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INTRODUCTION 
Tradi t iona l pros the t ic feet w e r e de

s igned on ly for wa lk ing . M o s t ampu t ee s 
were unab le to run, and the phys ica l b e n e 
fits of v igorous spor ts were lost . Even 
h igh ly mot iva ted amp u t ee s were severely 
l imi ted in thei r ac t iv i t ies b e c a u s e of a lack 
o f appropr ia te p ros theses and t ra in ing , re
sul t ing in a s igni f icant loss of se l f -es teem. 

T h e Seat t le F o o t ® was deve loped to 
w i d e n the range o f pros the t ic a l ternat ives 
for lower ex t remi ty ampu tees , and to al low 
them to seek the phys ica l and emot iona l 
rewards of inc reased act ivi ty. T h e purpose 
o f this paper is to d i scuss the research and 
deve lopmen t leading to commerc ia l re lease 
o f the Seat t le Foot,( tm) and to rev iew the con
s idera t ions for its successful pros the t ic 
use . 

BACKGROUND 
O v e r the course of a five year s tudy, the 

D e p a r t m e n t of K ines io logy at the Un ive r 
s i ty o f W a s h i n g t o n used a Kis t le r force 
plate to e x a m i n e the b i o m e c h a n i c s o f 
wa lk ing and runn ing for normal vo lunteers 
and ampu tees o f different ab i l i t ies and 
amputa t ion levels . T h e e q u i p m e n t re
corded anter ior , pos te r io r , med ia l , lateral, 
and rota t ional g round react ion forces whi le 
s low m o t i o n c a m e r a s m e a s u r e d j o i n t 
p l acement . Ana lys i s s u b s e q u e n t l y demon
strated vast differences in the mo t ion force 
vectors for walk ing and runn ing ; s imilar ly, 
large differences w e r e seen b e t w e e n nor
mal and ampu tee runn ing . 

T h e g r o u n d r e a c t i o n forces d u r i n g 
wa lk ing were different from those dur ing 
runn ing no t only b e c a u s e of the s e g m e n t of 
free flight, b u t also because of a marked 
difference in the m a g n i t u d e of the down
ward force dur ing hee l contact . In wa lk ing , 
this bare ly exceeds b o d y we igh t , bu t in 
runn ing , the d o w n w a r d force dur ing heel 
contac t exceeds b o d y we igh t b y two to 
three t imes . T h i s load ing can lead to injury 
even in n o n - a m p u t e e s , so that p rov i s ion 
for pros the t ic m e c h a n i s m s to deal wi th 
these forces b e c a m e a des ign r equ i remen t . 

In add i t ion , ampu tee s had a marked in
abi l i ty to push off after foot flat; h e n c e the 
drop-off p h e n o m e n o n that is so ev iden t 
w h e n a m p u t e e s try to walk fast or run wi th 
conven t iona l p ros theses . Pros the t ic de
v e l o p m e n t therefore had to incorpora te a 
m e c h a n i s m to s imula te the push-off phase 
o f normal runn ing . 

DEVELOPMENT 
The Seat t le F o o t ® is d e s i g n e d to control 

and store ene rgy that is avai lable at hee l 
str ike and foot flat, re leas ing it dur ing 
push-of f to increase the forward m o v e m e n t 
of the foot and e l imina te "drop-of f . " 

Ear ly p ro to types of the foot incorpora ted 
an unusual ly shaped keel . D e v i s e d b y Devere L i n d h , 1 these keels were m a d e of 
p r e impregna t ed f iberglass act ing agains t a 
r u b b e r b u m p e r . T h e f iberglass keel ex
t ended in to the metatarsal area to form a 
spr ing , and as the pa t i en t wa lked or ran, 
t he kee l de f l ec t ed a n d s p r a n g b a c k , 



thrus t ing the pat ient forward. T h e s e f iber-
glass keels funct ioned well for a n u m b e r o f 
pa t i en t s , bu t excess ive we igh t , an unac
cep tab le fai lure ra te , diff icult ies w i t h 
ta i lor ing the stiffness of the keel to the pa
t ient , and the labor r equ i r emen t s of the 
fabr ica t ion t e c h n i q u e were d rawbacks . 

