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INTRODUCTION 
T h e mos t impor tant aspect of a lower ex

tremity pros thes is is socket design. T h e 
design de te rmines the prosthet ic fit which 
affects cost , suspens ion of the pros thes is , 
comfort , ene rgy expendi ture , and ulti
mate ly the utility of the device in pat ient 
ambulat ion. To quote T. Walley Wil l iams, 
" A socket is unique to each patient and 
socket fabrication and fit are the e s sence of 
the prosthet ic a r t . " 1 0 There are several dis
advan tages to the present m e t h o d of pros
thes is socket fabrication and fitting. First, 
the pros thes is is primarily the result of 
h a n d craf tmanship . Because of this, there 
is no scientific way to quantify and accu
rately record details of modif icat ions made 
to p roduce the f inished socket . S e c o n d , 
the presen t m e t h o d of fabrication involves 
making a posit ive plaster model , which is a 
modi f i ed repl ica of the topograph ica l 
shape of the residual l imb. Dur ing the fab
rication process , this mode l is often de
s t royed thus e l iminat ing any topographi
cal record of the l imb for future reference. 
It is well k n o w n that the average ampu tee 
will require several n e w sockets dur ing the 
residual l imb maturat ion process following 
the amputa t ion . M a n y ampu tees will re
quire periodic r ep lacement of the pros the
sis as long as they l i v e . 5 , 9 Each t ime the 
process must start a n e w without the benefit 

of information previously gained. The lack 
of topographical data also makes it impos 
sible to descr ibe " typ ica l " changes that 
occur in the residual l imb, thus deterr ing 
deve lopmen t of a socket which would 
have a longer optimal fit. 

L imi ted a t tempts have b e e n made to 
image the residual l imb for research pur
poses . Fern ie , et a l . 4 in Toronto have used 
a video camera and laser sens ing sys tem to 
provide topographical information for stu
d e n t p r o s t h e t i s t s . I n v e s t i g a t i o n s b y 
O s h i m n a a n d S a i t o 8 and Agual lo , et a l . 1 

using a th ree-d imens iona l digitizer for 
shape sens ing have provided early data in 
the use of compute r assis ted design for 
prosthet ic devices . Resea rchers at Baylor 
Univers i ty are in the early invest igat ion 
s tages of evaluat ing ul t rasound as a tool 
for pred ic t ing load shape of res idual 
l i m b s . 6 

T h e Rehabi l i ta t ion Engineer ing Labora
tory (REL) at the Univers i ty of Texas 
Heal th S c i e n c e Cen te r in S a n An ton io has 
explored th ree-d imens iona l reconstruct ion 
of the residual l imb from compute r ized 
t o m o g r a p h y i m a g e d a t a u s i n g t h e 
C E M A X - 1 0 0 0 compute r sys tem with ex
cel lent data acquisi t ion, but at a prohibit ive 
c o s t . 3 

T h e Ve te ran ' s Adminis t ra t ion Resea rch 
and D e v e l o p m e n t Sec t ion under the direc
tion of Dr . Margare t G iann in i he ld a four 



day seminar /workshop to evaluate state-
of-the-art t echniques of C A D / C A M in 
pros thet ics and or thopedic footwear in the 
fall of 1985. Part ic ipants from the Uni ted 
S ta tes , Canada , and European rehabil i ta
tion communi t i e s conc luded that there is a 
n e e d for deve lopmen t and evaluat ion of 
au toma ted shape sens ing devices and 
C A D / C A M of artificial l i m b s . 1 1 

T h e greatest barrier to the implementa 
tion of C A D / C A M in prosthet ics is the in
ability of the prosthet is t to capture the 
exact topographical shape of the am
p u t e e ' s res idual l imb . O n c e ob jec t ive 
shape informat ion is s tored in the c o m 
puter , it is relatively easy to then devise a 
compute r p rogram that will a l low the pros
thetist to manipula te the shape for socket 
design. W h e n this shape is perfected, it 
can be t ransmit ted to a compu te r con
trolled milling mach ine for socket or posi
tive mode l manufacture . If the previous 
socket design information was available, it 
wou ld b e possible to maximize the fit of 
the pros thes is each time a n e w o n e w a s 
needed , based on the compute r genera ted 
data. 

