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INTRODUCTION 
W h e n an or thos i s is appl ied to the knee , 

it should , hypothet ical ly , al low a full, unre­
str icted range of mot ion to occur , except at 
appropr ia te l imi ts o f mo t ion where or­
thot ic cons t ra in ts are in tent ional ly in t ro­
duced to provide the extra s tabi l i ty re­
qu i red to compensa te for soft t i ssue insuf­
f ic iency. For example , an or thos is appl ied 
to the knee to correct recurvatum should in 
no w a y restrict normal f lexion, and should 
in t roduce a cons t ra in t force only near ex­
tens ion where the extra s tabi l i ty is re­
qu i red . 

In reality, h o w e v e r , commerc ia l ly avai l ­
able or thoses fall short o f this ideal . O n e of 
the major p rob lem areas is that or thot ic 
knee jo in t s used current ly follow k inemat ic 
or mot ion pa thways wh ich are cons idera­
bly s impler than those o f the natural knee 
joint, whose motion is three dimensional 
in nature . S ingle axis h inges are mos t 
c o m m o n , a l though o ther des igns , such as 
the polycentr ic , have evolved in an a t tempt 
to more closely simulate the complex roll­
ing and sl iding w h i c h accompan ie s flex­
ion-ex tens ion o f the natural jo in t . T h e 
misma tch b e t w e e n the or thot ic and natural 
knee jo in t mot ions can cause an unwan ted 
cons t ra in t force or b i n d i n g to occur , w i th 

the s u b s e q u e n t p i s ton ing o f the or thot ic 
componen t s over the lower l i m b , produc­
ing restr ict ion of the normal range o f m o ­
t ion , distal migra t ion and misa l ignmen t of 
the orthosis, and skin pressure discomfort. 

O u r laboratory has developed an or­
thot ic knee jo in t w h i c h more closely m i m ­
ics the mot ion of the natural knee . We b e ­
l ieve it offers some s ignif icant advantages 
over ex is t ing or thot ic jo in t s , and allows de­
s ign of more effective knee or thoses . T h i s 
report descr ibes the p roposed or thot ic 
j o in t , the rat ionale b e h i n d its des ign , its 
advantages , and ev idence o f its value. A 
second report will p resent a descr ip t ion o f 
a comple te knee or thosis us ing the i m ­
proved jo in t s . 

DESCRIPTION OF 
THE JOINT 

T h e jo in t cons i s t s o f a metal , multicurvature femoral c o m p o n e n t in the shape o f 
the sagittal profile of the distal femur, and a 
slotted plastic t ibial componen t wi th a 
larger, flatter ar t iculat ing surface approxi­
ma t ing the profile o f the proximal t ib ia 
(Figure 1 ) . The femoral c o m p o n e n t art icu­
lates w i th in the t ibial slot so that the sur­
faces b e c o m e h igh ly conforming or en-



gaged in ex tens ion , p reven t ing anter ior-
pos te r ior mo t ion , as in the natural jo in t . In 
flexion, however , the smal ler pos ter ior fe­
moral curvature provides for a low degree 
of conformi ty o r capture b y the t ibial cur­
vature , a l lowing the femoral ar t iculat ing 
surface to roll and s l ide anter ior-pos ter -
iorly over the t ibial c o m p o n e n t , t he reby 
imi ta t ing the natural knee . T h e c o m p o n e n t 
curvatures and amount of capture are 
var iable in des ign , and can be chosen de­
pend ing upon the pat ient appl icat ion. W e 
have chosen a set of curvatures w h i c h l im­
its the s ize of the or thot ic j o in t s , yet a l lows 
a poss ib le e ight mi l l imeters of anter ior-
p o s t e r i o r d i s p l a c e m e n t to a c c o m p a n y 
flexion. 

