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A st a t
Objecive: The pu pose of this pape  is to briely des i e
the iniial stages of ou  eforts to a ds the de elop e t of
eas  to a ufa tu e, lo - ost, th ee-di e sio al D
p i ted prostheics. Speciically, he e e des i e the
desig  of a  uppe -li  prostheic fo  ouths. Whe  p i ate
i su a e a d pu li  fu di g a e insuicient, inancial
esou es a e limiing fa to s i  o tai i g ualit
prostheics fo  the a putee. The eed fo  cost-efecive,
e o o i al soluions fo  prostheics is paricularly
i po ta t fo  hild e  i  that the  f e ue tl  outg o  the
a d osts a e prohibiively e pe si e. Thus, D p i ted
prostheics a  pose as a potenial soluion.

I  pa allel to the a o e objecive, addiive a ufa tu i g
o  th ee-di e sio al D  prining) k o ledge a d

t ai i g, ithi  the apidl  g o i g ield of Bio edi al
E gi ee i g o  BME , is e o i g i easi gl  i po ta t i
that it a  p o ide soluions fo  u e ous edi all -
elated applicaions. As su h, it is imperaive that D
prining e posu e e i o po ated, fo  esea h- ased, as

ell as experienial p oje t- ased, o te ts.

Methods: Well-k o  e ha i al desig  p o esses a d
ualit  funcion deplo e t e e i ple e ted he e to

desig  a prostheic that ould aid ouths sufering f o
uppe -li  loss. Co pute -ge e ated desig s e e used to
i  conjuncion ith a Cu if  D p i te  to eate the
prostheic ha d o po e ts.

Results: A si ple, a essi le, afordable desig  fo  a
uppe -li  as asse led that osted o l  $ .

Co lusio s: I  the ea -futu e, o e iall  a aila le D
p i te s a  ake de elopi g o e’s o  prostheics a
eas  to a o plish task ithi  thei  ho e e i o e t. I
esse e, this p o ess ould eate a ighter oupli g

et ee  ho  a p odu t is o ei ed, de eloped, a d
a ufa tu ed, as ell as alle iate osts.

Ke o ds: Addiive a ufa tu i g; Prostheics; D
prining; Uppe -li ; A putee.

Introducion

The eed fo  life-like, uppe -li  prostheics fo
hild e

App o i atel  .  illio  i di iduals i  the U ited “tates a e
u e tl  li i g ith li  loss [ ], ith ete a s a d hild e
ei g the leadi g e ipie ts of prostheics. I  the U ited “tates,

app o i atel  ,  hild e  ha e u de go e ajo
amputaions a d ,  hild e  a e o  ith uppe -li
reducions. As opposed to disease, uppe -li  amputaions a e
t pi all  due to a traumaic e e t, i  that uppe -li
amputaions a ou t fo  % of t au a- elated amputaions
a d % of o ge ital amputaions [ - ]. Lo e -li
amputaions a ou t fo  % of li -loss a d a e t pi all
elated to as ula  diseases e.g., ha i g a defecive lood

suppl  due to dia etes . The diabeic populaion a ou ts fo
app o i atel  ,  amputaions pe fo ed ea l  a d those

ho ha e al ead  had o e amputaion a e  to % o e likel
to ha e a se o d amputaion ithi  ive ea s follo i g thei
iniial amputaion [ , ]. Although li  loss afects a ious
populaions e.g., ete a s, diabeic paients, a d hild e , the
de elop e t of prostheics fo  hild e  a d ou g adults is
espe iall  i po ta t.

Due to thei  apid g o th, hild e  a d ouths e ui e
muliple prostheics. Whe  a  adult is ited ith a prostheic,
g o th paterns a e relaively u ha gi g a d o l  i f e ue t
adjust e ts a e e ui ed. Ho e e , fo  a g o i g hild, the
di e sio s of a prostheic e ui es ea  o sta t adjust e t.
Child e  -  ea s of age eed a e  prostheic ea h ea ,
hild e  -  ea s old e ui e a e  prostheic e e  -  ea s,

a d adoles e ts to ou g adults i.e., i di iduals aged -
ea s old  ust e ited fo  a e  prostheic e e  -  ea s [ ].