W i t h the compi l a t ion of runn ing data 
and expe r i ence wi th the f iberglass keel 
p ro to types , D o n Pogg i and D a v i d M o e l l e r 2 

reevalua ted the keel and sugges ted several 
des ign cr i ter ia . A successful foot would : 

1. B e capab le of deflect ing 1 3/4 i nches at 
the metatarsal area under a vert ical 
load of 435 p o u n d s . To do this rel iably 
wou ld r equ i re the longes t poss ib le 
spr ing . 

2 . Feel natural and s table in all phase s of 
gai t . T h i s w o u l d requi re adequa te 
d a m p e n i n g dur ing the s torage and 
release of ene rgy at hee l -s t r ike and 
push-off . 

3 . Have a useful life of at least three 
years . T h i s wou ld requ i re a durable 
mater ia l for the spr ing , to m a k e it en
dure 5 0 , 0 0 0 cycles at 2 .8 x b o d y 
we igh t load ing or 1 ,000,000 cycles at 
1.4 x b o d y w e i g h t , wi th a p e r m a n e n t 
set of less than .06 i nches . 

4 . Have the lowest poss ib le we igh t . 
5. Have the lowest poss ib le product ion 

cost . Th i s impl ied a mono l i t h i c mold-
able keel ra ther than a compos i t e one . 

6. Have a natural c o s m e t i c appearance . 
7. Be compa t ib l e w i th ex i s t ing pros

thet ic c o m p o n e n t s and t e c h n i q u e s . 
8. Have a cen te r of rotat ion as close to 

the natural ankle cen te r as poss ib l e . 

To max imize the effective length of the 
keel and provide a natural cen te r of rota
t ion, a keel shape was chosen that ran pos
teriorly before curv ing down and forward 
to the metatarsal area. T h e keel also tapered 
in t h i ckness as it ran th rough the foot, ter
mina t i ng in a th in upward flare in the toe 
area. A w i d e range o f synthe t ic structural 
mater ia ls were evaluated in this config
urat ion. O n l y Delr in 150® provided the 
necessary c o m b i n a t i o n of s t rength, l ight
ness , moldability, and intr insic vibration, 
dampen ing . A m p u t e e s who felt " h u r r i e d " 

th rough s tance phase w h e n wear ing a foot 
with a f iberglass kee l found the Delrin® 
keel foot to be more comfor tab le . 

T h e keels were covered wi th polyure-
than foam formed in conven t iona l S A C H 
foot molds , but as psychologica l d e m a n d s 
for cosmes i s increased , a range of male and 
female molds were taken from h u m a n feet. 
P ros the t ic feet from these molds are qui te 
real is t ic (Figure 1 ) . 

Figure 1. The exterior shape of the Seattle Foot(tm) is 
cosmetic. Note the anatomical details. 



Figure 2. In i t ia l ly , the Seattle Foot(tm) consisted of the keel and exterior foam. Note the toe section of the keel i n the 
metatarsal area. 

Figure 3. A t present, the Seattle Foot(tm) has only three components: the keel , the external foam, and the toe 
reinforcement pad. 

Severa l p rob l ems appeared dur ing c l in i 
cal eva lua t ion and laboratory tes t ing. A c 
tive pa t ien t s were able to break the keel 
near the bol t ho le . T h i s p rob lem w a s solved 
b y re inforc ing the keel near the bol t hole 
and b y deve lop ing addi t ional keel config
ura t ions des igned to co r respond to the 
w e i g h t and act ivi ty of the user . Secondly , 
the keel b roke in the metatarsal area. T h i s 
p rob l em w a s met b y e l imina t ing the ent i re 
" t o e " sec t ion o f the keel , the th in upward 
flare at its an te r io r e n d (Figure 2 ) . Also , 
w h e n a m p u t e e s ran w i thou t s h o e s on soft 
g round , the keel wou ld p u n c h through the 

bo t tom of the forefoot. Th i s area is n o w 
re inforced wi th a Kevlar® pad . Current ly , 
the Sea t t le Foot ( tm) has on ly three c o m p o 
nents : the Delrin® keel , the external foam, 
and the Kevlar® re inforcement pad (Fig
ure 3 ) . 

