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Abstract—A computer model of 23 knees was obtained by embedding, slicing and digitizing the bone
outlines and ligament co-ordinates. Using co-ordinate transformations, various three.dimensional motions
were imposed on 1he knees, and calculations made of femoral-tibial contact error, contact point locations
and ligament lengths. Significant deviations in these parameters were noted for abnormal motions including
the elimination of internal-external rotation and a—p displacement and the misplacement of a hinge
producing correct motion. The resulting mismatch could result in shear in soft tissues, cuff-to-skin slippage

and inaccurate lipament length pallerns.

INTRODLCEHION

Knee braces are used for a variety of applications
including the prevention of injury, stabilization of
chronic instability, and protection after injury or
surgical repair (Butler et al., 1983). Braces have re-
cently been classified as prophylactic, rehabilitation.
or functional {A.A.Q.5., 1985). For application 10
normal healthy knees or to the chronically unstable
knee, the motion provided by the hinges may be
relatively less important than the ability of the brace
to limit the displacements and rotations between the
femur and the tibia. Any mismatch in motion between
the hinges and the joint itself will be taken up by soft
tissue deformation and by cufi-to-skin slippage. For
rehabilitation however, there are more stringent re-
quirements on the motion which the external hinges
produce, in order to prevent further injury and to
allow soflt tissue healing to occur within correct length
limits. Except for short time periods, immobility is not
recommended mainly because of the restriction in
ultimate motion which can be produced (Salter et al.,
1984) and because the mechanical properties of
healing tissue such as ligaments and tendons under
conditions of motion and slight tension, are superior
to these properties under static conditions (Fronek ¢!
al., 19813).

A reasonable design goal is that the knee brace
provides an external guide Lo knee metion, com-
patable with the internal joint mechanics. However.
while there are certain evident characteristics of mo-
tion such as the external rotation of the tibia as the
knee is brought into extension, the motion can vary
depending upon the activity and the external forces
applied (Murphy et ai., 1985; Reuben et al., 1986). Any
motion path must fall within an envelope whose
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boundaries are defined by the laxity under realistic
applied forces and moments {Hsieh and Walker, 1976;
Markolf ¢r al., 1981; Fukubayashi et ol., 1982, Huiskes
et af.. 1984; Shoemaker and Markoll, 1983). However,
close Lo the extremes of laxity, certain of the ligaments
and capsular soft tissues will be either tensed or very
slack. Hence it may be useful for brace design to
consider a central path of motion which could occur
for example during normal gait, or during
flexion—-exlension under guadriceps action, simulating
rising frem a chair or climbing a step (Chao et al.
1983; Kurosawa er oi. 1985 Walker et af, 1983
Reuben et al., 1936). In those studies the most promi-
nent motions apart from flexion-extension were found
to be internal-external rotation and a-p translation.
Neglect of these motions in a leg brace could have
undesirable eflects on internal knee mechanics, par-
ticularly on ligament length patterns. Studies of liga-
menl lengths and tensions by many investigators
tHuiskes et af, 1984; Grood et al., 1983; Girgis ot al.
t976. Trent et al., 1976) have shown that different
bands of the ligaments, particularly of the cruciates,
have different length patterns during  fAexion-
extension. The movements and shape of the menisci
will also be affected by the motion. Normally, the
media) meniscus appears to be relatively immobile due
10 the limited a-p excursion of the medial femoral
condvle, while the laieral meniscus iranslates poste-
tiorly with flexion. Ligamentous injuries resulting in
abnormal motion can result in subsequent meniscal
injuries. A further irmportant consideration is that the
general level of comlor of a leg brace and the brace’s
durability are likely to be a function of the mechanical
compatability with the knee (Lewis et ai., 1984,

Our study was carried out 1o determine the effect of
the design and placement of the external joints of a leg
brace. on ternal joinm mechanics. The effects of
mouon incompatability on ligamem length patterns.
fermoral-tibial contact points, meniscal movements
and the likelihood of cuff-skin slippage were particu-
tarly considered.
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MATERIALS AND METHODS

