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Tbe use of oomputcr aidcd dcsigrs and masofactariag tcchniqucs 

(CAD/CAM) irr the prosthetics industry Bu hccrl 8 focus of research and 

devclopilacnt since 1972. Efforts to date b v c  bten devoted prl~sarily to prostbetic 

sodret desigaA A fully intcgntcd CAD/CAM systera would iecludc software for 

tbe design of LkC compktc limb shape lcosmmb), and tbus allow the cliniciaa to 

r a p  emre frfty  the benefits of rotoaration in product delivery. 

Oec pbil-y for a CAD procadarc for blow knee (BK) prostbctic limb 

shpc design is that Or buman I iaB  sbapc ma bC SfBndardiZtd and tbat 

v r r b t h w  amotrg puwplc can bt appraximatcd using m~tbcmaticai rabtionsbipa 

CAD software was bevclopad whcrcby the prosthetic limb shape for a BK amputcc 

m a  k created Dam inpat oobtist af ockcttd itnthroponrctric glcrurercarents from 

thc coatrrrlatcrrl liar& a rcfcrcsoc timb shape selected from a coslprrtcr-based 

v d u s m  TJICBC &apes rcpr-t varying degttcs of musahrity ahd adipasity in 

the adult oopohtioa Fach was digitized in the form of cylindrical coordinates 

Data were stored witbin tbt matrix of r cc#agotcr lwscd rcfereacc shape library. 

Bued oe anthropzagttric nmmrmcnts from an amputee's mntratatcral 

r usiglte primary l k b  shape cmuhting the coatralatcral limb. 

Takiw racket shop% sodcct4oot digamcat, and rnkle ohapt data d the 

a r t i f i l  for#, the primary sbpc  is modified by the software to create the final 
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1 
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tbe timb aliigsrtttnt, and merges with t h  ankk d the artificial Coot. 

le order to test the CAD procedure. amthroposwtric sstirsurer and sacker- 

fm rtigusrcnt data were obtained From a siagk vdaetctr ptrknt. Using tbese 

&ts, primary and f i d  limb shapes wcre created. Fach was compared numerically 

ia terms of c r m w c c t i o ~ l  area and shape with data taken itam the subjcctvs 

contralateral limb and costventionally produced prtxthcsis. Rcsdts indicated tbc 

CAD process was mprbk d prodwing a timb sbapc with tbc lstccssary aligamcnt 

modifhtions with an accuracy comparable ta that of coaventional nrctbods 
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1.0 Introduction 

The field of prosthetics is presently going through a transformation with 

increased use of computer technology in various facets of the industry. Originally 

used in research for modelling, data acquisition and analysis, computers have 

found use more recently in the clinical setting in the form of patient record- 

keeping and accounting systems. 

Another major branch of computer technology, computer aided design and 

manufacturing (CAD/CAM), has been growing steadily in its application to 

prosthetics. Orthotics and custom shaped seating are also fields which are now 

being investigated for  potential applications of CAD/CAM Besides extensive work 

on using computerized tomography data for CAD/CAM of endoprostheses for the 

hip, CAD/CAM research has focussed on development of systems specific to the 

design of lower limb prosthetic sockets for amputees (D.F. Radciiffe, 1986). A 

small number of prosthetic socket design systems are now commercially available 

and usage is increasing among the more technologically inclined clinics. 

These systems enable the prosthetist to create the socket, but not to complete 

the production of the prosthesis with a cosmetic limb shape. The present work is 

aimcd a t  designing a system for the production of the limb shape, so that a 

complete prosthesis may be produced by automated means. 

The first part of tbe review is an overview of the present artisan techniques 

used in the design, fitting, and manufacture of below-knee prostheses. The main 

focus is on the various types of structural configurations and the cosmetic 

restorations applicable to each. 



The second part describes thc dtvelopmcnt and use of computer aidcd 

design and manufacture tcchniqucs in prosthctics. 

The third part reviews documcntcd knowlcdgc of three dimcnsional shape 

definition of the human shank. Thc limitcd numbcr of investigations on this 

subject area are discussed. 