APPLICATIONS 
A s stated earl ier , the Seat t le Foot( tm) is de

s igned to store and release energy, w h i c h it 
a ccompl i shes wi th a special ly des igned 
keel that compresses dur ing foot flat and 
ex tends dur ing toe off. T h e keel a ids the 



pat ien t by thrus t ing the pros thes is for
ward, s imula t ing the natural push-of f pro
v ided by the gas t rocnemius and soleus 
musc les . 

While the Seattle Foot ( tm) was designed to 
provide the push-of f r equ i red dur ing run
ning , it can also be used for walk ing and is 
not necessar i ly con t ra ind ica ted for people 
who are less ac t ive . G a i t s tudies s h o w that 
because the foot is f lexible in the metatarsal 
area it does not l imi t forward rotat ion of the 
t ib ia over the foot, a l lowing the pros thes is 
to roll smoo th ly be tween hee l -contac t a n d 
toe-off. Th i s , c o m b i n e d wi th the increased 
forward thrust th rough the spr ing ac t ion o f 
the keel , makes the foot eas ie r to use be 
cause it r equ i res less effort. Therefore , the 
Seat t le F o o t ® is sui table for both walk ing 
a n d runn ing . 

T h e Seat t le Foot ( tm) is des igned to corres
pond to the pa t ien t ' s we igh t and act ivi ty 
level . Current ly, there are 11 keel config
ura t ions , fit t ing pa t ients w e i g h i n g be
tween 90 to 245 pounds . T h e s e feet are 
avai lable in s izes 6-12 in m e n and 5-8 in 
w o m e n . O the r keels and s izes will b e 
added as the d e m a n d increases . Each keel 
conf igura t ion is des igned to fit a specif ic 
we igh t range or act ivi ty level . To avo id 
premature breakage , it is sugges ted that an 
act ive or bi lateral ampu tee select a rela
t ively stiffer keel . 

T h e foot is des igned to be used wi th 
shoes wi th a 3/4 inch heel . If the pat ient 
wants to wear shoes with a lower heel , a 
wedge should be added ins ide the shoe to 
compensa t e . Because the Seat t le Foot ( tm) is a 
c o s m e t i c copy of a h u m a n foot, it is wider 
and th inner in the metatarsal area than 
o ther pros the t ic feet. S o m e gr ind ing of the 
lateral surface may be requi red to fit ex
cept iona l ly na r row shoes . T h e Sea t t le 
F o o t ® we ighs jus t over a p o u n d (with 
s l ight var iance d e p e n d i n g on the s ize) 
w h i c h is heav ie r than a S A C H , but l ighter 
than a S A F E or G r e i s s i n g e r foot. 

Pa t i en t s w h o frequent ly walk on uneven 
ground m a y still prefer the G r e i s s i n g e r or 
S A F E foot to the Sea t t le Foot.( tm) Pa t ien ts 
in teres ted in a pros thes i s for runn ing and 
the greatest poss ib le reduct ion in we igh t 
should cons ide r the Flex-foot , w h i c h offers 
more ene rgy storage than the Seat t le 

Foot,( tm) but is not compa t ib l e wi th ex i s t ing 
c o m p o n e n t s and is subs tant ia l ly more ex
pens ive . A l though the Seat t le F o o t ® is 
s o m e w h a t more expens ive than conven 
tional feet, it is compa t ib l e wi th m o s t s tan
dard c o m p o n e n t s . It canno t be used , h o w 
ever , wi th Hydra -Cadence uni t s , R . O . L . 
rotators, or o n pa t ients wi th uni lateral 
S y m e s or partial foot ampu ta t ions . It has , 
however , b e e n used successful ly by m a n y 
above knee and h i p ampu tees . 

