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INTRODUCTION 
W h e n an or thosis is appl ied to the knee , 

it should , hypothet ical ly allow a full, unre
stricted range of mot ion to occur. Or thot ic 
cons t ra in ts may be in t roduced to provide 
the extra stability required to compensa t e 
for soft tissue insufficiency, thereby limit
ing full range of mot ion . For example , an 
or thosis appl ied to the knee to correct recurvatum should in no way restrict normal 
flexion, but rather should introduce a con
straint force only near ex tens ion w h e r e the 
extra stability is required to s top hyperextension. 

H o w e v e r , in reality commerc ia l ly avail
able o r thoses fall short of this ideal. O n e of 
the major problem areas is that orthotic 
k n e e jo in t s used current ly follow kine
mat ic or mot ion pa thways which are con
siderably s impler than those of the natural 
knee joint, the motion of which is three di
mensional in nature. Single axis hinges are 
m o s t c o m m o n , a l though other des igns , 
such as the polycentr ic , have evolved in an 
a t tempt to more closely s imulate the com
plex rolling and sliding which accom

panies f lexion-extension of the natural 
jo int . T h e mismatch be tween the orthot ic 
and natural knee jo in t mot ions can cause 
u n w a n t e d constra int forces or b inding to 
occur. S u b s e q u e n t p is toning of the or
thotic c o m p o n e n t s over the lower l imb 
produces restrict ion of normal range of 
mot ion, distal migrat ion of the or thosis , 
misa l ignment , and skin pressure d i scom
fort. 

The N . u . K . O . knee jo in t offers some 
significant advan tages over exist ing or
thotic jo in ts , c losely mimics the mot ion of 
the natural knee , a n d al lows des ign of 
more effective knee o r t h o s e s . 4 This report 
descr ibes the p roposed orthot ic jo int , the 
rat ionale beh ind its des ign, and its advan
tages. 

DESCRIPTION OF THE 
JOINT 

The joint consis ts of a metal , multicurvature femoral c o m p o n e n t in the shape of 
the sagittal profile of the distal femur, and 
a slotted plastic tibial c o m p o n e n t wi th a 



Figure 1 Sketch shows the components of the proposed orthotic joint design: metal slotted femoral component, 
slotted plastic tibial component with metal sidebar, and joint screw. 



larger, flatter articulating surface approxi
mat ing the profile of the proximal tibia 
(Figure 1 ) . T h e s e incongruenc ies p romote 
a rolling and sliding of the femoral c o m p o 
nen t wi thin the tibial c o m p o n e n t cup . T h e 
femoral c o m p o n e n t art iculates within the 
tibial slot so that the surfaces b e c o m e 
highly conforming or engaged in ex ten
sion, p revent ing anter ior-poster ior m o 
tion, as in the natural jo int . H o w e v e r , in 
flexion, the smaller poster ior femoral cur
vature provides for a low degree of con
formity or capture by the tibial curvature , 
a l lowing the femoral articulating surface to 
roll and slide anter ior-poster ior ly over the 
tibial c o m p o n e n t , thereby imitat ing the 
natural knee (Figure 2 ) . 

Stabil i ty is added to the or thot ic jo int 
th rough a special ized " femora l slot and 
jo in t s c r e w " m e c h a n i s m (Figure 1 ) . The 
slot is formed in the metal femoral head 
c o m p o n e n t and captured b e t w e e n the 
walls of the tibial cup (Figure 3 ) . T h e spe
cialized mechan i sm s imulates the action 
and function of the knee l igaments . The 
" femora l slot and jo in t s c r e w " m e c h a n i s m 
also al lows the N U k n e e jo in t to t ighten 
and b e c o m e lax at different t imes during 

range of mot ion activity, yet al low the an
ter ior-poster ior rolling and sliding of the 
femoral c o m p o n e n t over the tibial c o m p o 
nen t to occur (Figure 2 ) . A computer ized 
mathemat ica l model w a s used to define 
" femora l slot a n d jo in t s c r e w " p lacements . 
T h e data genera ted by the model defined 
the location for proper p lacement of this 
m e c h a n i s m and a l lows the orthot ic knee 
jo in t to follow the natural k inemat ics or 
mot ion pa thways of the h u m a n k n e e . 4 

BIOMECHANICAL DESIGN 
RATIONALE 

Because the surfaces of the h u m a n knee 
articulate wi thout a great deal of inheren t 
stability, the musc les and l igaments (their 
a t t a c h m e n t loca t ions a n d or ien ta t ions) 
mus t precisely interact wi th the geomet ry 
of the articular surfaces to produce con
trolled flexion and ex tens ion mot ions . 
For example, it has been hypothesized by 
Lewis , et a l . 3 that knee l igaments have a 
dual function. T h e "h igh - l eve l " function 
occurs w h e n l igaments provide stability in 
a t raumatic si tuation. In this si tuation, the 

Figure 2. Sketch shows the sequential tightening and loosening of the knee joint at extension (left), 45° (middle), 
and 90° flexion (right). 



Figure 3-A. Joint at full exten
sion. 

