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ABSTRACT

Active people with congenital absence
or amptitation of both lower limbs pre-
sert fundamental prosthetic challenges
that have not previously been addressed
in the krnown literature. Those chal-
lenges ure heat dissipation and the
aveidance of thoracic skin shear trau-
ma. The latter challenge is more signifi-
can{ in the subgroup of such people
whose amprdations are tertiary o spinal
cord injury and pressure sores. The de-
sign reported in this paper consists of an
air-permeable fabric socket suspended
within a shell frame thar promaotes heat
dissipation, reduces skin shear trauma,
and permits upright weight-bearing and
practical wheelchair function and mo-

bility. The prosthesis is independent of

the wheelchair and is self-suspending
during transfers and nonwheelchair mo-
bility. The prosthests does not include
legs and fect.

Keywords: Prosthetics: hip disarticu-
lation; hemicorporectomy; translumbar
amputation; air-permeable socket; fabric
socket.

Introduction

People with spinal cord injury com-
monly develop pressure sores that may
become infected and possibly require
plastic surgery. In some extremely se-
vere chranic cases, the consequences of
multiple recurrences and surgical inter-
ventions lead (o high-level amputa-
tions, including bilateral hip disarticula-
tion or cven higher, up to hemicor-
porectomy. The loss of both legs dra-
matically reduces the amount of skele-
tal structure and skin surface area avail-
able for weight-bearing. Continued ef-
forts to sit upright, even (or short peri-
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ods on the best of cushions, lead in-
cvitably toward further skin breakdown
with little or no remaining surgical op-
tions for wound coverage or closure.

Most people with these high-level
amputations use a prone cart for mobil-
ity or stay in bed full time. Some re-
ceive what i1s commonly referred to in
the literature as a “bucket™ prosthesis:
laminated rigid or semiflexible socket
Tabricated to fit the lower half of the
torso. The body of literature on this
topic 1s surpnsingly large and repeti-
tive, and does not address some very
important factors the authors believe
must be taken inte account when de-
signing for this amputec group.

Socket Design Factors

All ol the articles the authors found
showed variations on a single-socket
approach, using cither thermoplastic or
laminated materials.”” In most cases
the inner surfaces of the sockets were
lined with foam padding.!*” Most in-
cluded some type of hinge opening or
access door to make donning easier.’
Several articles also illustrate systems
of ambulation wusing prosthetic
legs. "0 There are inherent limitations
of preblems associated with such sock-
cts relating to heat dissipation, shear
trauma 1o tissucs covering the lower
thorax, and changes in the client’s ab-
dominal volume and shape.

Except for what we exhale in our
breath, virtually all of the heat our
body produccs must be dissipated
through the skin, Il both legs are ampn-
tated, the body loses approximately
36% of total skin surface, using the
“rule of nines.”" If half of what remains
of the torso is then placed into a

non-air-permeable sockel, the hody 18
left with only about 45% of the original
skin surface exposed enough to dissi-
pate heat by convection and cvapora-
tion. Adequate heat dissipation is an
absolute physiological necessity and
should receive consideration whenever
we attempt Lo design ortholc or pros-
thetic systems lor children or aduolts
with multiple-limb defliciencies.

The laminated sockets shown in the
literature have no provision for pro-
tecting the skin from shcar strains. Tn
the authors’ experience, it is usually
people with paraplegic levels ol spinal
lesion who proceed Lo extreme levels of
amputation. Therefore, with [ull [unc-
tton of the upper torso, the twisting and
bending actions of daily lifc result in
sliding and shecaring motions within the
upper one-third of a conventional lam-
inated or thermoplastic torso socket. In
such sockets, unevaporated perspira-
tion increases the friction coctficient
and those motions resull in shear dam-
age o lhe skin and subentancous tis-
sues when there is sensory deficit
reaching up to the lower thorax, The
authors have seen ample scar evidence
of such traumna.

Just as residual limbs change volume,
50 do torsos, exeepl much more so with
weight gain or loss or physiologic ¢y-
cles. As torso volume changes, so do the
perimeter contours. Slipping too [ar in-
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Fipure I, 'The fabric torse socket resembles

a corset with a hottom. It must be very
curefully fabricated and fit because it deter-
mines the distribution of hody weighi pres-
sures against skin surfaces which are usual-
Iy withoul any protective skin sensation.
Noic 1he two hlack snspension straps which
will be reflected downward over the top
edge of the frame to the external fixation
trass studs (Figure 4). Also node the sheul-
der straps.

to a ripid socket alter a volume loss will
certainly cause excessive pressure on
bony arcas of the pelvis and (horax.
Rigid or semirigid torso sockets simply
cannol adjust well to volume and con-
tour fluctuations. The resull 1s a very
basic problem with continuity of fit,
Every experienced prosthetist has a
healthy respect [or the challenges pre-
senied by a young and active client with
an inscnsate residual Timb. That 1s not
unlike the sockel design challenge pre-
sented by a person with a combination
of spinal cord injury and bilatcral hip
disarticulation or hemicorporectomy.

