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L4 BSTRACT

L

This report discusses the design critceria necessary for the

-
T

fabrication of forms suitable to make and expand laminates of

sufficient shapc and size so that upon post heating the expanded

laninate wouald shrink to the exact contour of the stump shape
[ roowo st -

being fIEfed; Fiftcen to twenty basic preforms would be necessary

te fit the nmojority of B.E. anmputees.,

The porous lapinate system was cvaluated and found to be unsatis-
factory in that cffcctive cxpansions of only 35% werc obtainable
wherecas a minioun of 70% wou.d be required to make the systenm at
all fcasible; in addition the physical propertics of the lanminates

Vere very poor.

Finally, the overall practicality of introducing the expansible-
-

{_5;\

shrinkable systen into the liob industry is discusscd.



X TRODUCTION

A program ves initiated to eliminate the use of wet layups
in limb shops, This program consisted in the development of a series
of plastic preforms that could be erpanded and then shrunk back to con-
form with an amputee’s stump,

A series of preform shapes wvas designed based on data correlated
from the circumferential mecasurements of a series of fiftcen below=elbow
stump wodels, The shapes designed from thcse data were conical in form.

Using these circumferential measurements it was calculated that
10 of the 15 stumps used for the design could be fitted with four pre-
form shapes. An expansion of 15% was estimated to be sufficient to fit
these 1C models. Later work required the design of an additional shape.

Sever ‘1 resins were evaluated in efforts to obtain a satisfactory
expansion - ntem,*™ The best system gave 30~35% expansion, Such a system
had a roor temperature recovery of 7-8% and a 130 deg. centigrade Te=
covery of 0%, This means that a laminate with an original diameter of
2,00" could be expanded to 2,70" and upon standing would recover to 2,.65"
and upon heating would finally recover tc 2,14". This would give an ef~-
fective expansion of 247,

This expansion should have been sufficient to fit 67% of the am-
putecs if the basic assumptions 'rere correct, Unfortunately, this was
not the case,

The basic idea that circumferential measurements would be adequate to
design preform shapen failed to take into account the fact that many
stump cross sections are not circular, particuluxly as the distal end is
approached,

The maximum and minimum diameters at any cross section are more
important considerations than circumferential measurements as they mcre
closely represent the actual cross sectional centour,

To obtain proper fit, the unexpanded prefcxm for any given stump
must have all diameters less than the corresponding stump diameters, The
expanded preform must have all diameters greater than their corresponding
stump diameters, For the reasons cited above, a series of preform shapes
had to be designed taking into consideration botli the maximum and minimum
digmeters of the stump models as measured by a series of parallel planes
passing through these stump iodels,

For the design of suitable preform shapes a series of 28 BE stump
models were mcasured and tracings made of the perimetcrs of these models,

* APRL T.R, 5744
*% APRL T,R, 5955 3
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These tracings were divided into several groups according to the
general shape of the (stump) models. Each group was further subdivided
into different slzes in order to cover the range of models in each group.

This report discusses the design of these preform shapes and the
expansion requiring to fit models in the particular groups.

II, PROCEDURE

Tracings were made of the maximum and minimum perimeters of 25 BE
stump models,

Diameter measurements wverc made at one inch intervals from the distal
to proximal ends for both maximum and minimum perimeter tracings.

The per cent expansion required to expand from the minimum diamzter
to the maximum diameter was determined at inch intervals from the distel
to the proximal end, This was computed from the following equation:

E = (dn-;:il-) X 100

Wiere: E = per cent expansion
d1= minimum djiameter

dp= maxinum diameter

The modcls vwere divided into 5 groups based on shape, size, and
maximum to minimum diameter ratio.

Average diameter measurements were calculated for each group. These
measurements waere used to sketch z general shane Jor each group. Then
using this gecneral shape, a cimilar shaped con sur was drawn that would be
as cmall a~ the smallect model of the group. Ir a sivilur manner a drawving
vac made su that the contour facluded the largert model of the group. These
shapes arc whown in l'igures 1~5,

'Using the smallest drawing as the preform shape and the largest
draving as the expander shape the per cent expansion recquired was calculated.