1.1 Convee tlonal Techniques in Prcrst he tics 

This section of the revicw looks at some conventional manual tcchniqucs 

used by Canadian prosthetists. Several common approaches are discussed, 

indicating how labour-intensive thcsc tcchniqucs tend to be. Socket casting and 

design is described first, then alignment and the tcchniqucs used to transfer this 

alignment to the finished prosthcsis. Alignmcnt transfer techniqucs dcpcnd on 

whether the prosthesis is of exoskeletal or endoskelctal design. Cosmcsis shapc 

considerations follow and then finally, a brief summary of the asscmbly time 

required for the artisan techniques is listed. 

1.1.1 Casting and Socket Design 

The first step in the creation of a below-knee (trans-tibia]) prosthcsis, is to 

take a casting of the residuum. Thc casting proccss begins with covering thc 

residuum with an elastic suck and marking thc sock with indclible ink to show the 

locations of useful anthropometric landmarks. Markings are made on the casting 

of the locations of such structures as the patella and the tibia1 tubercle (Radcliffc 

and Foort, 1959, MacCoughlan, 1983). The sock is then covered with a cast madc 

of wetted plaster bandages that are worked into the sock to ensure complctc 

congruence with tbe residuum. The cast shape is altered, while it is still pliablc, so 

as to clearly define the position and size of the patellar tendon and the fcmoral 



condyles. The cast is also impresscd in the popliteal region by the prosthetist's 

hands whilc the cast is still on the residuum. 

Once the cast has solidified, it is removed from the residuum. It is referred 

to as a 'negative* cast. The markings from the sock are automatically transferred 

to this negative cast because the ink bleeds from the sock to the plaster bandage. 

The negative cast is filled with plaster of Paris to make a positive cast, and a 

mandrel is inserted into the plaster for later use as a support for mounting. Again, 

the markings arc transferred as the ink bleeds from the negative cast to the 

positive cast. The shape of this positive is then altered by removing material with 

a file in some areas and by adding material in the form of extra plaster in others. 

The result is a positive of the socket shape. The changes are made in order that 

the final socket will transmit the forces of ambulation to pressure-tolerant tissue 

such as muscle, while sparing pressure-intolerant areas such as the head of the 

fibula where the pcroncal nerve passes. 

At this point in the process, many prosthetists will create a check sockct to 

test whether the socket shape needs changing before committing themselves to the 

time-consuming process of laminating a socket. 

A check socket is often made using a process known as drape-forming. 

Here, a sheet of plastic (eg: polypropylene) is warmed in an oven at 200 degrees 

Centigrade for about 25 minutes until it becomes completely pliable, and then 

draped over the socket cast- The socket cast is mounted horizontally with the 

anterior aspect facing upwards. The self-adherent plastic is pinched together along 

the posterior aspect of the cast and a vacuum is applied to suck it in against the 

socket so that the shape conforms accurately. This is a quick way to prove or 

disprove the socket shape. 



Ideally, the check socket is made with a clear material which allows the 

prosthetist to see the distribution of foad-bearing or contact areas whilc the 

amputee is wearing the sacket in a load-bearing state. If it is made with an 

opaque material, the prosthetist inspects the skin for reddened areas after a few 

minutes of standing or walking. 

Since minor corrections can be made to the final socket, somc prosthetists 

consider the check socket step unnecessary. Many prosthetists are confident 

enough of their socket cast shape that they proceed directly to the final socket, 

especially in cases where thc amputee's residuum is not problematic. 

To begin the process of forming the final socket, the positive cast is covcrcd 

with a form-fitting layer of liner material: cither somc type of foam, or leather if 

the amputee has an allergic reaction to synthetics. Thc socket is then laminated 

around the liner, using layers of stockinette as reinforcement for the rcsin. The 

stockinette is separated from the lincr with 3 thin film of polyvinyl alcohol (PVA)  

tailored into a bag; this will prevent thc laminate adhering to the liner. A sccond 

layer of PVA covers the outside of the stockinette (Foort, 1989). Resin is poured 

into the space between the PVA bags from the top to soak the stockinette. The 

work is subjected to a vacuum so that the shape of the laminate conforms to the 

shape of the lincr. The vacuum is maintained until the resin has cured. 