S tab i l i ty is added to the or thot ic j o in t 
through the p re sence of inex tens ib le dacron straps w h i c h cross the j o in t (Figure 1 ) . 
T h e s e straps are a t tached distally to the 
plastic t ib ia l c o m p o n e n t , and proximal ly to 
a metal l igament a t t achment plate , w h i c h is 
in turn fas tened to the s idebar o f the fe-

mora l componen t . T h e straps s imula te the 
loca t ion , o r ien ta t ion , and funct ion o f knee 
l igaments . T h e s e " l i gamen t s t raps" t ighten 
and b e c o m e lax at different t imes dur ing 
the range o f mo t ion , yet a l low the anter­
ior -pos ter ior rol l ing and s l id ing of the fe­
mora l c o m p o n e n t over the t ibial c o m p o ­
nen t to occur . T h e n u m b e r and locat ion of 
these l igament s traps can b e var ied and is 
dependen t upon the part icular m o d e of 
s tabi l i ty requ i red . At p resen t , we rout ine ly 
use three bas ic l igament strap conf igura­
t ions : an anter ior cruciate des ign , a collat­
eral des ign , and a pos te r ior crucia te des ign 
(Figures 2a , b , c ) . Note that each j o i n t de­
s ign has three straps w h i c h are located and 
or ien ted so as to sequent ia l ly t ighten at 0° , 
45° , and 90° o f f lexion, respect ively . 

Fo r e x a m p l e , F igure 3 s h o w s the s e ­
quent ia l t i gh ten ing o f the three straps of a 
pos ter ior cruciate jo in t . Each o n e of the 
straps t igh tens at a part icular flexion angle , 
w h i l e the o ther two r ema in lax. Note that 
w h e n a l igament strap is t ight , it ha s ap­
prox imate ly the same l ine o f act ion or or i ­
en ta t ion as the natural pos ter ior crucia te 
l igament . Figure 3 also s h o w s the femoral 
c o m p o n e n t roll ing and s l id ing poster ior ly 
wi th flexion. A compu te r i zed ma themat ­
ical mode l w a s u sed to define potent ia l 
strap loca t ions . T h e data genera ted b y the 
mode l provides length pa t te rns for all pos ­
s ib le strap a t tachments , p red ic t ing w h e r e 
in the f lexion range the strap wou ld ge t 
t ight , and in wha t d i rec t ion the subse ­
quen t strap force wou ld act. 

BIOMECHANICAL DESIGN 
RATIONALE 

B e c a u s e the surfaces o f the ana tomica l 
knee art iculate wi thou t a great deal o f cap­
ture, the musc les and l igaments ( their at­
t achment locat ions and or ien ta t ions) mus t 
prec ise ly interact wi th the geomet ry of the 
art icular surfaces to genera te lower l i m b 
funct ion yet p rov ide s tabi l i ty . Fo r example , 
it has b e e n hypo thes i zed b y L e w i s , et . al. 
( 1 9 8 3 ) 3 that k n e e l igamen t s have a dual 
funct ion. T h e " h i g h - l e v e l " funct ion is 
w h e n l igaments p rov ide s tabi l i ty in a 
t raumat ic s i tuat ion, where the external 

Figure 1: The above sketch shows the components of 
the proposed orthotic joint design: metal femoral 
component, slotted plastic tibial component with 
metal sidebar, metal ligament attachment plate, and 
three dacron ligament straps (the collateral design in 
this example). 



Figure 2A: Anterior cruciate joint design. Figure 2B: Collateral joint design. Figure 2C: Posterior cruciate joint 
design. 

Figure 3: Sketch shows the sequential tightening of the ligament straps of the posterior cruciate joint design, at 
extension (left), 45 degrees flexion (middle), and 90 degrees flexion (right). 