METHODS 
To shape sense a residual l imb, the R e 

habil i tat ion Engineer ing Laboratory at the 
Univers i ty of Texas Heal th Sc i ence Cen te r 
at S a n Anton io (REL) used an ul t rasonic 
t ransducer m o u n t e d on a servomotor con
trolled carriage. T h e assembly w a s con
trolled by a personal compu te r and was 
m o u n t e d in a tank of water to provide a 
m e d i u m in which ul t rasonic pu l ses /echos 
were t ransmit ted. The carriage a l lowed the 
t ransducer to be rotated horizontal ly 360° 
in 0.5° s teps a n d to move vertically 7" in 
0 .01" s teps a round the surface of a lower 
extremity l imb placed in a s tat ionary posi
tion in the tank (Figure 1 ) . 

A n A - m o d e c o n t r o l m o d u l e s e n d s 
pulses at regular intervals (lOOHZ-lOKHz) 
to the t ransducer . A pulse causes the 
t ransducer to s end an ul t rasonic wave 
front th rough the water . W h e n the wave 
front encoun te r s tissues of varying den
sity, a re turn echo is p roduced , which is 
de tec ted by the t ransducer . T h e pulse from 

the control module is a lso used to trigger a 
f requency counter configured for interval 
timing. T h e return echo from the t rans
ducer is then amplified a n d filtered to pro
vide a gate signal for the frequency coun
ter. T h e counter measures the e lapsed t ime 
b e t w e e n the trigger pulse and the first re
turn e c h o (Figure 2 ) . T h e counter is then 
d i sa rmed until the next trigger pulse . This 
measu re s only the surface of the residual 
l imb; Tissue under the skin, bone , and the 
back surface of the l imb is not detec ted . 
T h e counter reading is directly propor
t ional to the dis tance be tween the t rans
ducer head and the surface of the l imb, 
a n d the dis tance is accurate to wi thin 
0 .002" on a surface perpendicular to the 
b e a m axis (Figure 3 ) . A small error occurrs 
w h e n the surface be ing scanned is not 

Figure 1-A. A patient's residual limb is scanned by 
the ultrasound shape sensing device. 



Figure 2. Operation of the A-mode Ultrasonic transducer and analog electrics subsystem. 

perpendicular to the b e a m axis (Figure 4 ) . 
This error can be min imized by select ing a 
t r ansducer with the appropr ia te focal 
l eng th and b e a m pattern. 

T h e compute r controls the posi t ion of 
the t ransducer by sending a pulse train 
th rough a parallel interface circuit to the 
se rvomotor control lers (Figure 5 ) . Data 
represent ing the dis tance from the t rans
ducer to the residual l imb surface is ac 
q u i r e d f rom t h e f r e q u e n c y c o u n t e r 
th rough a G P I B interface board (Figure 6 ) . 
A s the compute r rotates the t ransducer 
a round the l imb, readings are taken from 
the frequency counter and conver ted to 
absolute x and y coordinates . T h e s e coor
dinates represent a horizontal " s l i c e " o f 
the residual l imb surface. After a full 360° 

rotat ion, the t ransducer is moved vertically 
a k n o w n dis tance and ano ther slice is ac
quired. Each slice is located on a k n o w n z 
coordinate and is c o m b i n e d with the x and 
y data to reconst ruct the topological sur
face of the residual l imb. 

T h e p rogram which runs the data acqui
sition procedure may be configured by the 
operator by varying the number of data 
points per slice (280 max) , the n u m b e r of 
slices acquired (99 max) , the dis tance b e 
tween slices (0 .01" to 7"), e tc . Th i s program 
is also used to conver t the data into a for
mat compat ib le with the commerc ia l ly 
avai lable " A d v a n c e d S p a c e G r a p h i c s " 
C A D program. This software product is 
used to display, rotate, t ranslate, scale, 
and modify the topological surface (Figure 



Figure 3. Arrangement used to measure accuracy of the ultrasonic transducer. 

Figure 4. Effect of ultrasonic beam pattern on accuracy when scanning a surface non-perpendicular to beam 
axis. 



Figure 5. Servo translator interface to the centering parallel port. 



Fgure 6. Ultrasound shape sensing device, block diagram. 

Figure 7. Example of a residual limb surface acquired by the ultrasound shape 
sensing device and displayed with the advanced space graphics program. 



7) . The R E L has deve loped software to re
format the data for compatibi l i ty wi th a 
C o m p u t e r Contro l led Mill ing Mach ine . 

