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For s o m e time there h a s been a need for a 
m e t h o d to express the relat ive f lexural 
strength of v a r i o u s orthot ic c o m p o n e n t s . 
Specif ical ly , it is des irable to k n o w which 
d imens ions are critical a n d what impact on 
flexural s trength each d imens ion h a s . A 
metal l ic s idebar can be character ized either 
as h a v i n g a given flexural strength, or m o r e 
important ly , a g iven res is tance to f lexure. 

C o n s i d e r the b e a m s h o w n in Figure 1, 
which is s u p p o r t e d on each end a n d with a 
de forming force app l i ed f r o m a b o v e at the 
center. T h e m a x i m u m deflection of the b e a m 
occurs at the center a n d can be ca lcu lated a s 

y m a x = m a x i m u m deflection (see Figure 
1) in inches 

F = de forming force in p o u n d s 
L = length of s idebar in inches 
E = m o d u l u s of elasticity (material 

proper ty ) in psi 
I = m o m e n t of inertia in ( inches) . 4 

T h e two fac tors in the d e n o m i n a t o r of 
equat ion (1) a r e E, m o d u l u s of elasticity, a n d 
I, m o m e n t of inertia. 

T h e m o d u l u s of elasticity is a mater ia l 
p r o p e r t y , a n d thus can be changed only b y 

c h a n g i n g the type of mater ia l . A s long a s the 
orthot ic c o m p o n e n t is not s tressed b e y o n d 
its elastic limit ( i .e . , does not s tay bent) , the 
m o d u l u s of e last icity is a constant (see T a b l e 
1 for typical v a l u e s ) . It can be seen in T a b l e 
1, that chang ing materia l f rom a l u m i n u m to 
steel will increase the m o d u l u s of e last icity 
b y a factor of three. Inversely , the s a m e 
c h a n g e will p r o d u c e a reduct ion in the m a x 
i m u m deflection, y m a x , in Figure 1 of the 

Fig. 1. Basic Beam Deflection 



orthot ic c o m p o n e n t by a factor of three. 
T h e other fac tor in the d e m o n i m a t o r of 

e q u a t i o n (1) is the m o m e n t of inertia, I, 
which relates the cross-sect ional s h a p e of the 
orthot ic c o m p o n e n t to its s trength. T h e 
higher the m o m e n t of inertia, the less will be 
the deflection for a given de forming force . 
Severa l cross -sect ional s h a p e s a n d their cor
re spond ing m o m e n t s of inertia are s h o w n in 
Figure 2 . 

T h r e e e x a m p l e s of h o w equat ion (2), m a x 
i m u m deflection, c a n be used for des ign p u r 
p o s e s a r e presented be low. 

K A F O G e n u V a l g u m 

T h e first ca se invo lves a p o s t p o l i o pat ient 
w h o h a d bi lateral K A F O s a n d c o m p l a i n e d 
that his o r t h o s e s flexed media l ly dur ing 
we ight -bear ing (Fig. 3) . T h e flexure resulted 
in signif icant instabil i ty dur ing s tance , a n d 
chronic fracture fai lure of the media l 
s idebar . 

Fig. 2. Moment of Inertia 

Fig. 3. K A F O with Medial Flexure 



Fig. 4. One Inch Sidebars 

Fig. 5. Force Diagram 

In a n a t t empt to correct this condi t ion , the 
3/4 - inch s i d e b a r s were replaced with one -
inch wide s i d e b a r s , a s s h o w n in Figure 4, but 
wi thout success . 

In a n a l y z i n g the p r o b l e m , it is necessary to 
first determine the de forming force p r o d u c 
ing the knee v a l g u m . T h a t force can b e 
ca lcu lated with help of Figure 5 through the 
fo l lowing equat ion : 

F — knee v a l g u m d e f o r m i n g force in 
p o u n d s 

B . W . = b o d y weight in p o u n d s 
o = knee v a l g u m a n g l e in degrees 
0 = hip a b d u c t i o n a n g l e in degrees 

T h e de forming force ca lcu la ted b y e q u a 
tion (2) will increase if b o d y weight , hip-

a b d u c t i o n ang le , or k n e e - v a l g u m ang le a r e 
increased . It is neces sary to es t imate this 
d e f o r m i n g force a s it is directly respons ib le 
for the deflection of the knee joint of the 
K A F O . 

T h e s i d e b a r s of a K A F O can be repre
sented a s a rec tangu lar b a r s u p p o r t e d at each 
end with a d e f o r m i n g force be ing a p p l i e d in 
the midd le a s s h o w n in Figure 6. T h e m a x 
i m u m deflection, y m a x , can be o b t a i n e d b y 
subs i tut ing e q u a t i o n (2) into e q u a t i o n (2). 