Geometry of ligamenis and joint surfaces

Twenly-three intact fixed cadaveric knees were ob-
tained Radiography and direct observation ascer-
1ained the absence of any gross abnormaliiies. The
musculature and joint capsule were removed, 10
cleariy expose the ligaments. Metal pins 10mim in
length with spherical heads were placed at the femoral
and tibial attachment points of the collateral and
cruciate lgaments. The lateral collateral was marked
with only one pin at ¢ach end. The bread medial
coltateral was marked with three pins on the femur
and 1wo on the tibia. For cach cruciate attachment
on the tibia, four pins were used to mark the four
‘corners’, antero-medial, antero-lateral, postero-
medial and postero-tateral. The fibers from these pin
locations were then traced o the femur where corre-
sponding pins were placed.

In order to mount the knees to a reproducible axis
system, the centers of the spherical surfaces of the
posterior femoral condyles (Kurosawa et al., 1985)
were determined vsing radius gages. Using a jig, a
Steinman pin was driven through this transverse axis.
A cylindrical alumintum pot was cemented paraliet to
the shaft of the tibia and perpendicular 10 the trans-
verse axis, and the knee was placed tn extension in the
-jig. Key dimensions of the knees were measured
{Mensch and Amstutz, 1976). in particular the
medial-lateral widch along the transverse axis which
was used as the reference dimension for standard-
ization. All coerdinate data in the study was normal-
tzed to a medial-lateral dimension of 8¢ mm at the
transverse axis.

Radiographs were 1aken with the center of the beam
along the transverse axis (sagitial view) and per-
pendicular 1o the axis (frontat view) (Fig. 1). The
‘radiographs were then placed on a Talos digitizer and
the ligament attachment points were digitized into a
Chromatics CGC 1900 colorgraphics computer. The
actwal xy:z coordinates of the attachment points were
computed. using the known distances between the X-
ray source, knee origin and fiim plate. Using the same
axis system, and with 1the knees maintained in exten-
ston, each knee was placed in a plastic box and
embedded in Pedilen polyurethane foam. Twenty-four
equally spaced sagittal slices were cut using a band
saw. The 25 sections were copied at 1:1 and the
profiles of the femur and tibia were digitized. Up 10 40
points were used for cach seciion with a greater
density of points on the cartilage cutline. These latter
points were 1ypically spaced apan by 3—4 mm.

Motion analysis

The objective of this part of the study was to impose
various motions on the knees, and determine the
predicted overiap or separation of the femoral-tibial
condyles, the ligament length patterns and the
femoral-tibial contact point locations. [o previous
studies (Kurosawa er af.. 1985 Walker ¢t al, 1935)
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‘average knee motion’ was reported from studies of
flexton—extension under quadriceps action. The axis
sysiem was defined the same as above. The femur and
tibia were assumed to have coincident axes in exten-
sion. The relative motion between the femur and the
tibia was expressed as three successive Eulerian rota-
tions in the order Rexion, varus. internal rotation and
three translations of the femoral origin relative to the
axis systemn fixed 1 the tibia, A more recent study has
been carried out using an improved techmique where
the knees were flexed and extended continuously ustng
a motor to lengthen and shorten the quadriceps.
{Reuben er al. 1986) The results for average knee
motion ¢onfirmed 1he dawa of Kurpsawa with only
minor differences. Five degrees of [reedom were fitted
to equations as a function of flexion angle:

VARUS ={0.079t x F1—(5733E 04 x F7)

—{7682E =06 x F1+{53 759 E ~08 x F*)
i

INTROT =({0.3695x F)—2958 E-03 < F7)

+{7.666 E—06x FY) i
xDIS=0.0 K]
yDIS= —(0.0683 x Fj+{8804 £ —(d x F?)