In separating the socket from the positive mould, the positive i s  either 

destroyed or saved, depending on the prosthetist. In most cases it i s  yossiblc to 

heat the socket and blow it off of the positive using a compressed air gun, but 

tbcrc is a risk that mmc of the desired shape quality is lost. If they arc saved, the 

positives can be used to make extra liners and extra sockets, although storagc space 

is used up quickly in this way. 



Rcsarchers a t  University Collcgc London have developed a vacuum 

forming system for production of prosthetic sockets (Davies, er al, 1985). The 

'Rapidform" machine takes a bell shaped thermoplastic preform, warms it, and 

then vacuum forms it over a positive mould. 

Although there is variability in  the stylc of sockets made by different 

prosthctists, there is a fundamental design approach uxd for the majority of trans- 

ti bial amputees (Foort, 1990). The Patellar-Tendon-Bearing (PTB) Socket, 

dtvelopcd at the University of California at Berkeley, incorporates several 

innovations which cause the socket to transfer the forces of ambulation to load- 

tolerant tissues whilst avoiding intolerant tissues (Radcliffc and Foort, 1961, Foort, 

1965). 

The name seems to imply that the weight is borne primarily by the patellar 

tendon. This is not at all accurate: thc amputee's weight is not borne exclusive~y 

by the patellar tendon, but the patellar bar was the most notable characteristic of 

tbis design when it was introduced. Forcc is also transmitted via the medial and 

lateral aspects of the tibia, 

The PTB socket extends to the middle of the patella and partially covers the 

femoral condyles. The posterior aspect does not extend as far and it flares 

outwards, allowing clearance for the hamstring tendons. 

Variations on this design include the Patellar-Tendon-Supra-Condylar 

Suspension (PTS) Socket introduced by Fajal in 1964 (Lyquist, 1970). 

Like the PTB rocket, the PTS socket bears weight via the load-tolerant 

arcas. Tbe difference is that it extends more proximally: the majority of the 

femoral condyles are covered. They are gripped by the socket, and this serves as a 

suspension system for the prosthesis in lieu of corsets and rivets. Variations on, 



and compromises between these two designs have arisen, such as the supra-patcllar- 

supra-condylar PTB socket, where the patclla is also covered. 

In order to construct the prosthesis the socket is attached to a mounting 

block using some kind of glue or filler. An alignment jig complctc with pylon is 

attached to the mounting block, the foot is added, and a rough prosthcsis is ready 

for  the amputee to try. The amputee visits the prosthetist to see if the socket is a 

good fit. If i t  is not, the prosthetist modifies it by either grinding or stretching 

the socket (after heating up the area that is to be stretched). The degrec of the 

modification is limited by the fact that the socket material can only be stretched 

modcrarely; too much of a stretch, or too much grinding, and the socket must be 

begun again, possibly right from the casting stage. 

1.1.2 Determination of alignment 

Prior to the second visit with the amputee, the prosthetist will have set the 

prosthesis up with a bench alignment following the spccif ications of Radcliffc and 

Foort for the Berkeley alignment jig (1959, 1961). or similar guidelines. The choice 

of technique depends upon the style of alignment jig and the biomechanical 

properties of the artificial foot being used. Then with the patient standing and 

walking on it, the prosthesis is dynamically aligned using the bench alignment as a 

starting point, 

Most alignment jigs consist of a multi-degree of freedom mechanism placed 

bttwccn the mounting block and the pylon. They allow anteropstcrior and 

mediotateral tilting, and internal and external rotation of the foot relative to the 

socket, In addition, they allow anteroposterior and mediolateral adjustment of the 

foot position. 



The goal of the alignment of the below-knee prosthesis is to achieve 

minimaf discomfort with as normal a gait as possible. Alignment depends on 

several factors. For example, mediolateral positioning of the foot depends largely 

on the length of the stump. For very short stumps, the foot is placed more 

laterally to avoid excessive medial-proximal and lateral-distal forces. This 

adjustment results in an exaggerated lateral sway during walking (Radcliffe and 

Foort, 1959). 