In a n a l y z i n g the terms of e q u a t i o n (3) , it is 
a p p a r e n t that there a r e certain fac tors which 
c a n n o t be control led; for instance , b o d y 
weight , the uncorrec tab le knee v a l g u m , a n d 
h ip a b d u c t i o n a n g l e s a r e hot eas i ly c h a n g e d . 
T h e v a l g u m angle , o, c a n b e contro l led if 
the v a l g u m is correc tab le , but w o u l d be 
min imal . T h e a b d u c t i o n ang le , 0, w o u l d b e 
determined b y the pat ient 's ga i t a n d cor
re spond ing s tance s tabi l i ty . T h e length of the 
K A F O , L , is f ixed. There fore , the K A F O 
s idebar mater ia l is the remain ing element 



Fig. 6. S i d e b a r Def lec t ion 

Fig. 7. Re in forced S i d e b a r 

which can be changed by des ign. Further, 
the K A F O s idebar mater ia l is fully c h a r a c 
terized by E ( m o d u l u s of elast icity) a n d I 
( m o m e n t of inert ia) . 

Steel could be used instead of a l u m i n u m 
for the s i d e b a r s s ince the m o d u l u s of elastici
ty for a l u m i n u m a n d steel is 10 ,000 psi a n d 
30 ,000 psi , respect ively . T h i s c h a n g e will 
cause m a x i m u m deflection, y m a x , to be 
reduced ( i m p r o v e d ) b y a fac tor of three. 

T h e remain ing ingredient in equat ion (3) is 
I, the m o m e n t of inertia, the indicator of the 
strength of a geometr ic s h a p e . Th i s p a r a m e 
ter d e p e n d s solely u p o n the s h a p e of the 
cross -sect ional a r e a of the s i d e b a r s . A c 
cord ing to Figure 2, the m o m e n t of inertia 



for a rec tangular cross -sect ioned b e a m is 
g iven by: 

T h e cross - sec t ion of a typical s idebar h a s a 
b a s e (b) of 0 .75 in. a n d height (h) of 0 . 2 5 in. 
T r a d i t i o n a l l y , en larg ing the b a s e w a s a t 
t empted a s a m e a n s of s trengthening the 
K A F O . In the c a s e of this p o s t p o l i o pat ient , 
the width (base) of the s ide b a r s w a s increas
ed b y .25 in. , f r o m 0 .75 to 1 inch. Subs t i 
tuting .75 a n d 1.0 for the s idebar widths 
(base) into e q u a t i o n (4) y ie lds , I = . 7 5 h 3 / 3 
a n d I = 1 . 0 h 3 / 3 . T h e m o m e n t of inertia will 
increase in the s a m e p r o p o r t i o n (25 percent) 
a s the b a s e . Further, the genu v a l g u m de
f o r m i t y of the K A F O , y m a x , will be reduced 
(25 percent) directly in p r o p o r t i o n to h o w 
m u c h (b) is increased . 

H o w e v e r , increasing the thickness (h) of 
the s idebar by the s a m e .25 inch will p r o d u c e 
a m o r e d r a m a t i c effect on the m o m e n t of in
ertia a n d hence the a m o u n t of genu v a l g u m 
de formi ty . For e x a m p l e , if the thickness is 
increased f r o m .25 to .50 inch, the m o m e n t 
of inertia b e c o m e s I = . 0 1 5 b h 3 a n d I = 
. 1 3 b / 3 , a fac tor-of -8 increase . T h e genu 
v a l g u m deformity will accord ing ly be re
d u c e d b y a factor of eight. 

In the case of the p o s t p o l i o patient the new 
K A F O ' s were modi f ied by welding perpen
dicular s truts to the s i d e b a r s in the vicinity 
of the knee-joint c o n t o u r s a s s h o w n in Figure 
7. T h i s des ign resulted in increasing the 
thickess (height) b y a factor of three over its 
original v a l u e . T h e m o m e n t of inertia in
creased by a factor of 27 (or 3 3 ) . T h e genu 
v a l g u m deformity w a s accord ing ly reduced 
by a factor of 1 / 2 7 . T h e patient's media l -
lateral s tabi l i ty w a s i m p r o v e d with this 
modi f icat ion a s s h o w n in Figure 8. 

S t i r r u p Fai lure 

B e c a u s e of the severi ty of invo lvement of 
m a n y pat ients seen at R a n c h o L o s A m i g o s 
H o s p i t a l , it is often necessary to increase the 
ank le a n d knee stabi l i ty through the use of a 
l ocked-ank le A F O . T h i s p r o d u c e s a severe 
bending m o m e n t on the tongue of the s t irrup 
caus ing t ransverse fractur ing of the tongue 
a s s h o w n in Figure 9. 