The ost of u -po e ed, uppe -li  prostheics a ge f o
$ , -$ ,  [ ]. Due to the high ost of prostheics, a d the
ate at hi h hild e , adoles e ts, tee age s, a d ou g adults

outg o  the , e o o i al a d a essi le prostheics a e
eeded. Be ause the f e ue t eed fo  newly-ited prostheics

a e e ui ed fo  hild e  a d ou g adults, lo -te h  hooks
ith a asi  g aspi g e ha is  a e t pi all  suggested fo

usage, ho e e , these o e ith ajo  limitaions [ , ]. I
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paricular, the hook e ha is  is ot aestheic, o  life-like,
a d the efo e u appeali g to the e d-use  a putee . Although
the hook a  p o ide the hild ith so e  added funcionality,
the  ill ot use the e ha is . O e  the past .  de ades,
rejecion of all prostheics as o se ed i  app o i atel   of
e e   i di iduals ith uppe  li  deiciency [ ]. Ho e e , e
spe ulate that this u e  a  i  fa t e e e  highe  he
li ited to solel  the hild a d outh populaion. Child e  oten
imes ould athe  e pose thei  a putated li  tha  ea  thei
prostheic, a d the e a e o l  fe  desig s that i o po ate the
aestheic aspe t. Despite the i eased funcionality he  usi g
the prostheic, p e ious studies ha e sho  that as a  as half
of hild e  ited ith prostheics ould hose to ot ea  thei
prostheics due to cosmeic easo s a d i  o de  a hie e so ial
integraion [ , ]. The efo e, consideraion of a epta e o
rejecion he  iing i di iduals ith prostheics is of ut ost
i po ta e. Child e , adoles e ts, a d ou g adults, a e
de elopi g ps hoso iall  as ell as ph si all  a d a e fa ed

ith the desi e to ha e a epta e f o  thei  pee s. Thus, the
illi g ess of the a putee to use thei  prostheic de i e is

so ethi g to e espe iall  i dful of he  desig i g a
prostheic li .

Residual li  aptu e e sus e  addiive
a ufa tu i g te h i ues
A o o  ethod of iing a esidual li  fo  a prostheic

i ol es a negaive-plaster casing  a edi al p ofessio al
[ ]. While the ast is d i g, p essu e is applied i  speciic a eas
to e su e o e t load poi ts. The negaive ast is the  used to

eate a posiive ast that is fo ed t pi all  usi g
the ofo i g st e e o  a pol u etha e li e  that is the
joi ed ith the e ai de  of the prostheic. Ho e e , addiive

a ufa tu i g des i ed elo  edu es the hu a  interacion
that had ee  p e iousl  eeded fo  the de elop e t of, fo
e a ple, asted prostheics.

Addiive a ufa tu i g a p o ess  hi h digital D data is
used to p i t a o po e t  ate ial deposiion la e   la e
ofers the creaion of prostheic o po e ts that ould
ou te a t so e of the hu dles that outh, uppe -li

a putees e ou te  e.g., osts, the f e ue t eed fo  e l -
sized prostheics, a d the desi e to ha e funcional/realisic
prostheics). Co pute -aided desig  CAD  p og a s, addiive

a ufa tu i g o  th ee-di e sio al D  prining), a d i age
sotware a  ofer a  e o o i al a d a essi le soluion. Mo e
e e tl , integraion of Magneic Reso a e I agi g MRI  a d

Co pute  To og aph  CT  has ee  used to uild a odel of
the a putee’s stu p [ ]. Fu the , lase  s a e s a  do u e t
li  o tou s a d e de  the  i  a CAD p og a . These

te h ologies a  e i ple e ted to o pli e t D prining.
Ediing i age p og a s e.g., I ageJ  a  e used to assess
di e sio s e.g., ha d le gth, pal  idth, a d fo ea  le gth .
Fu the , Make  Wa e sotware a  e used to s ale the
prostheic to the desi ed size [ ].