Anteroposterior positioning depends largely on the type of artificial foot 

used. Certain more recent foot designs, the Seattle foot and the Flex foot, are 

generally "given more toe' (placed more anteriorly) than the SACH foot, due to 

their more f lexible nature (McGuinnes, 1990). 

1.1.3 Alignment transfer: exoskeletal design 

Once a satisfactory dynamic alignment has been obtained, it must be 

retained while the alignment jig is removed and replaced with the final hard shell 

structure, To begin, the prosthetist removes the liner from the socket. Then in 

order that it can be mounted securely, the socket is held in place in a frame with 

set-screws. Alternatively, the socket is filled with plaster, another mandrel is 

inserted as a mounting bar, and the plaster is allowed to set. 

The prosthesis is then held in a transfer jig, whicb will maintain the 

alignment between the socket and the ankle and foot. The foot is removed and the 

ankle block is b l t cd  into a bracket on the jig. Next, the socket is locked in place. 

Finally, once the ankle and socket are frozen in space, the alignment pylon can be 

rcmovcd and the exoskeletal cosrnesis can be created in one of a few different 

methods, 



Carved wood and laminate 

The oldest commonly used method is that of the wooden cxoskcletal 

cosmeses. The prosthetist rcmovcs thc foot from the aligned prosthesis, and places 

the prosthesis in a horizontal transfer jig. Using a saw that is held in place by a 

mitre guide, he or she saws off the tip of the wooden block at  the socket cnd of 

the alignment device. This frees up the alignment dcvicc so that i t  may be 

removed and leaves a smooth, flat, pcrpcndicular surface on thc wood. Thc 

position of the socket is recorded with some stoppers and thcn thc socket end is 

slid back to allow a fresh block of wood to be bolted into place at the distal end of 

the jig. This block is thcn cut with thc same saw, i n  the same position, and the 

socket end is moved back to touch it. The two picces of wood arc first markcd to 

allow proper reunion afterwards, and the pieces are then removed from the jig. 

Next, they are glued together with a small amount of glue, lined up using the 

markings, and held in a vice till the bond sets (Figure 1.1). 



Figure 1. I - Manufacture of wooden exoskeletal prostheses 

(Adapted from A.B. Wiison, Jr., 1967, with permission) 

Once the glue has set, the foot is bolted back on and a rough profile of the 

shank is sculpted by passing the prosthesis longitudinally through a band saw from 

scveral angles. A grinder or a rasp is used to bring the wood down to the desired 

shape, with alIowanccs for  the thickness of laminate which wilt later be added to 

the outside, The finish of the wood is smoothed off with sandpaper. 

Thc next step is to separate the pieces of the prosthesis so the inside can be 

hollowed out. In ordcr to bring thc weight of the prosthesis down to a reasonable 

value, the wood is split into two halves transversely a t  the glue line and the hole 

on the inside of each section cnlargcd until the wall thickness is something of the 

ordcr of 0.5 cm (1/4 inch), The w a d  is still very strong a t  this thickncs, but in 

order to  increase toughness and ensure durability, the wood is then reassembled 



and covered with a laminate made up of a fcw layers of stockinctte soakcd undcr 

vacuum with resin, The vacuum gives the laminate a smooth finish and a fairly 

constant thickness. 

Laminate over wax or foam 

Alternatively, the cosmesis can be made with lamina tcd stockinette over 

wax or hard foam. This method also results in an exoskclctal cosmcsis. In this 

case, the alignment jig is oriented in the vertical direction. A clcsr plastic bag is 

taped to the ankle block so as to create a tall cylindrical container. The tube is 

then filled with wax or a thermosetting foam, wrapped at  thc top around the 

socket brim such that the bottom of thc socket is encascd within the wax or foam. 

Once it has set, the result is a solidly aligned prosthesis, held together by thc wax 

or foam (Figure 1.2). 