—(A750E—06 = FY (4}
DIS = 01283 x F 1+ (4796 £ —04 < F¥) (5

F=angle ol flexion, extension being zero. Units are
degrees and mm.

The fernoral geometry, 1he tibial geometry and the
ligament attachment coordinates were stored as dara
arrays in the computer. For the calculations, all knees
were standardised 1o an 80 mm medial-lateral width
by multiplying all coordinates by 80/M L where ML
was the actual ML width of that knee. Average knee
motion, or another defined motion, was imposed on
the knee. If the coordinate of any femoral point with
respect to the axis system at zero degrees flexion was
Xo» Yoo 2 then the transformed coordinates afier
flexion F were oblained by mulliplying vy, vo. g by a4
= 4 matrix, which included three angles and three
displacements (C;)=(M)(C,) tequation &). This ma-
trix has been described elsewhere (Beggs. 1967; Kuras-
awa ef al., 1985). Abnormal motions were stnulated by
modification of equations(1}{5). For exampie. to
simulate the eliminztion of internal external rotztion.
equation (2} above becomes INTROT =00 The
abnormal motions considered were ‘rotation elimi-
nated” (equivalent 10 4 ‘polycentric hinge’) and ‘rota-
tion and a—p eliminated’ {almost equivalent to a fixec
axis hinge). A different tvpe of abnormal motion was
modelled by assuming average knee motion, but with
the origin at zero degrees Rexton offset by specified
amounts along the y and - axes. This simulated an
external hinge with average knee motion, bul dis-
placed from its ‘correct’ location on the knee The
following were calculated as a lunction of the tvpe of
motion. for a fiexion range of (- 120



Fig. 1. Sagittal and frontal radiographs ol a typical knee specimen. The pins mark the ligament attachment
points. The axis system is shown. The X.ray beam was centered at ihe origin lor each view.
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The effects of knee brace hinge design and placement

(a) The gaps or overlaps (called contact errors)
between the femoral and tibial condylar surfaces on
the lateral and medial sides and the correction in the
frontal plane position of the femur on the tibia to
produce point contacts,

{b}) The coordinates of the lateral and medial
femoral-tibial contact points in the transverse (x:)
plane,

{¢) The lengths between the femoral and tibial
ligament attachment points, with the lateral and me-
dial condyles in point conrtact.

Computer algorithms

A computer program was written which performed
the following sequence of algorithms

(it To determine the contact errors between the
fernoral and tibial surfaces, consider a point F on a
femoral scetion (Fig. 2). The tibial sections medial and
lateral to this point, [sections P and (P +1)] were
determined. Similarly, the points posterior and anter-
ior to F on the tibial sections P and {(P+1) were
dctermined. These poinis were J and K on section P
and L and M on section {P + 1). Points G and H were
defined as lying on line JK and LM and with the same
= value as point F. Finally, £ was the intersection of
the vertical {paralle! te the y-axis) line through F with
line GIf. The distance FE was then defined as the
contact error between the femoral point and the tibial
surface. A point search routine was written to deter-
mine the minimum contact errors on the lateral and
medial sides. A positive contact error represented a
gap or separation between the femoral and tibial
surfaces: a negative contact error, an overlap.

The resolution was limited in two ways. Because of
lincar extrapolation on the tibial surface, E will in

Y

Refer ence ams 3yslem

X

Femaral b
DﬂlMF Femoral section %

Tipigl segam @

Fig. 2. Determination of contact error between the femoral

and tibial surfaces. F is a point on a femoral section. The line

FE is parallel 1o the Y-aais. Distance FE is defined as the
comtact error {in this case a gap distancel.
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general not be located on the surface: however, due to
the small curvatures involved, the crrots were calou-
lated 10 be less than 0.2 mm. Because only the digitized
points on the femoral surface were analyzed, the
resolution in the xz plane was only +2 mm in any
direction.