Afordable prostheic de i es ould oadl  i pa t all
a putees’ ualit  of life, ega dless of thei  so ioe o o i
condiions. The esizi g osts due to the outh outg o i g the
prostheic) a e edu ed usi g D prining as opposed to

ethods p e iousl  used. Prostheics that uilize a asi
e ha i al g aspi g e ha is  a e o e iall  a aila le at a
i i u  ost of $ , . The high osts of ele t i -po e ed a d

od -po e ed prostheic ha ds ake the  i a essi le to
hild e  f o  lo -i o e, u i su ed fa ilies, ithi  the U ited

“tates, as ell as those li i g ithi  de elopi g ou t ies.
Ho e e , D prining allo s fo  a ost that is a kedl  less e.g.,
p e iousl  desig ed Rapto , Talo , a d C o g Beast a e ~ $ -
$ . Fu the , e t -le el D p i te s a e o  si ila  i  p i e
poi t to lase  p i te s, he  the  had e o e desktop ixtures,
a d p i es o  high-e d a hi es a e d oppi g.

Th ee-di e sio al p i ted prostheics a  e o e eadil
aestheically desig ed tha  p e ious ethods. Ope  Bio i s
I o po ated uilizes D prining to eate supe he o-i spi ed
prostheic uppe -li s fo  hild e  e.g., ith o epts f o
I o  Ma , F oze , a d “ta  Wa s  [ ]. These desig s e oke a
posiive feeli g of conidence, e po e e t a d i depe de e
i  ou g a putees hile usi g thei  prostheic li . A othe
innovaive app oa h is the use of Legos to pe so alize desig s
[ ]. Child e  a  pe so alize thei  a  ith Legos hile ha i g
a fu , u i ue desig  that is pe so al to the . Fu the , Nike has

eated prostheic aestheic desig s that a  appeal, i
paricular, to hild e  ith a  i te est i  spo ts. These a o e
app oa hes take i to a ou t aestheics, as ell as funcionality,
a d p opose a soluion that ill e ou age a d fa ilitate
hild e ’s a epta e a d use of prostheics.

E elle t D prining ope -sou e desig s a e a aila le to the
o li e o u it  ia E a le . The use s the  ha e the apa it
to i ple e t i o  ha ges to prostheic desig s a d use thei

D p i te s to p i t a ufa tu e  thei  desig s. Prining o e’s
o  prostheics ill ha e ajo  efects i  te s of the atu e of
desig  i  that it i eases the interacions et ee  desig  a d
producion, a d it ill adi all  lo alize a ufa tu i g of o e’s
o  prostheic [ ]. Fu the , o li e o u it  fo u s allo
use s to e otel  o e t ith othe s f o  a oss the glo e.
Be ause the desig s a e digital, the  a  e se t ia the I te et
to the use ’s locaion, he e he/she a  the  p i t it. Thus,
desig i g a d prining of de i es a  happe  i  locaions,
e ote to o e a othe  o ld ide.

He e, ou  sho t-te  goal as to sho  that o e a  desig
a d p i t thei  o  prostheic. I  ou  p oof-of- o ept o k,
ou  ai  objecive as to use a o e iall  a aila le D
p i te  to fa i ate a  afordable uppe -li  prostheic. A
lo ge -te  goal is to fu the  ite ate o  ou  u e t desig  a d
o tai  e d-use  feed a k ia su e s. We also ai  to invesigate
the noion that he  the e d-use  takes pa t i  desig i g thei
o  prostheic, this e ou ages i depe de e i  a putees;
speciically, the a ilit  to a o plish a prostheic desig  i  o e’s
ho e e i o e t.

The eed fo  addiive a ufa tu i g experienial
lea i g i  Bio edi al E gi ee i g o te ts

I  pa allel ith i p o i g ualit  of life of a putees a d
oade i g so ietal k o ledge of D prining fo  prostheics,

educaional, as ell as esea h- elated e posu e to addiive
a ufa tu i g of io edi al de i es, is criical to e ha i g the
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Bio edi al E gi ee i g BME  o kfo e. The U i e sit  of the
Dist i t of Colu ia UDC  is a histo i all  la k ollege a d
u i e sit  HBCU , a d the o l  pu li  insitute of highe
educaion ithi  the Dist i t of Colu ia. Although HBCUs
o p ise a i ute u e  of olleges a d universiies
naionwide slightl  o e  % , the  ha e led i  a a di g

a alau eate deg ees to Af i a  A e i a  stude ts i  the life
s ie es, ph si al s ie es mathemaics, a d e gi ee i g.
HBCUs a a d . % of a helo  deg ees i  s ie e a d
e gi ee i g to Af i a  A e i a s [ ]. Of app o i atel  
HBCUs a oss the U ited “tates, UDC is o l   of  HBCUs to
ofer a disincive Ba helo  of “ ie e i  BME deg ee [ ]. At
UDC, e  ou ses, aciviies, esea h faciliies a d experienial
desig  p oje ts, su h as the o e dis ussed he e, ha e e e ged.