The wax or foam is now carved; a rasp is used by the prosthctist to crcatc 

the desired cosmesis shape, Once it is satisfactory, several layers of stockincttc arc 

pulled over the wax or foam and are soakcd with resin undcr a vacuum to make a 

strong laminated shell. Sometimes the stockinette is further strcngthcned by 

adding some fiberglass or carbon fibre before laminating. Again, thc prosthctist 

actually makes the wax or foam shape a bit smaller than the desired size to allow 

for the thickness of the laminate, 



Figure 1.2 - Exosfccletal prosthesis with wax or foam core 

a) Secure aligned prosthesis 
in j ig  and remove pylon 

C )  Carve wax/fosrn into 
destrea shape 

b) Wrep pleslic tube to  ankle 
block and f i l l  with wax 

e) Re-attech fool end t r im  
edges 

d) Cover with stockinette 
laminate: then me1 t wax 



In the casc of the wax mcthod, arrer thc laminate has sct u p  complctcly, the 

bolt hole in the ankle piece is opened up, and thc prosthcsis is placcd in thc oven 

at a moderate temperature so tbat the wax can melt and pour out. Far this reason 

the tcchniquc is oftca referred to as the 'lost wax' method. If' foam is uscd. i t  is 

usrralfy left inside the prosthesis, although it may be rcmovcd if a particularly 

light prosthesis is required, 

Finally, the prosthesis is removed from the jig, the cdgcs arc rhapcd and 

smoothed, and the foot i s  added. 

L1.4 Alignment transfer: endoskeletal dcsign 

Endoskcletal designs, oftea called "modularm, have a number of advantages 

over the exoskeletal approach to prosthesis structure. The structurd components 

do not have any cosmetic function, which lends to their k i n g  mass produced. In 

this casc the alignmeel: device is a sirnpiic, lightweight dcsign consisting of a pylon 

of cylindrical tubing witb two adjustable couplings, one proximal and one distal, 

and remains as the main structural support for the prosthesis (Figart 1.3). 

Therefore there is no need to transfer the alignment as with cxoskclctal designs. 

Tbc pieces arc simply taken off the shelf, assembled aligned for the amputcc, and 

tbca covered witb a cusmc~is made of faam or other light material. Probably the 

greatest advantages is the ability to make adjurtmcnts to the alignment at any time 

after the initial constroctioe of the prathais  (Hobsom, 1972, Van dc Vtcn, 1989). 

As an example, this is osctal for changing the dorsi-plaorarflcxion angle of the 

foot for shoes of aew Bccl height, 





The cosmesis is not required for  load-bearing. It is necessary, howevcr, that 

the  cosmesis be tough enough t o  withstand the wear and tcar of  daily use. T h i s  

can be a problem fo r  an  active amputee or one who works in industry. Excessive 

overall weight of  below-knee modular design has been a drawback (Van de Veen, 

1989), bot materials research is progressing so that the modular design approach is 

being used more and more, especially in Europe. 

Cosmetic coverings arc  most commonly made of 1 igh tweigh t pol yeth y lcnc or 

plastizote foam blocks that  a re  carved t o  suit and then covered with a stocking or 

painted. The foam comcs supplied in ready-to-carvc blank shapes, such as a 

cylinder complete with a hole drilled through the middlc to accommodate the pylon 

of the modular prosthesis system. In order to  use thesc blanks, the first stcp in the 

process is to  hollow out  the inside of the cylinder at the top so that the sockct will 

f i t  inside the foam snugly (Figmrc f .4). Next, the foam is cut  to  length so that the 

foot  can be re-attached. Finally, the foam is carved to  the final shape using a 

grinder and a buffer. 

Othcr types of  cosmcses a r e  used with endoskcletal dcsigns, made from 

various materials such a s  open-cell polyurethane (Sauter, 1972). The cosmesis used 

with t5e new "Flex-foot" design is  generally made with soft foam which is cut to 

Tit on either side of the  f la t  structural pylon, as opposed to fitt ing around a 

cylindrical pylon. 



Figure 1.4 - hollow in^ out and shaving the soft foam 

b) Place socket snd pylon inside foam, cut to  length 
replace foot 

c) Carve loern into desired shape and cover with 
stocking 



1-1.5 Cosmesis shape considera t ions 

The object of the carving of the cosmesis is to obtain a shape which 

matches the amputee's contralateral leg. The basic shapc of the average human lcg 

is stored in the mind of the prosthetist. Girth measurcments from the amputee's 

contralateral leg and, in some workshops, rnediolateral and antcroposterior profilc 

tracings serve to  help. 