RESULTS 
T h e u l t rasound shape sens ing device 

current ly in use at the S a n Anton io R E L is 
capable of producing an accurate compute r 
genera ted topographical image of a resid
ual l imb. T h e sys tem is c o m p o s e d of two 
bas ic subsys t ems ; the u l t rasound and 
analog electronics subsys tem, and the 
compu te r based data acquisi t ion and con
trol subsys tem. 

An image of a pat ient ' s residual l imb is 
automatical ly genera ted in about ten min
utes; the time is de te rmined by the re
sidual l imb 's length . T h e data represent ing 
the topological shape of the l imb is s tored 
on the computer ' s hard disk unit as a set of 
x , y, and z coordina tes . This data is then 
available for modification by a n u m b e r of 
cus tom and commerc ia l ly available appli
cation programs . T h e ideal program would 
al low a prosthet is t to easily modify the 
data, reshaping the topological surface ac 
cording to normal prosthet ic pr inciples . 
T h e final version of the data may be sent 
via m o d e m to a fabrication facility for 
socket or posit ive mode l manufacture . 

DISCUSSION 
The ul t rasound shape sens ing device 

( U S S D ) w a s deve loped as a p roof of prin
ciple project . It has demons t ra t ed high 
resolut ion for the perpendicular areas of 
the residual l imb, but is less accurate w h e n 
descr ibing the distal end by utilizing the 
present scanner pa thway. The U S S D is 
l imited to seven inches of vertical m o v e 
m e n t with the presen t carriage assembly . 
Th is is an inadequate range for pat ients 
wi th longer residual l imbs. Therefore , 
these design l imitat ions are be ing cor
rected. 

Future hardware e n h a n c e m e n t s of the 
sys tem will a l low it to quickly and accu
rately capture the residual l imb 's surface 
and b o n e topography. Software enhance 
m e n t s will include a smooth ing routine for 
the topological surface, utilizing user-
friendly real- t ime interact ion. 

A n algori thm, offered by Fujio Yamaguchi12 m a y be used to accompl ish this 
curve smooth ing . Th is me thod is ex
t remely fast and s imple, requiring no mul
tiplication or division by the computer . 
This rout ine will add more points to those 
already exist ing in the data set and smooth 
the topological surface. Because points are 
added , fewer points need to be acquired in 

Figure 8. Example of how the curve smoothing routing would add points to a topological surface. 



Figure 9. Examples of surface modification routines. The graphics cursor is shown as a "tool," and is used to 
modify the surface in real-time. 

the scann ing p rocess , result ing in a de
creased a m o u n t of t ime necessary to scan a 
pat ient (Figure 8 ) . 

A m e t h o d descr ibed by B r e w e r and An
de r son 2 for des igning a C A D program al
lowing free form modification of a surface 
will be used for modificat ion (Figure 9 ) . 
Th is p rogram provides the display of 
selected areas of in teres t including points 
to be modif ied, so o ther points will not be 
affected. T h e user m a y then select a " t o o l " 
to modify the surface. T h e tool is d isplayed 
on the ca thode ray tube and may be m o v e d 
about wi th the cursor control keys . A s the 
tool is m o v e d to the surface, all points in 
the area of interest are modif ied. H o w the 
points are modif ied depends on the tool 
selected and its character is t ics . This offers 
a vast i m p r o v e m e n t over the Advanced 
S p a c e Graph ic s Program, wh ich on ly al
lows modif icat ions on a po in t by point 
basis . 

CONCLUSION 
The current sys tem for prosthesis design 

and fabrication is a very expensive and time 
consuming endeavor , which is beyond the 
reach of many third world countr ies 7 ; 
C A D / C A M may make prosthetics and or
thotics available to amuptees in these re
gions. 

T h e greatest barrier to the implemen
tation of a computer ized system for mak
ing these apl iances is the inability of 
the prosthetist to capture the exact topo
graphical shape of the affected l imb. A 
proof of concep t u l t rasound shape sens ing 
device , that provides a compute r con
trolled m e t h o d to obtain descript ive topo
graphic data of an ampu tee ' s residual 
l imb, has been deve loped . Whi le design 
l imitat ions of the pro to type device require 
modificat ion, the applicat ion of u l t rasound 
technology for topographical quantif ica
tion of residual l imbs appears promis ing . 
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