{11} Assume that the minimum contact errors calou-
lated imnially for the lateral and mediai sides are
LATMIN and MEDMIN respectively Fig. 3). The xv
axes are fixed in the tibia. The femur can be brought
into contact by a rotation about the origin and by
translations along the x and y axes. The aim was to
minimize the medial-lateral (along x) translations at
the contact points. (The calculations are given in the
Appendix.) The rotation and translations were then
added to the original values and the femur was
retransformed according 10 equations {1 -6). However,
in a few cases, this correction resulied in different
femoral points becoming clasest to the tibial surface
and non-zero contact errors. In this case, the program
iterated until the contact errors were less thap a
specified minimum, set at 0.5 mm.

(i) In al of the knees, there were small contact
errors at 07 of flexion on the lateral and medial sides
{mean values, lateral 1.70 mm., medial 0.1] mm) due
to experimental error, but atso probably due to actuat
separation between the condyles in some knees when
they were being emtbedded. These initial contact errors
were eliminated by calculating the above frontal plane
corrections and transforming the iibial data array.
This in ¢ffect, adjusted the tibia so that it contacted the
femur on the lateral and medial sides.

tiv) Al angles of flexion bevond 0 . the femoral
points closest 10 Lhe ubial surface. were taken 10
represent the femoral-tibial contact points. The co-
ordinates in the transverse x> plane were thus deter-
mined.

{v} After carrying out the iterations described in (i)
above 10 bring the femoral and uibial condyles into
contact. the final values of VARUS, INTROT, xDIS.

k : l / . > X

ST J o
TN LE. /L/‘\\ ME | ME DR
\ /

4 f

Fig. 3. The contact errors are LATMIN and MEDMIN. Tor
close the gaps, the lemur was rotated about @ and teanslated
afong x and v. Details are given i the appendix.



970

¥DIS and zDIS were known. The femoral ligament
attachment coordinates were transformed using equa-
tions (1}{6). The ligament fber lengihs were then
calculated from the equation

L-—_—SQRT[(.‘F‘_XT);, +(J"p_'i'1']2 +(:F _:]‘}z]

where suffices F and 7 refer 1o the femur and tibia
respectively.

RESULTS

{a) Contact errors

The magnitudes of the means and S.D. of the
contact errors for average knee motion were calcu-
lated (Fig. 4). At 157 of Rexion and higher. the mean
contact ereors on the lateral side ranped from —1.81
to —044 mm indicating an overlap of the femoral and
tibial surfaces. On the medial side, the errors were
comparable in magnitude at 0.58-1.91 mm indicating
a separation. The S D). ranged from 1.71 1o 3.16 mm.
The contact errors were considered 1o be due to the
vanations in geometry from knee to knee and to the
difference between the actual motion a particular knee
would show from average knee motion. In the Reuben
et al siudy {1988) varus—valgus was found to be
particularly variable. A 2% varus or valgus rotation
would produce a gap of about 2 mm on ene side of the
knee.

Eliminating both internal-external rotation and
anterior—posterior displacement to simulate a fixed
hinge praduced differences in contact errors compared
with average motion. On the medial side however, the

Lateral
]
£ !
E 2
» 3
g 2
o]
& 6] [0 Average knea motion
S 71 Potation & AP efliminated
“ 3 . R
0 15 30 45 60 7S5 90 105 120

Conritact Emvars [manl
fa

Y 15 30 45 60 75 80 105 120

Degrees of {lexion

Fig.- 4. The cuntact errors on the lateral and medial sides, for

average knee motion, and (or "rotation and a—p elieninated’

{approximating a fixed axis). Differences were sigmificant at
p <00t on the laleral side in a paired i-1e8i.
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contact errors were very similar to those of average
motion, which may be because the medial tibial
plateau kies close to a horizontal plane and changes of
rotation or a-p displacement of the femur would not
grossly affect the contact situation. On the laterai side,
the mean contact error increased steadily with flexion
to more than 4 mm. This is likely to be due to the
postertor slope of the lateral tibial plateau. combined
with fack of rollback of the contact points.