Because of prosthesis alignment, the shapc of the cosmcsis is often distortcd 

to  accommodate protrusions of the socket. Near the ankle. the shape i s  smoothed 

in to  congruence with thc artificial foot, Occasionally the alignment couplings of 

modular constructions protrude if the final alignment leaves them near the limit of 

their adjustment range. The prosthetist o r  technician is required to carvc an 

appropriate shape within these constraints. The process is time-consuming and the 

finished product is, a t  best a rough approximation. 

Often the cosmcsis is made slightly smallcr than the contralatcral limb, 

This is because experience has shown that thc artificial material is pcrccivcd to bc 

larger than its living counterpart when the size is matched exactly. This 

perception is affected somewhat by the materials used to finish the leg. Skin-tone 

laminate is hard and has a slight shine, whilc the stocking that is u x d  to cover 

cndoskcletal soft foam cosmeses creates a sorter, more realistic finish. Howcver, 

there is resistance on the part of some men to use the soft foam, not simply 

because it is less durable, but because i t  has a stocking on the outside, which is 

perceived to be unmasculinc. Clearly, individual tastes in terms of colouring and 

texture should be addressed in addition to  biomechanical and other technical 

considerations when selecting the  type of prosthesis. 



1.1.6 Construction time 

Simply put, the artisan nature of this work requires a large amount of time 

for tach unit. Clcarly this is a highly labour intensive process which could benefit 

from automation, Time expenditures for the artisan techniques described above 

are shown in Table 1.1. These values are estimates based on the experience of a 

Vancouver-area prosthetist. 

Dewar and Lord (1985) also described the time required for production of a 

below knee prosthesis using the conventional techniques that arc employed in the 

United Kingdom. Although the individual task times were different the total time 

was, coincidentally, twelve and a quarter hours. Although these are estimates, the 

main point is that the manufacture of limb prostheses is presently still a highly 

labour-intensive process. 

Table 1.1 - Time expenditures for artisan techniques 

s!xux 
Casting (with amputee) 0.5 to 1.0 hr 
Modify cast and make socket positive 0.5 hr  
Construct liner 0.75 hr 
Laminate the socket 0.75 hr 
Dclays, difficulties 1.0 to 2.0 hrs 

ALIGNMENT 
Asscrnble the prosthesis for alignment 0.5 hr 
Align the prosthesis (with amputee) 3-0 hrs 

(I hr X 2 or 3 visits average) 
Delays, difficulties 1.0 to 2.0 hrs 

E.umWS 
Transfer the alignment 0.75 hr 
Carvc the cosmesis shape 0.75 hi  
Laminate cosmesis & finish product 1.75 hrs 
Delays, difficulties 1.0 to  2.0 hrs 



1.2 CAD/CAM in Prostbetics 

1.2-1 Introduction 

Automated manufacturing techniqucs have bcen in use for dccadcs for moss 

production of large quantities of identical items. More recently the power of the 

computer has bcen harnessed to facilitate the dcsign and manufacture of 

components and systems. This approach has come to bc known as computer aidcd 

design and manufacture (CAD/CAM). 

Prosthetics is an industry where certain componcnts can be considered in 

terms of mass production, but where others are generally custom built. For 

example, artificial feet and the alignment couplings of modular systems are 

typically mass produced and supplied as off-the-shelf itcms. 

The socket and cosmesis on the other hand are structures of complex shapc 

which vary between amputees. Although studics have bccn made into the 

development of standard sized stock units for sockets and cosmcscs, with 

encouraging results (PORDU, 1968), their usc has not taken hold* Sautcr (1972) 

wrote that the economics of making the necessary moulds, and forming the 

components precluded their use in all but the larger centres. This was probably a 

fair  assessment given the manufacturing techniqucs that wcrc available at the time, 

but the development of computer aided tcchniques was progressing to the point 

where the concept could be pursued from a different angle. 

Ristorical Developmcmt 

After years of work developing shape definition techniques for lower Jim b 

prosthcscs, Foort first envisaged automated shape manipulation techniques in the 

field in about 1960 (Foort, 1960). He anticipated that although computers were 

still fairly new and expcnsivc, affordable models would one day bc capable of 



handling t)le large quantity of numerical data required to define the shapes used 

in prosthetics. 