Method

‘The first author has attempted w de-
sign prosthetic-orthatic wehnology so-
lutions for six people with a combina-
tion of spinal cord lesion and bilaicral
hip or lmgher amputation. In the first
two cases, a fubric corset variation ol

Figare 2, A client donning the fabric sock-
et. This usually occurs in bed, Slipping into
ihe frame shell is also usually done while in
a supine position and the iwe suspension
straps are pulled over the superior trim line
of the frame to snap onte the lateral truss
studs.

the Newington thoracic suspension de-
signl}'l?‘ wus attempted. Both were limit-
cd techmical successes {uleer arcas were
unloaded. heat dissipation was adc-
quate. and thoracic suspension was Lol-
cratéd for several hours al a tme) but
were functional failures because of two
shortcomings. First, skin tolerance reatl-
ly must approach at least eight hours 1o
be practical and acceptable lor regular
daily usc by active adults. Sccond, sus-
pending the sockets from the wheel-
chair trame significantly restricted mo-
bility and activity within the chair. Sub-
sequently, such relerrals to this lacility
have received the flexible air-perme-
able socket and rame design.

This prosthesis design consists ol a
fabric socket flexibly suspended within
a rigid Irame. Tt incorporates design
features that provide for heat and
moisture dissipation, safe levels ol pres-
sure and shear management, volume
changes, mobility, and cosmesis. Four
persons with amputations have been
fitted with whal has proven Lo be a
practical design that goes well beyond
the conventional concept ol a flexible
socket.

This new sockel is crafted of fabric
and locks much like a corset with a bot-
tom (Figures 1. 2, and 3). Adding the
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Figure 3. In some fashion, the vrinary
drainage line is usually fed throngh the
vverlapping closure compunents. Depend-
ing on localion, il may require a small “trap
door™ as seen in this phota.

bottom to the corset was a signilicant
advance because even al very modest
pressures, bottom areas can significant-
ly share the load so that peak pressures
on olher surfaces can be lowered 1o Tev-
cls that are tolerable on a nearly con-
tinuous basis. A rigid cuter rame (Tig-
ures 4 and 5) provides suspension
points for the flexible socket and a sta-
ble base lor upright positioning. 1 fils
around the sides, ront, and back of the
fabric socket snugly enough o main-
tain alignment, bul loosely enough (o
allow air circulation around the socket
{Figurc 6}. The frame is generously fen-
estrated to promote air exchange. The
person’s normal activitics move the
labric socket enough to pump air in,
oul, and around the air space between
sockel and frame, Tacilitating heatl and
moisture dissipation. The Tact that the
Mrame is relatively close fitting, light-
weight, and totally independent of the
wheelchair 1s a big advantage lor saler
and greater levels of function in and
out of the wheelchair. One ol our
clients who has a voung daughter fre-
quently takes advantage of being able

Il
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Figure 4. These photos show ¢he frame shell and how it relates to the socket. Bilateral
truss studs are visible as well as both large and small air ventilation holes.

to salely leave her wheelchair and
move around on the floor, the grass, or
on a sandy beach. Good upper-body
strength allows her to independently
transfer between (Teor or ground level
and wheelchair (Tigure 7).

‘The fabric socket is conligured and
sized 1o provide [or weight-bearing by
hydrostatic principles. The person with
amputation learns quickly how to ad-
just the closures when donning the
socket in the supine position {Figure 2)
so that position and snugness within
the socket is correct and consistent. Ad-
justable closures accommodate volume
changes and the fabric automatically
adjusts Lo accommodate associated
contour changes. The fabric socket is
suspended by straps passing over the
superior trim line of the frame {Figures
8 and 9). one ncur the right midline and
the ather on the lelt. That manncr of
suspension allows the fabric socket to
da a small but significant amount of
flexing, twisting, and pistoning within
the more stationary frame, climinating
virtually ail of the abrasive rubbing ac-
tion that would otherwise affect the
skin.

The enlire system consists of (1) a
custom LycraT or collon/Lycra body
sheath (Figures 2,7, and 9Y; (2} the fab-
ric inner socket (two are provided so
that one is always available when the
other 1s being repaired. laundered, or
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drip drying}. (3) a rigid frame with
built-in support base and tread; (4} a
rigid. dropped-scat platform installed
in the wheelchair (Figure 5); and (5) a
safety belt installed 10 the wheelchair.