Figure 4: The proposed orthotic joint design is based upon earlier research 
regarding the interaction of knee ligament mechanics with internal knee pros­
theses. A sagittal view of the cross sections (radii of curvatures—R,r) of the tibial 
and femoral components of these implants are shown above. 

load occurs too rapidly for the muscles to 
equ i l ib ra te . T h e " l o w - l o a d " funct ion is 
w h e n l igaments keep the correct appos i ­
t ion of the articular surfaces dur ing m u s ­
c l e - g e n e r a t e d f u n c t i o n , p r o v i d i n g for 
proper jo in t lubr ica t ion and normal contact 
forces. T h i s low level function is par t icu­
larly dependen t u p o n the re la t ionship of 
the geomet ry of the articular surfaces and 
l igaments . As prev ious ly m e n t i o n e d in the 
In t roduct ion , w h e n s impl i f ied artificial 
jo in t s are placed in (total j o in t replace­
men t s ) o r around (or thoses) the k n e e , con­
straints are genera ted in the natural j o in t 
s tructures as they o p p o s e the mo t ions im­

posed b y the artificial j o in t s . T h i s con­
straint is r ecogn ized externally as pistoning, and internally as, among other th ings , 
l igament incompatab i l i ty . 

As an example of the above , L e w and 
L e w i s ( 1 9 8 2 ) 1 per formed a s tudy in w h i c h 
cruciate l igament forces were measu red 
dur ing the flexion of spec imens con ta in ing 
a low conforming, anatomically shaped 
knee implan t des ign , as wel l as a h igh-
confo rming , non-ana tomica l implan t de­
sign (Figure 4 ) . In the non-ana tomica l im­
plant , w h i c h did no t allow rolling and 
s l id ing to accompany flexion as in the 
natural jo in t , the full range of mot ion was 



res t r ic ted to about 60 degrees of f lexion, 
and abnormal ly large cons t ra in t forces ap­
peared in the pos te r ior cruciate l igament . 
T h e ana tomica l implant , on the o ther h a n d , 
a l lowed the roll ing and s l id ing of the 
natural jo in t , so that a full range o f flexion 
w a s a t t a inab le , a n d crucia te l i gamen t 
forces approached that o f a normal knee . 
T h e above f indings can b e ex tended to the 
des ign of or thot ic j o in t c o m p o n e n t s . T h e 
or thot ic articular surfaces should have the 
f reedom to reor ient t hemse lves as d ic ta ted 
b y the in ternal l igaments (or musc l e s , for 
that mat ter) for as m a n y o f the c o m p o n e n t s 
of natural j o in t m o t i o n as poss ib l e . In this 
way, u n w a n t e d cons t ra in ts wil l b e m i n i ­
m i z e d , a n d an unres t r ic ted range of mo t ion 
can b e ob t a ined . 

T h e des ign of the p roposed or thot ic 
jo in t s c losely follows this b i o m e c h a n i c a l 
pr inc ip le . D e p e n d i n g upon the cons t ra in ts 
in t roduced to the or thot ic j o in t s and c o m ­
plete knee or thosis (because of the pa­
t ient ' s part icular cond i t i on ) , the p roposed 
or thot ic , art icular surfaces can potent ia l ly 
allow five of the s ix poss ib le c o m p o n e n t s of 
knee mo t ion , the excep t ion b e i n g m e ­
dial-lateral d i sp lacement (refer to F igure 5 ) . 
Ante r io r -pos te r io r rol l ing and s l id ing of 
c o m p o n e n t s dur ing f lex ion-ex tens ion are 
poss ib l e , as desc r ibed earl ier . Dis t rac t ion 
of c o m p o n e n t art icular surfaces is a l lowed, 
w h i c h in turn pe rmi t s varus-valgus rota­
t ions to occur at any f lexion angle . T rans ­
verse ro ta t ions are pos s ib l e th rough the 
an te r io r -pos te r io r a n d d i s t rac t ive d i s ­
p lacemen t s of the jo in t c o m p o n e n t s . T h u s , 
the or thot ic jo in t art icular surfaces reor ient 
themse lves as dictated b y the in ternal knee 
structures, to a greater degree than o ther 
c o m m o n l y used or thot ic j o in t s . G i v e n any 
part icular soft t i ssue insuff ic iency, specif ic 
l igament strap cons t ra in ts can b e added to 
res t ra in any o f the a b o v e affected mo t ion 
c o m p o n e n t s , so that the jo in t s al low a full 
range o f knee m o t i o n to occur. T h e only 
excep t ion is for po in t s in the m o t i o n w h e r e 
extra s tabi l i ty is r equ i red to c o m p e n s a t e for 
the soft t i ssue ins tab i l i ty present . T h e va­
lidity of this des ign concept will b e demon­
strated b y a mechan i ca l evaluat ion , a de­
scr ip t ion of w h i c h fol lows in the next sec­
t ion of th is report . 