Foort had observed that the residua of below knee amputees tend to be very 

similar in sizc and geometry. In studies done in 1967 a t  the Prosthetics and 

Orthotics Rescarch and Development Unit (PORDU) in Winnipeg, Manitoba, it was 

shown that standard sized prefabricated sockets were adequate for fitting the 

majority of new BK amputees with instant temporary prostheses (PORDU, 1968). 

Sockets were used that were incremental in size by 1/8 inch of radius throughout 

the range covered. Interestingly, out of 19 different standard sockets (left and 

right), 75 percent of new amputees were fitted successfully with five sizes, and one 

particular size f i t  50 percent. 

These ideas formed the basis for continued work by Foort and colleagues at  

the Medical Enginecring Resource Unit in Vancouver, The use of automated 

procedures has been the focus of research at  MERU since 1971 (Foort, 1979 & 

1989). These researchers first concentrated on photographic shape sensing, 

primarily shadow moire techniques. Once the shapes were digitized, they were 

replicated with an industrial computer-numerically-controlled (CNC) milling 

machine, using specially designed algorithms to control the machine as i t  carved 

the complex shapes (Saunders, Foort and Vickers, 1981). 

In the early 1980's the Vancouver group collaborated on this work with 

researchers a t  the West Park Research Centre, University of Toronto and the 

Biacngincering Centre, University College London (UCL). The work was aimed a t  

dtvtloping further the three components required for an automated prosthetics 

plant. 



Each group focussed on a separate part of the shapc plant. The group at 

West Park pursued the automated measurement of shape using laser light streak 

techniques (Saunders and Fernie, 1984). The group at the MERU embarked on the 

design of a computerized method for systematically designing and modifying 

socket shapes (Novicov and Fwrt,  1982). Finally, since the CNC machine that was 

in use in Vancouver was more accurate and of heavier design than necessary, the 

group in London designed a task-specific carving machine ("Masterform") which 

could replicate the desired shapes to an appropriate degree of accuracy (Crawford 

et 01, 1985). An accompanying development was the "Rapid form" process for socket 

forming. It is through these efforts that CAD/CAM technology was first applied 

to the field and the term TASD", for computcr aided socket design, was coined. 

Although a fully automated shape sensing device was under development, 

inclusion of the technology into the total system was not feasible at  that time, so a 

standard reference socket shape in conjunction with a small number of simple 

manual measurements was uscd for input to the computer. 

The MERU-CASD system was designed in a modular fashion so that as timc 

progressed and as the cost, speed and accuracy of shape measurement devices 

improved to make them more attractive, they could be employed for input. 

Similarly, the output data could be fed into any manufacturing system that might 

be developed in the future. 

The MERU-CASD system was originally designed around a single standard 

rcfertncc socket shape stored in the computer. This shape was uscd as a starting 

point for tach socket, and was scaled and adapted to the measurements taken from 

the asr,?utces stump. Thc group a t  UCL decided to use shapc data digitized from a 

plaster wrap cast of the amputee's stump, designing a CASD system which applied 



a standard rectification map to the measured shape to obtain the socket shape for 

carving (Dewar el at, 1985). 

The work at MERU and UCL was aimed primarily at the design of below 

knee sockets. Meanwhile, researchers in Japan were beginning to work on a 

CAD/CAM system for the above knee case (Nakajima, 1982). These and other 

systems arc described in Seetioe 1.2.2. 

Efficacy of CAD/CAM for Prostbetics 

The benefits of a computerized system are many. Just as the prosthetist can 

creatc an effective socket shape with hands and plaster, the same prosthetist can, 

aftcr a moderate period of familiarization with the computer, perform this task 

with cornputcr aided socket design. 

CAD/CAM offers potentially great time savings (Dewar and Lord, 1985). It 

can perform many of the routine modifications necessary to produce thr: socket 

shape automatically from the input data. Finer adjustments are all that remain for 

thc prosthetist to complete the task. 

There are also the benefits of having the amputee's shape data on diskette. 