ALIGNMENT 
Instal lat ion of the Seat t le Foot ( tm) on an 

ex is t ing pros thes i s r equ i res rea l ignment , 
because the a m o u n t o f socket f lexion, an te
r ior-poster ior , and medial- la teral pos i t ion 
of the foot with respect to the socket, differs 
for each type of foot and individual pat ient . 
The a l ignment of the Sea t t le F o o t ® is closer 
to that o f the S A F E or G r e i s s i n g e r foot than 
it is to that of the S A C H foot. T h e man
ufacturer provides s tat ic a l i gnmen t in
s t ruct ions with each foot. D y n a m i c a l ign
m e n t for b e l o w - k n e e and a b o v e - k n e e ap
pl ica t ions requ i res addi t ional a t tent ion to 
several pros thet ic pr incip les . 

BELOW-KNEE ALIGNMENT 
A s the Seat t le Foot( tm) is plantar-f lexed 

(the socket ex tended) the pat ient is aware 
of increased push-off . Th i s increases the 
hyperex tens ion m o m e n t at the knee dur ing 
mids tance , and. cons ide rab le effort mus t be 
exer ted to walk over the forefoot. Th i s 
toe- lever effect a lso occurs as the foot is 
m o v e d anter ior ly with respect to the 
socket . T h e pros thet i s t therefore must find 
a c o m p r o m i s e b e t w e e n the hyperex tens ion 
m o m e n t at mids tance and the a m o u n t of 
push-of f requi red . The knee mus t not be 
forced into hyperex tens ion dur ing any 
phase o f gait , e i ther walk ing or runn ing . 

P ros theses made pr imar i ly for runn ing 
should be toed-out two or three degrees 
farther than the appropr ia te pos i t ion for 
walk ing , as the increased pelvic rotat ion 
dur ing running tends to internal ly rotate 
the en t i re lower ext remity . Increas ing the 
toe-out o f the pros the t ic foot will t end to 



compensa t e for this effect. A n in te rmedia te 
toe-out angle will usual ly work if the pa
t ient will be runn ing and walk ing o n the 
same pros thes is . T h i s can be de t e rmined 
dur ing the d y n a m i c a l ignment . 

Pros thet is ts have repor ted excess ive an
terior dis ta l - t ibial pressure w h e n conver t 
ing pat ients to a Seat t le F o o t . ® This is usu
ally caused by too m u c h socket f lexion. To 
control excess ive knee flexion, the pat ient 
needs to forcibly s t ra ighten h i s / h e r knee 
dur ing foot flat, caus ing anter ior-dis ta l 
contact of the t ib ia ins ide the socket . The 
Seat t le F o o t ® should not be e x c h a n g e d for 
an exis t ing foot w i thou t a co r respond ing 
change in a l ignment . 

ABOVE-KNEE DYNAMIC 
ALIGNMENT 

W h e n us ing a Berke ley a l ignmen t fix
ture, the pylon shou ld be vert ical dur ing 
mids tance . S i n c e the keel of the Seat t le 
F o o t ® dorsi-f lexes as it is loaded at s tance 
phase , the pylon shou ld be placed in two to 
three degrees of pos ter ior tilt (plantar-
flexion of the foot) dur ing stat ic a l ignment . 
Th is will a l low the pylon to be vert ical over 
the loaded foot. S i n c e there is no plantar-
flexion capaci ty bui l t into the Berke ley 
fixture for a l ignment of an exoskele ta l 
above knee pros thes is , it is sugges ted that 
the fixture be modi f ied to al low this if the 
Seat t le F o o t ® is used . The Berke ley sys tem 
also does not a l low dynamic a l ignmen t 
us ing the def ini t ive knee unit , w h i c h is 
sugges ted if op t imal performance is to be 
evaluated. W h e n us ing an Ot to Bock endoskeletal sys tem, the pylon does not n e e d to 
be vert ical dur ing mids tance , and n o fix
ture modi f ica t ion is necessa ry ; however , 
only a l imi ted n u m b e r of knee units are 
available. 

If knee ins tabi l i ty exis ts , the prosthet is t 
may e i ther plantar-flex the foot farther or 
move the knee center poster ior . Too much 
plantar-flexion of the Seat t le Foot ( tm) m a y 
make it difficult for above knee pa t ients to 
clear the toe dur ing sw ing phase . T h i s is 
espec ia l ly a p r o b l e m wi th H e n s c h k e -
M a u c h S - N - S k n e e units , wh ich require a 

substant ial toe level (plantar-f lexion) to 
provide e n o u g h ex t ens ion m o m e n t to trig
ger the swing m o d e . 