A n o t h e r b i o m e c h a n i c a l pr inc ip le to b e 
cons ide red is that the geomet ry o f the 
natural knee l igaments is such that they 
b e c o m e loaded dur ing a w i d e range of ex­
ternal j o in t load cond i t ions . L e w i s , et. al. 
( 1983 ) 3 measu red l igament forces in a ser ies 
o f seven s p e c i m e n s , w i th the purpose of 
ca ta loging external load cond i t ions (ap­
pl ied to the t ibia) w h i c h loaded par t icular 
l igaments . 

The anter ior crucia te was found to b e 
h igh ly loaded dur ing several load cond i ­
t ions nea r ex t ens ion (an te r ior -d i rec ted 
force o r anter ior drawer, varus , a n d inter­
nal ro ta t ion) . T h e pos te r ior cruciate l iga­
m e n t w a s h igh ly loaded for var ious ex­
ternal load d i rec t ions nea r 90 degrees 
flexion (poster ior-di rec ted force o r poster­
ior drawer, varus-valgus, and internal-ex­
ternal rotation). The medial collateral liga­
men t w a s h igh ly loaded dur ing in ternal -
external rotat ion and valgus , th roughout 
the f lexion range. T h e lateral collateral 
l igament w a s h igh ly loaded dur ing varus 
and internal ro ta t ion , th roughout the flex­
ion range . T h e anter ior cruciate and bo th 
collateral l igaments were h igh ly loaded 
dur ing hyperex tens ion . G i v e n the previ ­
ous a rgument for anatomical ly s h a p e d or­
thot ic jo in t c o m p o n e n t s , the above infor­
mat ion is impor tan t w h e n des ign ing con­
straints into the or thot ic j o in t s (such as 
" l i g a m e n t s t raps") o r the comple te or tho­
s is , to p rov ide s tabi l i ty for specif ic l iga­
m e n t insuff ic iencies . 

T h e or thot ic l igament s t raps are o r i en ted 
and located in relat ion to the or thot ic ar­
t icular surfaces so as to funct ion s imi la r to 
the natural knee l i gamen t s . T h e straps se ­
quent ia l ly t ighten wi th in the f lexion range , 
such that the i r l ines o f ac t ion (when taut) 
can assist in the restraint o f the array of 
external load cond i t ions desc r ibed above . 
T h e l igament s traps, in con junc t ion wi th 
changes to the or thot ic interface (to b e de­
sc r ibed in a later report ) , p rov ide s tabi l i ty 
to the anatomical ly shaped or thot ic jo in t 
surfaces, and can b e ta i lored to hand le spe­
cific l igament insuf f ic ienc ies . 



Figure 5: Sketch shows how the various components of knee joint motion can occur with the proposed orthotic 
joint design. Medial-lateral displacement is the only motion not allowed. 



MECHANICAL 
VERIFICATION OF 
THE DESIGN 

The authors have previous ly repor ted a 
procedure for compar ing the efficacy o f 
or thot ic knee jo in t s , b a s e d upon their ten­
dency to produce p i s ton ing (refer to Lew, 
et. al. 1 9 8 2 2 for detai ls) . P i s ton ing trans­
ducers were des igned , w h i c h were capab le 
o f b e i n g in te rchangeab ly incorpora ted into 
the s idebars of var ious or thot ic jo in t de­
s igns . A s a subjec t wea r ing an evaluat ion 
or thos is per formed functional ac t iv i t ies , 
the t ransducers on the media l and lateral 
or thot ic jo in t s idebars would directly m e a ­
sure the resul t ing p i s ton ing cons t ra in t 
forces genera ted b y the conflict b e t w e e n 
the s impl i f ied or thot ic jo in t mo t ion and the 
complex natural j o in t mo t ion . Th i s p roce­
dure w a s used to c o m p a r e the p i s ton ing 
tendency of the proposed anatomically 
shaped orthotic joints (the collateral de­
sign) with three commonly used, commer­
cially available orthotic joint designs: 