Figure 3-B. Joint at 45° Figure 3-C. Joint at 90°. 

external loading rate is too rapid for the 
musc les to equil ibrate. " L o w - l o a d " func
tion occurs w h e n l igaments maintain the 
correct apposi t ion of the articular surfaces 
during musc le -genera ted function, pro
viding proper jo in t lubrication and normal 
contact forces. Th i s low level function is 
particularly dependen t upon the relation
ship of the geomet ry of the articular sur
faces and l igaments . As previously men
t ioned in the int roduct ion, w h e n simpli
fied, artificial jo in t s are placed in (total 
jo in t r ep lacements ) or a round (or thoses) 
the knee , const ra in ts are genera ted in the 
natural jo in t s t ructures that oppose the 
mot ions imposed by the artificial jo in ts . 
This constra int is recognized externally as 
pis toning, and internally as, a m o n g other 
th ings , l igament incompatabi l i ty . 

To examine this hypo thes i s , L e w and 
L e w i s 1 pe r formed a s tudy in which cruci
ate l igament forces were measu red during 
the flexion of spec imens conta in ing a low 
conforming , ana tomica l ly shaped knee 
implant design, as well as h igh-conform
ing, non-ana tomica l implant design (Fig
ure 4 ) . In the non-ana tomica l implant , 
wh ich did not al low rolling and sliding to 
a c c o m p a n y flexion as in the natural joint , 

the full range of mot ion w a s restr icted to 
60° of flexion, and an abnormal ly large 
constra int force w a s also measured in the 
poster ior cruciate l igament . 

T h e anatomical implant , on the o ther 
hand , a l lowed the rolling and sliding of 
the natural jo int so a full range of flexion 
w a s a t ta inable , and cruciate l igament 
forces approached that of a normal knee . 
The above findings could be extrapolated 
to the design of orthotic jo in t c o m p o n e n t s . 
The orthot ic articular surfaces should have 
the f reedom to reorient themse lves as dic
tated by l igaments and musc les for the full 
range of the natural jo in t mot ions . In this 
way, u n w a n t e d const ra ints will be mini
mized , and an unres t r ic ted range o f m o 
tion can be obta ined. 

T h e design of the proposed orthot ic 
jo in ts c losely follows this b iomechan ica l 
pr inciple. T h e N U orthotic knee jo in t has 
articular surfaces that al low five of the six 
possible c o m p o n e n t s of knee mot ion, the 
except ion be ing medial- lateral displace
m e n t (Figure 5 ) . Anter ior-poster ior rolling 
and sliding of c o m p o n e n t s during flexion-
ex tens ion are possible , as descr ibed ear
lier. Dis t ract ion of c o m p o n e n t articular 
surfaces is a l lowed, wh ich in turn permi ts 



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

varus/valgus angula t ions to occur at any 
flexion angle . Transverse shifts are poss i 
ble through the anter ior /poster ior a n d dis-
tractive d i sp lacements of the jo in t c o m p o 
nen t s . T h u s , the orthot ic jo int articular 
surfaces reorient t hemse lves as dictated by 
the internal knee s t ructures to a greater 
degree than o ther c o m m o n l y used orthotic 
jo in ts . 

A n o t h e r b iomechan ica l principle con
sidered relates the sequent ia l loading of 
knee l igaments and various bands of a 
specific l igament to the geomet ry and 
loading condi t ions of the knee through a 
wide variety of activities. Lewis , et a l . 3 

measu red l igaments forces in a series of 
seven spec imens , to correlate external jo in t 
action a n d l igament react ion loads. Near 
full ex tens ion , the anter ior cruciate w a s 

found to be highly loaded dur ing anter i 
or-directed force or anterior drawer, varus, 
and internal rotat ion condi t ions . T h e pos 
terior cruciate l igament w a s highly loaded 
near 90° f lexion for pos ter ior -d i rec ted 
forces or a poster ior drawer, varus-valgus 
mot ions , and internal-external rotat ion. 
T h e medial collateral l igament w a s highly 
loaded during internal /external rotat ion 
and valgus force, th roughout the flexion 
range. T h e lateral collateral l igament was 
h ighly loaded during varus and internal 
rotat ion and throughout the flexion range. 
Dur ing hyperex tens ion , the anter ior cruci
a te and bo th collateral l igaments were 
highly loaded. G iven the previous argu
m e n t for anatomical ly shaped orthot ic 
jo in t c o m p o n e n t s , the above information is 
impor tan t w h e n des igning const ra ints into 



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. 

the orthot ic jo in ts or the comple te or thos is 
to provide stability for specific l igament in
sufficiencies. 