The Lyera body sheath, an important
lirst line of protection against skin
abrasion, works extremely well to con-
tain and organize any loosc tissuc and,
hecause of 1ts diminished friction, helps
the person to slide salely and [ully into
the partially open fabric socket. The
tabric sockel must be very skillfully and
carefully crafted and fitted by someone
who koows how to work with fabric
and who understands the principles of
how circumierence magnitudes relaie
to soft tissue weight-bearing (hydrosta-
tic) support. In an enginecring scnse,
these principles are akin to the concept
ol arcumlerconee tensionming Lo achieve
“total contact”™ weight-bearing in a
transtemoral prosthesis. The fabric
socket begins as a custom corset. The
pattern is developed directly on a plas-
ler model or [rom measurements and
acquires a bollom as the filting pro-
ceeds. Reinforcement tape (usually
along panel scams) must not pass over
prime pressure uleer sites (bony promi-
nences), and conlours must be ereated
50 lhat material is not stretehed Light
across such high-risk areas.

As the fitting proceeds to the weight-
bearing stage, several methods are used

Figure 5. This close-up view through onc of
the lower fenestrations shows the necessary
gap between the boitom of the fabric sock-
ct, fully loaded, and the Boor of the frame
shell. At least one of our clients has found
this space 10 be a very convenient location
to stow his urine collection bayg,

to obtain infermation aboul pressures
n at-risk locations. Simple, inexpensive
systems oxist (Figure 10) that can dis-
play contacl pressure on a meler when
a thin transducer is placed in an at-risk
location. Alternatively, il one can di-
rectly observe that the material span-
ning & bony prominence is slack, one
cun conclude Lhat contacl pressure
against that prominence is very mini-
mal. The acid test, of course, is 1o ob-
serve the bare skin after longer and
longer periods of weight-bearing. Per-
ststent  redness  indicates  cxcessive
pressure.

‘The person’s cathetering sile or urine
collection tube is accessca ihrough a
hole or out under a special flap-covered
opening installed lor that purpose {Fig-
ure 3). The colostomy site and collec-
tlion bag are contained within the fabric
socket. The colostomy bag is changed
or emplicd each cvening after dotfing
and bhefore donning the socket in the
morning. [t will not [ill while the person
is using the prosthesis since the bag is
compressed flat between abdominal
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Figure 6. This P-A sketch gives a cross-section diagram of the prosthesis. The jelly enve-
lope component shown in the bottom of the fabric socket may or may not be necessary
depending on the shape and condition of the residoal torse and uny prominences.

skin surface and the labre socket.
There is ample time for stool climina-
tion during mghttime hours.

Proper location and installation of
the suspension siraps arce very impor-
tant. When the straps are in the correct

A-I? location and right-left batance, the
tabric socket lines up naturally within
the frame sockel without undue inter-
face contact pressures, Those same
straps, when sewn correctly, serve a sce-
ond important purpose: they flirmly

SUSpension strap
an fastenar sewa 1
fabric inner socket
WIANRInG aver lop of
and chpped 1o
outside of regid outer
snckat {nne tor rach
site]

‘\\ Oule

" ubiket

/-/ lerestrated

Figure 8 This lateral sketch has part of the frume shell cut away and a detail insct (o show

how the socket is suspended.
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Figure 7. When the socket-to-frame sus-
pension straps are configured correctly and
anchered for minimal pistoning, the over-
shoulder suspenders are effective. Indepen-
deal translers between wheelchair, Turni-
lure, floor, aviemoebile seal, prass, cte., are
pmssible with good upper body strength.

connect the rame to the Tabric sockel.
reversing their suspension roles during,
transters,

The ahignment of the prosthesis with
respect Lo vertical 1s important to the
function and comfort ol the person
with the amputation. That alignment 1y
dependent on the exact orentation of
the base of support under the frame
sockel. As the person becomes accus-
tomed to upright function and weight
hearing in the prosthesis, he or she will
have delimite feedback regarding orien-
tation in space. Changes in the person’s
vertical alignment are casily made by
wedging the tread ol the “footprint,”
1.¢., the area ol the frame base in con-
tact with the resting surface. Scnse of
stability and case ol function are great-
ly allected by changes i A-P and right-
kelt Gl and the prosthesis user must be
invited Lo give directions. The stability
and function ol the person will also be
alfected by the size and shape of the
perimeter outline of the roughly ellipu-
-al or circular feotprint of the prosthe-
sis and by the hardness of the tread ma-
terial.
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Finally, as time poes on, the person
will probably request that the top of the
prosthesis he lowered. The top of the
fabric sockel should always be kept
somewhit above the top of the rigid
socket and should always exlend above
the level of the lateral costal margin.