The UDC BME p og a  is ta geted to a ds rehabilitaion
e gi ee i g, speciically ai ed at the assista e of i di iduals

ith o ilit - elated i pai e ts. A e l  e o ated
Bio edi al E gi ee i g esea h la o ato  the Ce te  fo
Bio e ha i al & Rehabilitaion E gi ee i g, CBRE  fo uses o
hu a  postu al o t ol/ o ilit  a d assisive de i es to aid
i di iduals, su h as a putees, dis ussed he e. Fu the , ou  e
Addiive Ma ufa tu i g La o ato  ill e used to eate
a ious de i es e.g., to assist i pai ed i di iduals . Aside f o
plasic D p i te s, the la  ill also soo  e fu ished ith a
EO“ etal- ased D p i te . To the est of ou  k o ledge, UDC

ill e the o l  HBCU naionwide that ill o  su h a p i te ,
e ha i g ou  futu e apa it  to p odu e etal- ased
p ostheses, i pla ts, a d de i es fo  oth esea h a d
educaion pu poses. A o el a d u i ue aspe t to the aciviies
des i ed ithi  ou  pape , is that e a e usi g addiive

a ufa tu i g fo  educaion, as ell as esea h-i f ast u tu e
uildi g, ithi  a  HBCU-seing.

I  ou  pape , e des i e ou  iniial o ks to a ds i -house
desig  of a plasic, D p i ted uppe  li  prostheic hi h
o e laps oth ou  BME a d Addiive Ma ufa tu i g iniiaives.
We a e ta geted at e posi g a d culivaing stude ts to a ds
cuing-edge e uip e t, esou es, a d te h i ues, fo
Bio edi al E gi ee i g a d e o d.

Methods

Desig  of D p i ted uppe -li  prostheic
At UDC e desig ed a d a ufa tu ed a D p i ted uppe -

li  prostheic. We uilized the e ha i al desig  p o ess as
sho  i  [ ]. Speciically, e irst ideniied ou  e d-use s,
ge e ated usto e s’ e ui e e ts, e aluated compeiion, a d
ge e ated e gi ee i g speciicaions.

Custo e s fo  ou  desig  p oje t e e hild e  e ui i g
uppe  li  prostheics. A hild a  apidl  outg o  thei
prostheic. Thus, ha i g a ess to a desig  that a  e s aled up
to a o odate thei  g o th a d p i ted at lo  ost as
dee ed desi a le. I  ega d to usto e  e ui e e ts, e
de ided to esea h s hola l  aricles that e a i ed outh
opi io s of thei  prostheics, a d crated a su e  to e
ad i iste ed to a putees. UDC is lo ated ea  a  edi al

esea h la s, su h as the Walte  Reed Hospital a d the Med“ta
Naional Rehabilitaion Hospital.

Although it ill ot e dis ussed fu the  he e, the s ope of
ou  futu e o k is to uilize su e s o  a putees to assess thei

eeds, i ludi g ho  a epta le the aestheics of the paient’s
u e t prostheic a e, hat tasks the  o o l  use thei
prostheic fo , a d ho  o fo t pla s a ole i  use of thei
prostheic o  o use . I  te s of evaluaion of the
compeiion, prostheics that uilize a asi  e ha i al g aspi g

e ha is  a e o e iall  a aila le ost at least $ , ut
a  a ge u h highe , D prining allo s fo  ost to e ea l

t o ag itudes less tha  this a ou t. Fu the , ease of esizi g,
due to paient g o th, fu the  e ha es ost sa i gs fo  the
ta geted hild e  a d outh e d-use s.