When the axis of average knee motion was offset by
5 mm, the mean contact errors were as high as 8 mm
(Fig. 5). For an upwards or downwards offset. the
comtact errors were similar to those for average mo-
tion up to 60° flexion, but thereafter became much
larger. For an anterior or posterior offset, the contact
ervors were larger than for average motion from 30 ° of
flexion. When the axis offset was upwards or posterior,
the contact errors increased positively with flexion,
indicating femoral-tibial gaps. The reverse was the
case for downwards or anterior axis offset.

The S.I>.for the offset data fell mostly in the range of
1 4 mm but in a few instances it was as high as 7 mm.
Despite this, all of the contact errors {except four) lor
offset axes were significantly different from the zero
offset data, when using a paired (-test. This indicated
consistent relative data from knee to knee.

Axis Offget
Zera
B 5mm upward
o B 5mm downward
] 5mm torward
8 [0 5mm backward

Lateral

Conlatt ervors ()

Dregrees of Flexion

Mediat

-

1 errors (tin])

oodswoONBE®O

] 30 &0 90 20
Degrees ol Aexion

Fig. 5 The mean contact errocs for errors in placement of a

hinge producing average knee motion. Zerg offset is ¢correct

placemen. Differences in offset data were different from zero

offsel data at p<0.01 except when marked by an astenisk, A
paired r-test was used for analyvsis.
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{b) Contact point locations

For average knee motion, the conlact points on the
lateral and medial sides moved generaily posteriorly
with flexion (Fig. 6). The rate of the posterior move-
ment decreased with nnolP of flexion. On the lateral
side, the initial contact point was close to the center in
the a—p direction at zero flexion, moved backwards by
10 mm (for the average sized knee} by 30° flexion,
moved a further 4 mm to 45° flexion and thereafter
remained constant. On the medial side, the contact
point at 0° flexion was 30% from the anterior edge,
and moved umiformly backwards by 13 mmupto45°
fiexion, after which i remained constant. The stan-
dard deviations in the coatact point locations were
approximately +3mm in the a-p direction and
+5mm in the m-| direction.

When internal-external rotation was eliminated.
the lateral excursion decreased by 30% and the medial
excursion ingreased by 30%%, When anterior-posterior
displacement was climinated, the pesterior rollback
on the lateral side was again reduced by 30% but there
was an even larger reduction on the medial side of
40%, When both rotation and a—p displacement were
climinated, the rollback on the lateral side was lurther
reduced to less than 4 mm but on the medial side the

contact point locations reverted to almost normal.

ic) Ligameut length patterns

The means and $.D. of the ligament-length patterns
for average knee molion are shown in Fig. 7. The fiber
lengths are plotted as ratios. relative to the lengths
at 0° fexion. The results for average motion are

FEMORAL-TIBIAL CONTACT POINTS, AVERAGE

i

)

strikingly sitnilar to those published by Huiskes e1 al.
(1984). The anterior fibers of the anterior cruciate were
of constant length throughout flexion, while the poste-
rior fibers decreased in length by 15%. The opposite
wace the case [or the nnc::ermr cruciate: the nnclarmr
fibers remained within 10% of their initial lenglh. but
beyond 30° flexion the anterior fibers steadily in-
creased in length to reach a 25% increase by 120
Aexion. The anterior fibers of the medial collateral
remained al the same length throughout fexion.
whereas the posterior fibers decreased by 10% duning
flexion. The lateral collateral decreased in length by
20%,.

Wheon internal-external rotation was eliminated.
there were no significant changes in the ligament
length patterns. However. when anterior-posterior
displacement was eliminated. the strain in the anterior
<7 I.lG.IdlC ucCTfiiSt':u U\ d.l["C'ST. LU /{] Wl'lll.c ll'ICTC WHds i
similar increase in the posterigr cruciate. This produ-
ced large strain differences of up 1o 40% in certain of
the fibers. The changes in the collaleral ligaments were
minimal. There wers no additional changes in the
length patierns when both rotation and a-p werc
climinated.