C o m m e r c i a l l y a v a i l a b l e h e a v y - d u t y stir
r u p s h a v e been utilized in these instances . 
T h e r e is a percentage of pat ients w h o frac
ture the h e a v y - d u t y s t i rrups (Fig. 10) . Hi s 
torical ly, the h e a v y - d u t y s t i rrups were rein
forced with s truts we lded f r o m the vert ical 
m e m b e r of the s t irrup to the tongue , a c r o s s 
the tongue , a n d over the other s ide to the 
other vertical m e m b e r (Fig. 11) . T h e r e a r e 

Fig. 8. Medial - Lateral Stability 



Fig . 9. S t i r r u p F r a c t u r e s Fig. 10 . H e a v y D u t y S t i r r u p 

Fig. 1 1 . Re in forced S t i r r u p 

pat ients w h o fracture this reinforced s t i r rup. 
In ana lyz ing this p rob lem, the deflection, 

y m a x , crea ted by the react ive force of the 
t ib ia and the ankle dors i f lexion angle in ter
minal s tance a s s h o w n in Figure 12a mus t be 
cons idered . Equa t ion ( 4 ) for the m o m e n t of 
inertia of a rec tangular c ross-sec t ion where 
" b " is the b a s e a n d "h" is the height is a p 
pl icable here. T h e cross-sec t ion of the tongue 

of the st irrup is s h o w n in Figure 13. Increas
ing the height will p r o d u c e the highest m o 
ment of inertia a n d the mos t res is tance to 
f lexure. H o w e v e r , this w o u l d result in a very 
thick s t i rrup that w o u l d be extremely heavy 
a n d ve ry difficult to a t tach to the b o t t o m of 
the s hoe . 

For tunate ly , the s a m e strength a d v a n t a g e 
can be ga ined by m a k i n g 90 deg . con tours at 
the edges of the s t i rrup a s s h o w n in Figure 
13 . A st i rrup which extends the full width of 
the shoe a n d curves 0 .5 inch super ior ly on 
each s ide, a s s h o w n in Figure 14, w a s fabri
ca ted in two lengths, 8 in. a n d 6 inches (Fig. 
15) . 

Dur ing the terminal s tance phase of gai t 
the simplif ied force d i a g r a m for a st irrup is 
s h o w n in Figure 12b . For a patient in the ter
minal s tance p h a s e of gai t the forces a re a s 
s h o w n . T h e calf force is F, the ank le joint 
react ion is P, a n d the force tending to flex 
the shank of the st irrup is equal and in op 
pos i t e direction to the b o d y weight ( B . W . ) . 
For p u r p o s e s of a n a l y s i s the st irrup m a y be 
treated a s a b e a m suspended on one end a n d 
a de forming force app l i ed at the other end. 



Fig. 12 . Force D i a g r a m . T e r m i n a l Stance 

Fig . 13 . S t i r r u p , T r a n s v e r s e Sec t ion 

Fig. 14. P h o t o of Re in forced S u p e r S t i r r u p 

For this type b e a m the deflection at the 
end, y m a x , is g iven b y 

where 

W = the de forming force appl ied at the 
end (in this case it is equal to the 
pat ient 's b o d y weight) 

L = length of s t irrup undergo ing 
flexure. For a n 8 inch s t irrup, 
L = 5 inches 

E = M o d u l u s of elasticity with 30 x 
1 0 6 psi for s ta inless steel 

I = m o m e n t of inertia 

T h e m o m e n t of inertia for a convent iona l 
s t i rrup with a 2.0-in. width a n d .125-in. 
height is .0013 in . 4 T h e m o m e n t of inertia for 
the c o n t o u r e d s t irrup is .044 in.4 Subst i tu t ing 
these v a l u e s into e q u a t i o n (5) yields end-
deflections for the s t a n d a r d s t irrup a n d con
toured s t irrup of 0 .16 in. a n d .0016 in. T h i s 
represents a deflection of one-one hundredth 
of that a l l o w e d b y the convent iona l des ign . 

A s izable i m p r o v e m e n t in fa t igue life is ex-



pected from the con toured s t i r rups since 
fat igue life is dependent upon the number of 
flexures (s teps) and the ampl i tude of each 
f lexure. 

A weight c o m p a r i s o n between the conven
tional commerc ia l ly ava i l ab l e heavy-du ty 
s t i rrup a n d the reinforced R a n c h o Los 
A m i g o s s t i rrup s h o w s an increase of 5 to 10 
ounces depending on size. T h e reinforced 
st i rrup instal led on the shoe d o e s not in
terfere with the meta ta r sa l toe b reak thereby 
a l lowing the pat ient no rmal gai t d y n a m i c s . 