Based on these calculaticns, 1 to 3 intermediate shapes were designed
for each group. The expansicns possible for each group were determined.

For the 3 ghape group, 3 expansions were possible. For the 5 gchape grour
there were 10 poasible expansions. '

If the forms are designated as A, B, C for the 3 shapc groups and

A, A*, B, Bl, C for the 5 sho:a groups the following combinations are
possible:
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3 Shane Group 5 Shape Group
A>B A?‘A'l
A«C A3B
BacC A 5 Bl
A aC
Aly B
al, pl
1 Alyc
n thesc cexamples A is the smallest 1
and C is the largest. B3
BsC

Tte sketches of the stump models of each group were then matched
to find the shapes to be used for preforming and expanding that would
give minimum expansion. This was done first fci the 3 shape group, then
the 5 shape group, After these matchings, the per cent expansion for each
wmatched sample was datermined at 2 inch intervals from the distal end, These
results are tabulated in the following section., Based on previous work with
expansible systems, it was rcallized that the actual system would require
greater expansion to compensate for (1) room temperature recovery of the
expanded form and (2) total recovery (recoverv efter heating) which is
aluays less than 100%. The actual expansions that would be requircd were
based on 7% room temperature recovery and 30% total recovery,

This mcauns that the stump model to be fitted must alvays be at
least 7% smaller than the expander or 20% larger than the preform,
(imexpanded laminate). This would require either a greater number ¢ ' pre~
forms or greater expansions.

After determining the required expansions neceszsary to fit the stump
models of thic control grour (group used to design ris shunci) a second,
or teat group, Ff typﬂcal-Bﬁhstump models were easu.cd ani the required
expansicn:s uere calculiated, “‘?n&i?JJJ“ Jl by

A series of epoxy laminate expansions was carried out to determine
the maxiaum expansion ebtainable with available systems, These expanded
laminates were checked for shelf stability then rehezfi2d t> determine total
recovery.,

The basic resin systen used for these expansions was:

ERL 2795° . - 65 g.
Versamid 140 = 35 g.
Trichloroethy:zicne =~ 43 g,
Pigment - 1lg,

* Union Carbide Chemical Co.
*% General Mills



111, DRESULTS
Part A
Controls:

Stum -
Model

D
X1
H

Per Cent Expansion Distance from

Distal End (Inches)

TABLE 1
Group I
Fabricator Expander
2
A c 6
A B 34
A c 59

& ]
65 64
35 36
65 64

In this group it can be seen that the grecatest cxpansion occurs
at the distal end, an area wherc good 5it is essential, thus making it
extremely important to develop a highly expansibvle resin systcom,

With two additional shapes (A' B'), the aghove models could be expanded

1 oo
follows:

tade]

TABLE II
D Al C 45 33 40
XTI A B 34 35 36
H Al B} 28 22 <7
TABLE III

Controlsg: Gwrour IT

. Mojor Axig Minor Axis

.ZL' én 6" 2n 4" 6"
XIII A C 62 50 48 79 62 5%
IX A C LA L " " L n
VI A C 114 " 11} " 1} 11}
1 A I 30 28 27 40 34 30
E A B 1" n " 1 " n
1I: A b " 1" " " 1" 1"
XVII A € 60 50 48 79 62 56
F A C i1 i1 1 I,Z " 1]
C A C n 1" 1] " "
B A c [ L1 " 1" 1! "
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If two additional Shapes (A' B') are made the following expansions
vould be required: .