For an upwards or posterior offset of S mm in the
axis of the average knee motion, the changes in the
length patterns were similar: the strains in the poste-

rar ﬁrnf\--:ha warse dacrancad hy abant 1‘0;"_ racadts ny
THO7 LTCIANE WOl Gciieasiu O AUl 12 Ve, ISsueling

in less overall strans during the flexion range. There
was a further loosening of about 5% in the anterror
cruciate. There was also increased loosening of the
collaterals with flexion. For a downwards or anterior

OF 23 KNEES

W
45- 120
W0 120* -1,
\ & m/
I i
Average motion Rotation gliminaieo
Anlerior
———— Lataral ;
ll}mm

Wizt

30-120°

AP gisplacement «liml nated

o
i

Rotation and AP displacement oliminated

®

Fig. 6. The lemoral-tibial contact point localions for average knee motion and for three abnormal motions.
The mean contact points are black dots: the 5., are shaded.
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offset of 5 mm, the effect of the PCL was reversed,
namely an increase in strain, reswlting in a Jarge total
length increase of about 50% in the anterior fibers. On
the other hand there were only small changes in the
ACL and in the collaterals.

DISCUSSION

The efficacy of knee hraces in controlhng knee
motion has heen subpect to question recently by the
reafization thar a1 this bme. miny of the models have
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little or no supporting data and the data that is
available suggests that the braces exert only partial
control and then only under force conditions that are
less than in many physiotogical activities (Knutzen e
al, 1984; AAQCS, 1985). There arc wany possitle
reasons, but the most important are likely to be the
difficulty of obtaining a rigid connection between the
brace and the bones, the compliance and changing
shape of the soft lissuc, the gcncral ﬂcxibility of the
biaces themselves and the :mppugc which occurs be-
tween the cuffs and the skin, There is litthe quantitative
data however on these various factors.
Superimposed on the above factors are the kine-
matic characteristics of the external hinges and their

mla st salativa 1o the lhane soramare,
ractmicnl fEative 0 of oOnd geoinelty.

pects were the subject of our study. The underlying
theme is, il a brace could be rigidly connected to the
hones, what would be the effect of different hinge
motions and placements on the joint mechanics?

Addisinmally woanld an off tha shalf hinea ineasmans
r‘u“l‘-.ullﬂll’. LAWY AL VAL LLIW ORI II“‘EU AL FL Pulﬂ

ling average knee motion produce satislactory mech-
anics in a population of knees which would have a
variety of geometry and normal motion paths? The
rationale for the methed relies on Ihe acceplance of the

sa e

by a N
A Bhwdie (B

t af an 'avaraos Ln
\-vuwps i an 'avirage fac motion’ L OF SVER On dn

average motion for a particuiar knee. The motion was
measured under the action of the quadriceps with the
knee under compressive load, on the assumption that
the knee would underge a motion path rcasonably in

tha rantar AF tha lavity panaa
e SRl On MOC GAARY Tange.

D

Thb D'blﬂb‘- IIIUI.IUII
from the group of knees was obtained by averaging the
curves for each degree of freedom in turn as a function
of flexion angle.

Not surprisingly, the contact errors for the 23 knees
mvestigated were small when average knec motion
was imposed on them. The tibial plateaus are oriented
close to the horizontal piane and the contact errors
could be accounted for by small variations in tibial
plateau tilt and femoral radii of curvature. Such errors
would be readily absorbed in shear in
around the joint. However, ¢limination of rotation
and a-p displacement in the hinges (fixed axis motion)
led to large errors on the lateral side a1 the higher
flexion angles. Average motion which was offset only

£ opeverm Femmy tha cocmant awie lad 4o aven lneose nows
3 NN TOMm {08 COrmect axis, 0 10 ¢¥En airger contadi

errors which were highest for forward and backward
offsets, and least for upward and downward offsets, up
to %0 of flexion. These errors would of course not
occur in practice; a gap would be climinated under

aime laad whila o comdular avaciam aaold bha o
Wiiiic @ SOonayiar uv\.llap Wil B¢ pic-

tla ookt
L1 llID S lI)-)I.-lI.a

juiut 1FasL,
vented by the joint surfaces.