AREAS OF CONCERN 
T h e Seat t le Foot( tm) has unde rgone a great 

deal of deve lopmen t a n d tes t ing to ensure 
rel iabi l i ty , but there are s o m e d rawbacks . 

Pos s ib ly the greatest d rawback relates to 
the c o s m e s i s of the foot; because the foot is 
natural in appearance , pa t ients are in
c l ined to walk and run barefoot. A n u m b e r 
of feet have been re tu rned (under war
ranty) due to foam failures o n the plantar 
surface o f the metatarsal area. In one 
d o c u m e n t e d case , a 4 0 - y e a r old amputee 
broke two Seat t le F e e t . ® T h i s m a n walked 
barefoot, d id p u s h - u p s barefoot, and had 
broken one o f the feet by forcibly hyper -
ex tend ing the toes whi le c ross -count ry 
sk i ing . Currently, the des igners are ex
pe r imen t ing with mater ia ls to m i n i m i z e 
th is p rob lem. The manufac turer n o w in
cludes a not ice adv i s ing aga ins t barefoot 
ambula t ion . 

Occas iona l cases o f keel b reakage have 
b e e n repor ted , despi te careful keel se lec
t ion. In s o m e cases , am pu tee s have b e 
c o m e m u c h more ac t ive , and p rov i s ion of 
a heav ie r keel is ind ica ted . S o m e keel 
b reakage is p robab ly inev i t ab le , s ince the 
p ros thes i s is de s igned for act ive pa t ien t s , 
is l ight in we igh t , and mus t b e f lexible to 
funct ion. 

W o o d or foam ankle b locks offer no pur
chase for the flat Delrin® keel w h e n the 
foot is u sed wi th an exoskele ta l sys tem. 
T h e manufac turer r e c o m m e n d s us ing hot 
melt glue to b o n d the foot and b lock , to 
prevent inadver ten t rota t ion of the foot. A 
layer o f Durite® screen b e t w e e n the block 
and foot is an al ternat ive. Inadver ten t axial 
rotat ion does not occur wi th endoske le ta l 
c o m p o n e n t s because of the serrated surface 
of the foot a t t achment plate. 

S h a p i n g the ankle b lock of an exoskele ta l 
p ros thes i s can be difficult, because the 
contour o f the lateral mal leolus on s o m e 
Seat t le F e e t ® can appear too dramat ic . Th i s 
is mos t apparen t w h e n the foot is used o n 



an ove rwe igh t or geriatr ic pat ient . A n o t h e r 
compl i ca t ion m a y arise w h e n the foot is 
a t tached to an exoskele ta l p ros thes i s ; the 
foam lip on the proximal pe r iphery of the 
foot has a t endency to protrude w h e n the 
foot bolt is t igh tened . A small a m o u n t of 
foam can be r e m o v e d from the super ior 
edge to avoid the undes i r ed prot rus ion of 
the foam. 

CONCLUSION 
T h e Seat t le Foot ( tm) ut i l izes a special keel 

des ign and advanced mater ia ls to provide a 
relat ively i nexpens ive pros the t ic al terna
t ive for lower ex t remi ty ampu tees . It com
b ines smoo th ac t ion wi th increased push 
off, th rough the s torage of energy, to make 
runn ing and walk ing eas ier . The Seat t le 
F o o t ® can be ta i lored to the individual , 
a n d is compa t ib l e wi th s tandard fabrica
t ion t e chn iques a n d c o m p o n e n t s . It is ex 
cept ional ly c o s m e t i c in appearance , is 
qu i te durable w h e n appropr ia te ly used, 
and the foot is ava i lab le in a wide range o f 
s izes for both m e n and w o m e n . W h i l e 
prac t i t ioners n e e d to w e i g h all the op t ions 
before choos ing the Seat t le Foot,( tm) as wi th 
a n y o ther componen t , it is clear that for 
m a n y ampu tees , the Seat t le Foot ( tm) will 
open up a whole n e w range of expe r i ences . 
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