s ingle axis h inges , pos ter ior offset h i n g e s , 
and polycentr ic h inges . The resul tant p i s ­
ton ing const ra in t forces were measu red as 
a subjec t performed loaded and un loaded 
f lexion, level wa lk ing , ge t t ing in /out o f a 
chai r , and c l i m b i n g up /down a s tep . 

F igure 6 presents the c o m b i n e d results 
ove r all the act ivi t ies , for each jo in t des ign , 
the m e a n and s tandard devia t ion of the 
c o m b i n e d resultant p i s ton ing forces , and 
the normal ized m e a n forces. T h e data 
sugges ts that the p roposed or thot ic j o in t s , 
because of the i r s emi -cons t r a ined , ana­
tomical ly shaped des ign , genera ted an 
average o f 76 percent less p i s ton ing con­
straint than the commerc ia l ly avai lable 
jo in t des igns (p .01) . Also note that there 
is n o statist ical s igni f icance in the differ­
ences a m o n g the p i s ton ing forces of the 
three commerc ia l ly avai lable j o in t des igns . 

DISCUSSION 
In summary , an improved orthot ic knee 

jo in t sys tem has b e e n des igned , based 

Figure 6: At left is a 
summary of the resultant 
pistoning constraint forces for a 
combination of all the test 
activities for each joint design. 
The means and standard 
deviations of the resultant 
pistoning forces are presented, as 
well as the normalized mean 
resultant pistoning forces over 
the four joint designs. 



upon b iomechan ica l pr inc ip les assoc ia ted 
wi th knee mo t ion and l igament mechan i c s . 
The orthotic jo in t articular surfaces are ana­
tomically shaped and semi-const ra ined, 
so as to allow a c lose approx imat ion of the 
c o m p o n e n t s o f natural knee mo t ion , par­
t icularly the anter ior -pos ter ior roll ing and 
s l id ing wh ich accompan ie s knee flexion 
and ex tens ion . S tabi l i ty is added to the 
or thot ic jo in t sys tem through var ious con­
f igurat ions o f inex tens ib le dacron straps 
c ross ing the jo in t s . T h e prec ise locat ion 
and or ien ta t ion of these l igament straps is 
de t e rmined b y a mathemat ica l model . 

T h e functional result of this des ign con­
cept is that the or thot ic j o in t mot ion can 
c losely ma tch the mo t ion pa thways of the 
natural k n e e , except at part icular poin ts in 
the range o f mo t ion w h e r e extra s tabi l i ty is 
added to the or thot ic j o in t s and interface to 
c o m p e n s a t e for soft t issue insuff ic iency. 
T h i s i m p r o v e m e n t w a s demons t ra ted b y 
the fact that in a mechan ica l evaluat ion , the 
p roposed or thot ic j o in t s genera ted an av­
erage of 76 percent less p i s ton ing con­
straint force than o the r current ly popular 
j o in t des igns . T h u s , the improved des ign 
more c losely ma tches natural knee mo t ion , 
decreas ing the effects of the b i n d i n g , m o ­
t ion res t r ic t ion , and discomfort , often as­
soc ia ted wi th p i s ton ing . 