P o l y p r o p y l e n e A F O 

In those cases where the orthot ic object ive 
is to s tabi l ize the tibia dur ing s tance , the con
vent ional p o l y p r o p y l e n e A F O a l l ows exces
s ive dors i f lexion r ange . Further, cont inued 
flexure from the neutral pos i t ion into dor
siflexion a n d b a c k to neutral p r o m o t e s the 
c o m m o n fat igue fracture on the pos ter ior 
region of the A F O at the talo-crural ax i s as 
s h o w n in Figure 16 . Therefore , the design 
goa l w a s to in t roduce m a x i m u m resis tance 
to dors i f lexion wi thout a severe weight 
pena l ty or c o m p r o m i s e to cosmes i s . 

C o n v e n t i o n a l po lyp ropy l ene A F O ' s p ro 
duce an o b v i o u s bu lge at the ankles in ter
minal s tance (Fig. 17) , thereby losing stabil i
ty. 

In an a t tempt to minimize the dorsif lexion 
metal l ic reinforcing struts were a d d e d to the 
lateral a n d media l s ides of the A F O . A g a i n , 
the des ign w a s directed at taking a d v a n t a g e 
of the height-cubed (h 3 ) factor, in the m o 
ment of inertia equa t ion . 

The reinforcement strut used in this c a s e is 
.5 x .125-in. steel. T h e .5-in. d imens ion w a s 
"h" and the .125 w a s " b " a s shown in Figure 
18. It is con toured to a v o i d the mal leol i . The 
general loca t ion of reinforcement strut is 
pos te r io r to the mal leol i . Th i s a l lows modif i 
cat ion of the plast ic over the malleoli if re
quired . 

T h e reinforcement s t ruts shou ld extend in
to the foot por t ion of the or thosis and 
super ior ly six inches be low the p rox ima l 
f ibular head . 

Fig. 1 5 . T w o Lengths 

Fig. 16. P o l y p r o p y l e n e A F O Frac ture 



With the reinforcement in p lace it is poss i 
ble to mainta in a n a r r o w medial lateral p r o 
file a l lowing the orthos i s to fit into the shoe 
easi ly a n d be accep tab le cosmet ica l ly . 

A testing a p p a r a t u s w a s deve loped us ing a 
be low-knee pros theses which h a d been m o d 
ified to a l low dors i f lex ion. T h e testing a p 
p a r a t u s is s h o w n in Figure 19. 

P o l y p r o p y l e n e A F O ' s with a n d without 
the re inforcement were v a c u u m f o r m e d to fit 
the prosthes i s used on the test f ixture. T h e 
foot por t ion of the pros thes i s w a s a n c h o r e d 
to a s tab le b a s e a n d dors i f lex ion angle in
d ica tor ca l ibrated in degrees w a s a t tached . A 
force g a u g e w a s a t tached to the p r o x i m a l 
end of the pros thes i s a n d a n anter ior tibial 
force w a s app l i ed to s imula te the s tance 
force of the we ightbear ing l imb. T h e a m o u n t 
of dors i f lexion de formi ty of the A F O a s well 
a s the force required to p r o d u c e the deflec
tion w a s recorded . T h e results are s h o w n in 
Figure 20. 

Fig. 17. Characteristic Bulge 

Fig. 18. Reinforced Polypropylene AFO Fig. 19. Dorsiflexion restraint test fixture 



Fig. 20. C o n v e n t i o n a l v s . re inforced P o l y p r o p y l e n e A F O 

It w a s determined that wi thout reinforce
ment , on ly eight (8) p o u n d s are required to 
p r o d u c e a 5- or 6-degree angle of dorsif lex
ion. With the strut re inforcements , a 
m i n i m u m of 50 p o u n d s of force w a s required 
to p r o d u c e the s a m e a m o u n t of deflection. 

S u m m a r y 

T h r e e lower- l imb or thoses h a v e been ex
a m i n e d with the intent of i m p r o v i n g stabil i 

ty . T h e pr inc ipal des ign concept invo lved 
the careful or ientat ion of the reinforcing 
m e m b e r s to p r o v i d e an o p t i m u m m o m e n t of 
inertia. 

T h e s e ideas a n d s u p p o r t i n g d a t a s h o w 
p r o m i s e . O u r p l a n s are to cont inue to 
e v a l u a t e a n d fit pat ients with modi f i ca t ions 
of these devices in an effort to ga in further 
experience a n d a d d credence to our ear ly 
results . 
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