E gi ee i g speciicaions fo  ou  desig  e e ge e ated
usi g a Qualit  Funcion Deplo e t QFD  app oa h [ ]. I
this app oa h, a list of desi a le atributes e.g., e ha i al
g aspi g a ilit , lo  ost, aestheics, fast p i t ime, a d ease of
asse l  e e eighted ased o  i po ta e, alo g ith the
speciicaions to eet desi a les e.g., moion si ila  to atu al
moions, total ost less tha  $ , life-like aestheic, p i ta le i
less tha   da , a d fe e  u e  of pa ts e ui ed  e e
i o po ated. A eighted s ale of , , a d  o espo di g to a

eak, ode ate, a d st o g correlaion) as the  a ked i  the
ha t to o se e ho  ea h e gi ee i g speciicaion elated to

the desi a le ite ia. The esult of this p o ess i di ated that
e pla ed desig  e phasis o  the g aspi g- e ha is  moion

a d lo  ost a ost u de  $  ould e heape  tha  u e t
E a le odels .

This p oje t fo used o  D p i ted prostheics of the a iet
that a e a aila le to the E a le o u it  [ ]. E a le allo s
use s to do load the stl iles fo  f ee i  o de  to D p i t the
desig s. T pi all , i  D prining, a o pute -ge e ated desig
of a o po e t is irst eated. This ile as the  uploaded fo
prining su h the ate ial as deposited, ho izo tall , li e- -
li e, to uild the prostheic f o  the botom up.

Prining as o du ted i  the UDC Addiive Ma ufa tu i g
La o ato  i  Buildi g , e uipped ith th ee, D p i te s: a
po de  p i te , a ediu  sized plasic p i te  Cu if ,

D“ ste s, I . , a d a s all plasic p i te  Cu if , D“ ste s,
I . . The po de  p i te  desig ed  D “ ste s uses a ed
s ste  that la e s glue i to the shape of the desig . This s ste
is good fo  demonstraion pu poses, ho e e , the deposited

ate ial te ds to e britle. The t o, plasic p i te s ade 
Cu if  use a lo it ile utadie e st e e o  AB“  a d polylacic
a id o  PLA . As stated a o e, a  EO“ etal- ased D p i te  is
u e tl  ei g a ui ed fo  the Addiive Ma ufa tu i g la , ut

is u a aila le at p ese t. Fu the , lo  ould e a desi a le
ate ial to p i t ith due to its lo  ost, relaively lo  meling

poi t, a d high te sile st e gth. At this stage of the p oje t, e
e e o e fo used o  p oof-of- o ept, ut ould ha e

e plo ed N lo  as a  opion had the esou es ee  a aila le.

At the p ese t ime, o l  p i te s apa le of prining eithe
AB“ A lo it ile utadie e st e e  o  PLA (Polylacic a id
plasics ould e used. PLA has a highe  de sit , te sile st e gth,
a d slightl  lo e  ost o pa ed to AB“. The e a e a fe  othe
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posiive a d negaive ate ial qualiies to ote of AB“ a d PLA.
AB“ a  a so  ate  f o  hu idit  i  the ai  that a  ause
p i ts to a  slightl  e.g., o  high e sus lo  hu idit  da s .
PLA is slightl  st o ge  a d sta ds up ell to post-p o essi g ia
sa dpape  to s ooth edges. Although AB“ a  e sa ded,
s alle  pa ts u  the isk of disintegraing. Ho e e , a eto e
a  e used o  AB“ to s ooth ough a eas. We used the s all

Cu if  p i te  a d AB“ ate ial, p edo i a tl  ased o
a essi ilit .

We e e a le to p i t a d asse le ou  desig  fo  o l  $
lo - ost o pa ed to the desig s p e iousl  des i ed . The

asse led desig  is sho  i  Figu e  a d a ill of ate ials is
sho  i  Figu e .

Figu e : Asse led D p i ted prostheic ha d.

Figu e : D p i ted prostheic ha d Bill of Mate ials .

Co lusio
This pape  o e ie s the eed fo  a lo - ost, D p i ta le

prostheic fo  hild e  a d p oof-of- o ept i  te s of the use
prining thei  o  prostheic, as ell as moivates the eed fo
addiive a ufa tu i g t ai i g. This pape  se es ou  irst,
iniial step, to a ds demonstraing the feasi ilit  of prining
o e’s o  prostheic. Futu e o ks a  i ple e t diferent

ate ials a d p o esses, as ell as i o po ate feed a k f o
a putees ithi  the su ou di g hospitals. The P i ted
prostheics su h as the o e sho  he e  a  se e as a
e o o i al opion i  that e e e a le to p i t a d asse le a
prostheic ha d fo  just $ . But o e i po ta tl , D p i ted
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