A n o t h e r advantage of the ana tomica l 
or thot ic j o in t s is the i r h igh degree of varia­
bi l i ty ; that is , var ious jo in t parameters can 
b e ta i lored to address specif ic soft t i ssue 
p r o b l e m s . M a n y var ia t ions of soft t i ssue 
ins tab i l i ty exis t , due to the invo lvement o f 
indiv idual o r c o m b i n a t i o n s of knee l iga­
men t s and/or capsular s t ructures , each 
wi th its o w n ins tabi l i ty d i rect ion. M a n y o f 
the current , commerc ia l ly avai lable or­
thot ic j o in t s canno t b e modi f ied to handle 
specif ic l igament p rob lems , as one des ign 
is used regardless of the type of soft t i ssue 
insuff ic iency present . 

T h e fol lowing are some of the potent ia l 
var ia t ions of the bas ic p roposed or thot ic 
jo int designs. The mathematical model can 
b e easi ly adapted to compute locat ions of 
l igament straps wh ich t ighten at o ther 
flexion angles of in teres t (bes ides the 0°, 
45° , and 90° straps of the bas ic des ign) . 

It is also poss ib le to des ign var ious hy­
br id strap conf igura t ions b y c o m b i n i n g 
one or more l igament straps from the cruci­
ate and/or collateral jo in t des igns . For 
example , an individual p resen t ing wi th an 
an te ro-media l rotatory ins tabi l i ty resul t ing 
from an anter ior crucia te and media l collat­
eral l i gament deficit m a y requi re a hyb r id 
c o m b i n a t i o n of the anter ior cruciate and 
collateral strap conf igura t ions . 

O t h e r v a r i a b l e s are the cu rva tu re s 
o f the ar t iculat ing surfaces of the or­
thot ic jo in t s . For example , g iven a person 
wi th a total knee rep lacement r equ i r ing 
or thot ic t rea tment , the or thot ic jo in t c o m ­
ponen t curvatures and s t rapping conf igu­
ra t ion can b e tai lored to match the geom­
etry of the internal implant . Appl ica t ion o f 
the or thot ic jo in t des igns to specif ic cl inical 
s i tua t ions will b e desc r ibed b y several case 
s tudies p resen ted in a later report . 

T h e degree of su spens ion or f ixation of a 
knee or thos is to the lower l imb is in t i ­
mate ly related to the mo t ion pa thways al­
lowed b y the assoc ia ted or thot ic j o i n t s . 
S ince the mo t ion of mos t current ly avail­
able or thot ic j o in t s does not ma tch natural 
knee k inemat ics closely e n o u g h , a t ight­
ly f i t t ing interface wil l just magnify the 
p i s ton ing const ra int . Th i s s i tuat ion wou ld 
be part icularly harmful , for example , if an 
or thos i s was in t ended to protect surgical ly 
recons t ruc ted knee l igaments , s ince the 
p i s ton ing const ra in t m a y cause s t re tching 
of the hea l ing t i s sue . O n the o ther hand , if 
the interface c o m p o n e n t s were not t ight ly 
fitting to relieve the effects of the pistoning 
cons t ra in t , the or thos i s w o u l d no t p rov ide 
the necessa ry s tabi l i ty to the jo in t . T h u s , 
i m p r o v e m e n t s to the interface suspens ion 
are l imi ted b y or thot ic jo in t k inemat i c s . 

H o w e v e r , in the case of the p roposed 
or thot ic j o in t s , it w a s demons t ra ted that 
the mo t ion m i s m a t c h and resul tant p i s ­
ton ing were reduced, t he reby set t ing the 
stage so that improvemen t s to the or thot ic 
interface can be rea l ized . T h i s also wil l b e 
dealt w i th in great detail in a later report . 

In a s u b s e q u e n t report , the inc lus ion of 
the improved or thot ic jo in t s in a comple ted 
knee or thos is wil l b e desc r ibed . S o m e o f 
the top ics inc luded wil l b e the b i o m e c h -



anics of knee orthotic suspension, suspen­
s ion i m p r o v e m e n t s c o n t a i n e d in the 
Northwestern orthosis system, fabrication 
details, and a group of case studies show­
ing the adapt ion of the orthosis system to 
specific knee l igament problems. 
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