T h e orthot ic " femora l slot and jo in t 
s c r e w " m e c h a n i s m is or iented and located 
in relat ion to the or thot ic articular surfaces 
so as to funct ion similar to the natural knee 
l igaments . T h e m e c h a n i s m al lows sequen
tial t ightening and loosen ing of the or
thotic knee joint . W h e n the orthot ic jo int is 
in ex tens ion , n o anter ior-poster ior mot ion 
is a l lowed. As the knee joint beg ins to flex, 
an ter ior -pos ter ior d i sp lacemen t is per
mit ted a long with rolling a n d sliding. 
H u m a n l igaments a lso sequent ia l ly t ighten 
and loosen about the knee jo in t and allow 
bo th anter ior-poster ior mot ion with rolling 
and sliding. T h e m e c h a n i s m provides sta
bility to the anatomical ly shaped orthotic 
jo in t surfaces, and al low the N U k n e e jo in t 
to work on a non-f ixed asis of rotat ion. 

MECHANICAL 
VERIFICATION OF THE 
DESIGN 

T h e authors have previously reported a 
procedure for compar ing the efficacy of or
thotic k n e e jo in ts , based upon their ten
dency to produce p i s ton ing . 2 P is toning 
t ransducers were des igned, which were 
incorpora ted into the sidebars of various 
orthot ic jo in t des igns . A s a subject wear ing 
an evaluat ion or thosis per formed func
tional activities, the t ransucers on the m e 
dial and lateral or thot ic jo in t s idebars 
would directly measure the resul t ing pis
toning constra int forces genera ted be 
tween the simplified orthotic jo int mot ion 
and the complex natural jo int mot ion . This 
procedure was used to compare the pis
toning t endency of the p roposed ana tomi
cally shaped orthotic jo in ts with three 



c o m m o n l y used , commerc ia l ly available 
or thot ic jo in t designs: single axis h inges , 
poster ior offset h inges , and polycentr ic 
h i n g e s . Resu l t an t p i s ton ing cons t ra in t 
forces were measu red during loaded and 
un loaded flexion, level walking, rising 
from a chair , and stair c l imbing activities. 

T h e c o m b i n e d resul ts over all the ac
tivities are p resen ted in Figure 6 for each 
joint des ign. T h e m e a n and s tandard de
viation of the combined resul tant pis ton
ing forces are given be low the bar graphs , 
a n d the n o r m a l i z e d m e a n forces are 
plot ted. T h e data sugges ts that the pro
posed orthot ic jo in ts , because of their 
s e m i - c o n s t r a i n e d , ana tomica l ly s h a p e d 
design, genera ted an average of 7 6 % less 
p is toning const ra in t than the commercia l ly 
available jo in t d e s i g n s . 4 Also note that 

there is n o statistical significance in the dif
ferences a m o n g the pis toning forces of the 
o ther three commerc ia l ly available jo int 
des igns . 

SUMMARY 
An improved orthotic knee jo in t sys tem 

has been des igned , based upon b i o m e 
chanical principles associa ted with k n e e 
mot ion and l igament mechan ics . T h e or
thotic jo in t articular surfaces are ana tomi
cally shaped and semicons t ra ined to ap
proximate natural knee mot ion, part icu
larly the anter ior-poster ior rolling and 
sliding which accompan ie s knee flexion 
and extens ion . Stabil i ty is added to the or
thotic jo in t sys tem through a " femoral slot 
and jo in t s c r e w " configurat ion. T h e pre-

Figure 6. Sketch 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. 



cise locat ion and or ientat ion of this m e 
c h a n i s m w a s de te rmined by a ma themat i 
cal mode l . 

T h e functional result of this design con
cept shows the orthotic joint motion more 
closely ma tches the mot ion pa thways of 
the natural knee . A n except ion is noted at 
particular points in the range of mot ion 
w h e n extra stability is added to the or tho
sis des ign to c o m p e n s a t e for soft tissue in
sufficiency. This improvemen t was dem
ons t r a t ed in a mechan ica l eva lua t ion , 
w h e r e the p roposed orthotic jo in ts gener 
a ted an average of 7 6 % less p is toning con
straint force than o ther current ly popular 
jo in t des igns . Thus , the improved des ign 
more closely ma tches natural knee mot ion, 
decreas ing the effects of b inding, mot ion 
res t r ic t ion , a n d d i scomfor t , of ten a s 
sociated with pis toning. 

T h e degree of suspens ion or fixation of a 
knee or thos is effects, a n d in mos t in
s tances l imits, the mot ion pa thways al
l owed by the associa ted or thot ic jo in ts . 
S ince the mot ion of mos t current ly avail
able or thot ic jo in ts does not match natural 
knee k inemat ics , a tightly fitted interface 
will magnify the pis toning constraint . Th i s 
si tuation wou ld be particularly harmful, 
for example , if a n or thosis was in tended to 
protect surgically recons t ruc ted knee liga
men t s . In this case , the p is toning con
straint m a y cause s t re tching of the heal ing 
t issue. O n the o ther hand , if the interface 
c o m p o n e n t s do not int imately secure the 
or thos is to the lower l imb, the device 
would also not provide the necessary sta
bility to the joint . Thus , improvemen t s to 
the interface suspens ion are l imited by or
thotic jo in t k inemat ics . In the case of the 
p roposed orthot ic jo in ts , it was d e m o n 
strated that the mot ion mismatch and re
sul tant p is toning were reduced , thereby 
set t ing the s tage so that improvemen t s to 
the orthotic interface can be realized. 
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