Functional Qutcames

Table | contains results as ol March
1997, To that date, Tour persons with
amnpuliations had received prostheses
deseribed above, and all were using
them on o regular. daily basis. Only one

male patient {IPH.) had a recurrence of

pressure uleer problems, P.H. has been
hospitalized many times tor urinary in
fections and pncumonia. and during
onc of his hospitalizations he devel-
oped a pelvie bed sore. His multiple se-
vere health problems have caused
rather scrious weighl loss, and we are
doubtlul that we can safely accommuo-
date his present condition. The long-
term success ol these prostheses de-
pends on avording the discuptive effect
ol other health problems and on prop-
¢r monitoring, and maintenance of the
prosthesis.

Discussion

Flexible prosthetic sockels have gained
considerable popularity in recent years,
This new design can support an active
and tolally insensate part of the anato-
my salcly within a prothesis. [t s how-
cver, worth considering how extremely
comlorlable and serviceable an mir-per-
meable Mlexible socket design would be
those with tull scnsation. Since people
wilh amputations at all levels experi-
cnce excessive heal and perspiration
build-up and affiliated problems within
their sockets.

The authors would urge that future
advances in transtibial and trans-
femeoeral socket technology focus on
ways to allow fresh air to dreulate
about the residual limb as @ performs
its normal function of ¢evaporation and
heat exchange withoul excessive sacri-
fices of (L or suspension. In the corly
1970s. Robert Nitschke and others'™ '
developed a very porous prosthetic
socket liner of o material he ealled Cor-
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Figure 9. Clicnt has donned the soft socket,
slipped inlo the frame shell, and is fixiog
the secket suspension strap ends unto the
truss stods.

do. Perhaps their work should be reex-
amined in the hght of recent progress
with new matenals and fabmeation sei-
¢lice.

It s interesting to note that the erid-
cal part ol this design (the Nexible Tab-
ric socket) uses one of the oldest fabrics
{cottony known Lo humankind and one
ol the oldest arts {sewing) (o clieet a
new design to mect a very diflicule chal-

fenge. Tndeed, the Mlexible suspenston of

a prosthetic socket within a rigid rame
is a concept that was used more than
LOO vears ago. Albert Winkley received
ULS. Patent no. 316589 on his “ship sock-
et design on April 28, 1885, We should
all be aware that when we confine vur

Figure 10. A simple, incxpensive pressure
measuring instrument such as the one in
this phote can e wsed io measure pres-
sures in high-risk locations and guide sock-
¢l design.

creative thinking to what we cian design
with new materials and new fabrication
processes, we overlook some very rich
TCSOUTCLs.

Gonclusion

Bilateral hip disarticutation and henm-
corporectomy are extreme and rare
amputation levels. However, these do
oceur because ol accident trauma or as
a lertiary consequence ol pressure
sores secondury 1o spinal cord lesion.
These are also similar congenital anom-
alics. The varous prosthetic ~bucket”
designs reported previously do not ad-
equately address heat dissipation. shear
trauma. or torso volume changes. But
this new (lexible socket and Irame de-
sign allows nearly normal convective

Date Fitting Hours per Level of
Client  Diagnosis Gomplete  Day of Usage Independence
1) SCI-TS Paraplegic Needs help
PH. 2) Severe decubiti-lower extremity; 4-22-94 3-10 donning only
multiple skin breakdown
3) Bilateral hip disarticulation
1y SCI-T7/8 Paraplegic Completely
D.M. 2) Multiple decubitus ylcers, 8-16-94 810 independent
osteomyelitis
3} Hemicorporectomy
1} SCI-T6/7 Paraplegic Completely
AL 2) Multiple decubitus ulcers; 1-22-96 810 independent
osteomyelitis
3) Bilateral hip disarticulation
1) SCI-T12 Paraplegic Completely
N.R. 2} Ischial decubitus ulcer 12-16-96  8-10 independent
3)

Bilateral hip disarticutation

Table 1. This table reports vesults as of March 1997, Since then, one of the clicnts, N.R., a
mait with o history of severe alcohol problems, has been lost to follow-up.
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and evaporative exposure ol skin to
ambient air. The design has proven
practical on a very limited nunber of
clients.
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Correction

Figure | in the “Preliminary Result
of Part-Time Bracing for the Man-
agcement of Idiopathic Scoliosis™ by
Chrstopher J. Roach, BS.and Jack T.
Andrish. MD, that appeared in the
Summer 1998 issuc of the Journal of
FProsthetics and Orthotics was prial-
ed incorrectly. 'The figure at right is
how it should have appeared.

JPO reprets this error and apolo-
pizes for any inconvenience it may
have caused.

Figure I. Front-opcning Wilminglon
thoracolumbuosacral orthosis,
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