scabilicy analysis
such as load-deflecrion response can help us understand the injuries often seen
in the knse. Likewise, a stability analysis is essential when determiniﬁg the

adequacy of prosctheses, of ortheses, or of other mechods for repairing a

dysfunctional joinc,
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