Expansion %

Model Fabricator Expander Major Axis Minor Axis
-2-: é__l_', é_'i zll 4" 6"
XIII A B! 467 43 30 5¢ 51 43
X Al B! 28 27 22 33 23 26
VI I C 41 37 30 41 323 32
1 I B 30 23 27 40 34 30
E A B " " LM 1" L] "
11X A B n " it " n "
XViI 4L B' 46 43 3¢ 39 51 43
F A B! 28 27 22 33 23 22
C [" B[ " " "” i " 1t
B 4Lt B! 1" " " n n "
TABLE IV

Control: Group IiIIA

RVIII c 46 5% 60 37 42 43

XIX l‘L C 1"t El it 1] 1] "

}; A C " ”n " " " "

IV L,’AL C 11} H " H u "
TABLE V

Cuntysl: Group IIIB

XX A Cc 62 120 83 25 23 31

XV B c 23 29 2% 10 12 14

X1 4 C 62 10C 83 25 28 31
TABLE V1

Control: Group IV

VII1 E C 34 73 58 90 71 61

XV1 A B 39 32 45 37 32

V. A B " " " " " "

G A B 1] " ] ] " 11 "

With an additional Shape (A') the following expcasion would be obtained:
VII1 Al C 52 45 35 50 45 456
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Pert B - Test Grow

To test the adaquacy of the Shape designsa, tracings of a test
group of stump models werc obteined, These tra!:ings were then matched to
the Shape groups and the per cent expansion was calculated.

TABLE VII
% Expansion
Hodel Group  TFabricator  Expande: Minor Axis lajor Axis
2" 4" 6" 2ll 4" 6"
1 v A C 34 73 53 9 71 o1
2 ITIA Iy c 45 54 60 37 42 43
3 1T A B 40 34 - 30 28 -
4 II A c : 79 82 56 52 50 48
5 v A c o4 73 58 %0 71 ol
5' 6 11 B Cc 23 21 - 25 19 -
3 7 No group, smailer than size 4, Group II
S I A c 69 55 64 - - -
S I A B' 52 52 52 - = -
S 1 A C 59 65 64 - - -
10 I1 A c 6. 50 43 79 o2 56
10 II 4L B! 45 3% 39 59 &9 42
11 v 4L c 9 71 o1 o4 73 58
12 ItJ ;L C \i 3] " 1t 1 1t
1: IV [‘ C it " t i 1" "
E 5 1114 B C 62 100 83 25 28 kX!

From the above table it may be secen that 12 out o7 15 models could be
fitted with these model Shapes designed, This would indicate that the design
criteria for thesc Shapes werc adequate. A comparison of the group break
down of controls vs, test is recorded in the next tchles

TABLE VIII

Group - Numbexr in Group Per (2nt ia Group

Contrxol Tegt Contiol Test
1 3 3 12.5 13.7
11 10 3 41,7 31.2
II1IA 4 1 15,7 6,3
1% 3 1 12.5 0¢3
v 4 5 15,7 - 31,2
HCYE 0 1 0 6.3

Zonsidering the small sampls size in the test group the correlation
betwecen Test and Contrel is quite good,

I1f ve consider thet bo:li Contxol and Test groups sre typical of B.E,
models, then for further discussion they will be grouped togethex, and
furthermore, models that fit into two groups will be given appropriate weight.

(e
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Next {s & tabulation of the per cent expansion required to fit the
amputee population represented by this group.

Apputee ngulgtgon Fitted:

TABLE IX
3-SHAPE GROUP 5_SHAPE_ GROUP
No. Covered % Covered No. Covered % Covered
% Expansion Diff. Cumul, Diff. Cumul D4ff, Cumul. Diff, Cums
10 0 0 0 o 0 0 0 0
20 0 0 0 o o0 0 0 0
30 2 2 5 5 3 3 7.5 1.5
40 5 7 12.5 17.5 9 12 22.5 30
50 3 10 7.5 25 6 18 15 45
60 5 15 12.5 31.5 9 27 22,5 67.5
70 5 20 12.5 50 2 29 5 72,0
30 10 25 75 2 1 5 T
90 6 3 15 %0 5 36 12.5 %
100 3 39 7.5 97.5 3 39 7.5 97.5