Abnermal motions resulted in differences o the
positions of the femoral-tibial contact paints. This
would be unlikely 10 lead to damage of the joint

cnrfan&c ]'\nl I]'\Frp ma\.l ]-m o I‘ICI( nf rl-:nm.lap to tl“n‘-\
UMV, age

menisei by straining of their attuchmenis to the cap-
sule. Meniscal positions were found 1o be abnormal
for all motiens which included ebrmmation with a
normal motion and location patiern of a--p diyplace-
ment or internal-external rotation only in the rotation

eliminated case.
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Ligament lengih patterns were considerably aktered
by abnosmal motion or axis location. Tension in the
posterior cruciate would be particularly increased for
a-p eliminated or distal or posterior axis placement.

The effects of these theoretical contact errors, con-
1act locations. and ligament length changes, will be a
campromise between the motion which the knee
would naturally undergo and the motion which the
¢xternal joint attcmpts to impose. The tesult will be
one of more of shear in the tissues between the cufls
and the bones, slippage between the cuffs and the skin,
superimposed forces and moments across the joint,
and equal and opposite forces and moments across the
external hinges.

Such forces acting on the hinges were determined
experimentally and found to correlate with inaccurate
motion and placement {Regalbuto et al., 1987), Piston-
ing forces were also measured as a function of place-
ment by Lew et al (1984); and Lewis er al. (1984),
Differences in the pisioning forces were masked by
variations of location duc to repeated donning and
doffing, which 15 consistent with our tesull of large
changes in the mechanics due (o only 5 mm of hinge
misplacement.

ftis concluded thatif
a normal knee, for rophylacnc or l‘uncuonal appll-
cation, accurate placement of external joints with
built-in average knee motion should reduce unwanted
forces across the natural knee and the external joinls,
and reduce cufi-skin slippage and soft tissue shear. If
the external Joints are applied to knees with abnormal
laxity due lo ligament injuries. oT to postoperative
knees, built-in average knee motion, or another mo-
tton for required ligament Iength pattcrns logcthcr
with accurate placemcit, will satisfy the goals if the
naturai joint follows the motion of the external joint.
This might be feasible under passive motion condi-
tions. However, under functional conditions, the com-
pliance of the soft tissue between the external joims
and the bornes is mu:u to kad to a reduction in
efficacy. The maximum degree to which an external
Joint can accurately control knee motion under these

lunctienal conditions needs further research.
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APPENDIX. CORRECTION OF THE CONTACT ERRORS
{FIG. )

LF and MF are the lemoral points on lateral and medial
sides respectively.

The corrections to the femur to achieve zero contacl error,
minimizing the medial-lateral |along x) displacements of the
contact points are: ¢, clockwise about ; pCOR along v axis;
xCOR along x axis.

xLF = x-coordinate of point LF ¢tc.
*"LF =x-coordinate of point LF
afier rotanion ¢ abowm 0 elc,
Since
yLE=yMF and {yLF — pMF||xLF —xMF|
MEDMIN—-LATMIN
T xMF_xLF
XEF=xLF cosdr+yLF sing
VLF=~xLFsing+yLF.cosg
XMF=xMF.cosp+ yMF.ang
rMF=—xMF singd+yMF cos g
xCOR = JIDMF —x"™MF)+(xLF — x'LF)]
FCOR = 12[[LATMIN +(y'LF yLF}]
+[MEDMIN -+ MF —yMF)]]