From this table it can be seen that if 3 Shapes/Group are used a
iaminate expansion of 70% is necessary if only 50% of the cases are to
be covered. I1f 907% are to be covered, an cxpansion of 50% wot.id be
necessary. If & 5-Shape Group are used, 70% expansion would cover
72.5% of the cases. But even with the 5 Shapes it would take 907 ex~
pansion to cover 90% of the cases,

Pare C. - Resin Systems

From an analysis of the data discussed in Parts A & B, it is ob~-
vious that 75 to 1002 expansion is necessary. Previous work indicated
that the expansion of the regular epoxy laminates was limited to 30=-35%
therefore, 1% was decided to investipgate porous epoxy systems in the
belief chat the natura of such a system wou’i allow greater expansion,

The results of this investigation are recorded in the following
table.



Stockinet
Designation Layers Width
164 3 25"
174 3 2
70-2 3 1%
49-2 3 2%
82-2 3 3
o4 =2 3 3
76=-2 5 3
166 3 2%
176 3 2%
168 3 2%
178 3 2%
184 3 2%
180 3 2%
182 3 2%
186 3 2%
69-3 3 2%
70-3 . 3 1%
823 3 3
84 -3 3 3
159-2 3 2%
170-2 3 K|
172-3 3 3
76-3 5 3
* 853 3 3

TABLE X

Initial Expancion

%

2" 3" 4" 6"
- 5% - 46
65 - 56 48
44 - b 37
40 - 37 32
48 - 45 38
48 - 41 35
45 = 39 34
- 67 - 49
76 - 64 43
- 44 - 37
53 =~ 45 57
52 =~ 45 39
3 - a6 32
40 - 35 31
41 - 36 34
37 - 38 34
35 - 32 31
38 = 35 33
41 - 35 35
- 27 - 27
- 30 - 26
- 25 - 24
39 - 37 37
52 - 56 M



% In this forwulation 10 cartus of ERL 2795 werc
d with LP-3 in an effort to make the system more

flexible,
clf (Room Temp.,) Final FRecovery
:covary % After Heating %
3” 4" 6" 2.; 3” l&" 6”
- 82 - 80
-3 - 77 72
- 10 14
- 11 v
- 15 i3
- 5 9
9 9
Torc at End - 75 - 75

Torce upon Expansion

62 - 11 7%
- 17 17 .
76 - 777
- 27 36
- 18 17
- 17 17
- 20 23
- 56
- 5 13
- 100 - 100
- 93 - 87
. a0 - 35
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Comparing laminates 156, 174,::4,176 it may be concluded that
the maximum expansion possible with this system is in the neighborhood
cf 70%. It should be noted that toth laminates 166 and 176 vere torn
upon expansion,

When the expanded laminates vere measured after several days, thexe
was a noticeable amount of shrinkage, in one case as high as 35%. Per cent
shrinkage or shel{ recovery was calculated by dividing the amount of
circumferential shrinkage by the circumferential expansion, Comparing
various laminates it appears that the shelf recovery is independent of

the stockinet size used and must therefore be dependent primarily on the
resin system,

As the shelf recovery of the laminates appears independent of the
per cent expansion than an averaging of the recovery of all the laminates
is justified, The average is 10% at 2", 13% at 4", and 15% at 5'". These
measurements are from the distal end. The final recovery upon heating was
calculated by dividing the amount of circumferential shrinkage after
heating by the circumferential expansion., The average final recovery vas
75%. This figure is for laminates expanded more tham 30%. Those ex-
panded less than 30% have o higher per cent recovery, about 90%,

To de*cemine the effective expansion, th: initicl expansios, shelf
recovery, ard final recovery must be considered. T:le for eraupic. a
typical laminate vith a circumferential measuramant of 12" at 2" from the
cistal enc, If it is expanded 65% its expanded circunference will be
25.4", then upon standing for a feu days it vwill shrink 1C% giving a cir-
cumicrenca of 25.,4", After final heating it will recover 75% or to a
final cirrunfcrence of 18,6". Therefore, from a practical standpoint the
lominate can Le expanded froml..6" to 25.4" which i{s an effective expansion
of 36,6% vhich is considerably less than the thooretical expansion of 65%.

Taking this figure of 374 and comparing it with Tabl» IX it can be
seen %hat only 17,5% of the «utec would be ccvared v *h t~ 3 shnpes/
group or 30% 4if 5 shap-s/grc:, vore used, As an initrcl exnzasion of 65%
vas the highest obtainchle, it is of little valua to coneider twhat the
sffective expansions of lesser percentages would ba, undoubtedly they
would be considerably less than the initisl expansions,

Quantitative phvsical properties of the laminatc3 werc not obtained,
however qualitative observatimms were made. The impac‘. strr ;ths of the
laminates after recovery wern extremely low, 7Tae lam‘nates could be com~
pletely collapsed by very littl. pxussure, In fact several of the laminates
were already misshapened after recoverye <Sallap~ing rha lnmi~atns towards
the longitudinal axis csused delamination in several cases,

IV, GENERAL DISCUSSIQL

From the adove results scveral things are obvious; 1) che 1£mits of
the present resin system have been reached, 2) a large ~umber of iauinating
and expanding f.rms are necessary to cover & limited number of amyutee
cases, 3) effoctive expension is much lower than apparent (initizl) cxpansion

-11-
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and 4) fobrication of the cxpansion forms would be quite complex.

The limits of the rosin systam of %40% effective cxpansion prescnt
problems of ma,or considerations, To make this project feasible at all
it vould be degsirable to be ghle to £it at lcast 754 of tie BE amputec
population, To £it 75% of the amputccs would require an cffactive ox-
pansion of 30%, To obtain this effcctive expansion trould require an
initisl cxponsion of at lecut 110%, This fizurc is based om 90% recovery
after hecting and 5% room tcmperaturc recovery., 7Thesc figurcs are con-
siderably bettcr than thosc actually found, This mcons a resin system
must be found that has tuicc the expansion of tle present systeme It is
possibla that various oxtenders, flexibilizers, ctc. might be incorporated
into the system to improve the expansion slightly, Houover, such
modificrs would lowcr the physical characteristics of the laminates cven
belots the prescntly unacceptable level, In asddition to divecloping an
entircly ncu resin system, ncu stockinets would have to bc -btained that
uvould have grecater flexibility. This latter problenm could undoubtedly be
overcome,

inother moiocr consideration is the number of proforms or expanders
nccessary, 4 minimum of 15«20 only cover the BE aarutec population and
i~ is quectionable as to how represcutative r+ve ti sumples rensuTed.
1z qgust also be remarberved that these proforms axre =iy for the ‘wer
sockets, and udditional series wwusd be nocensary £ur the outcr ioreoTms.

If ua could assume that one balf as mary foresim preforms would
be zequizcd this would mean a total of 25-30 forms. If wc next sssume
that the strength of the expandod laminates is adequate, a fact not in
cvidenco, o limb shop would hove to stock great mumbors of thosc laminates
to have them availsble to fit any givon amputce. Uith 3 Caucasian shades
and 3 Negro shedes o limb shop tould have to stock C=300 lemit stos to
have just a duplica®c set. "his i3 obviously outrar-.iyv icpo-stisel,

As tho initi.i purposus of this project was td elia‘nate wat
layups, this is not accomplished as only 75% of BZ acmputccs tould bo
cuvercd, To eliminate 75% of all wet layups would requiro stockiag over
a thousand laminatcs vhich, oven 1€ possible, would bo absuxd,

Plaally, the alpes of the proformeexpandere 2/c sui’t thot their
fchrication vcuid be .7ontl.lly hond modeled, then ¢ at, v"ish might
inv>ive consfacrmcble et

V., CONCLUS IONS
Based cn the ahove discussion, we conclude that the dovelonment cf

cxpansible sockats appecars to be impractical vith the preacnt rosin filler
systcms tricd,

-12-
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