Thc storage of shapes can be maintained with a minimum of space required. This 

allows a systematic approach to socket design for the long term. If an amputee 

rcturns in nced of a new prosthesis because the old one has worn out or has been 

broken, the same shape can be generated again without delay. If there have been 

some changes to the shape of the residuum since the last fitting, the new socket 

c a n  be modified from the original shape data accordingly. 

There is great potential for research and educational applications, since 

sbapc data used and created by CAD/CAM systems can be analyzed and compared. 

In tbc case of new amputees especially, the shape of the residuum changes as it 



matures with time. The opportunity to doeumcnt thcse changes in shapc for largc 

numbers of amputees promises to be of grcat bencfit in studies of the treatment 

and rehabilitation of amputees. 

Once the prosthetist has complcted the socket shape, the data for the final 

shape is stored, together with a record of the prosthetist's modifications that went 

iato it. Thus, these can be reviewed and compared quantitatively to show which 

methods are most successful for particular stump charactcristics. Also, the work of 

senior prosthctists can be assigned to students for review, thus opening doors to 

instructional applications for CAD/CAM in prosthetics (Fernie er a1 1984, Fcrnie, 

1986, Spiers, 1989, b o n e  et al, 1989). 

In current practice, using artisan methods, amputees living in smaller towns 

must generally come to an artificial limb clinic in a large population centre for 

each fitting. This means spending three or more days away from their homc and 

occupation, since it is necessary for the prosthetist to obtain input from the 

amputee on several occasions before the limb is completed. Any savings in the 

overall time required is an improvement in this regard. 

Once aa amputee finds a prosthetist who provides a good fit, he is often 

reluctant to  change. The fact that the shape data are stored on a diskette may 

potentially give the amputee more security and mobility as CAD/CAM becomes 

widely used. If either the amputee or the prosthetist moves to a different location, 

the diskette which contains the shape data for the socket ensures that a subsequent 

f i t  by a new prosthetist can be based on the previously acceptable fit. 

Computer aided socket design systems as they currently exist may not 

necessarily produce a better initial f i t  than conventional methods. The software 

merely offers a different method which includes considcrable benefits to the 



prosthetist in terms of speed of production and the ability to store the shape in a 

compact way. 

Dewar and Lord (1985) report some variability in the quality of f i t  in 

clinical practice, and suggest that while a given CAD/CAM system may not 

produce a socket of higher quality than a skilled prosthetist: 

'CAD/CAM potentially means that all patients will be fitted with 
sockets whose initial design has been produced in a precise and 
repeatable way. The clinician prescribing a limb will know exactly 
what features i t  will have and the prosthctist's skill will be employed 
not in carrying out a set of routine procedures but in modifying the 
basic design to suit his patient by making changes which are  
compfctely controlled and automatically recorded." 

Bo Klasson (1985) offered a look into the future from the viewpoint of the 

prosthetist who will be affected by CAD/CAM He reviewed the work to date by 

the research teams in Canada and Great Britain, and noted: 

'Probably the most pressing problem in prosthetics and orthotics 
research, development and clinical practice is that the fitting 
procedure is not reproducible ..." 

'Lack of reproducibility is - a serious bottleneck in research and 
development, No prosthesis is better than the fi t  (the interface 
between the stump and the prosthesis) irrespective of the 
sophistication of the rest of the prosthesis. Often when a new 
prosthetic component is subject to evaluation, i t  is not possible to 
isolate the quality of the new component from the quality of the fit." 

Referring to  the MERU-CASD system, which was the only one in use a t  that 

time, he expanded his argument, describing the CASD system as the "new prosthetic 

component'. He suggested that in evaluation studies, the quality of the reference 

socket shape would likely affect the results more than the quality of the 

CAD/CAM system per sc. No CAD/CAM system for prosthesis shapes can be more 

effective than the input measurement. 

There are more cautious, skeptical projections of the use of CAD/CAM in  

prosthetics Jobn Michael (1989) offers a thoughtful critique of the phenomenon. 



He predicts that CAD/CAM is coming to the profession whether it is wanted by 

the prosthetists or not, and that they should therefore embrace it now (without 

becoming enamoured) in order to infuse their practical experience into thc design 

process and thus ensure the best possible quality of product. Hc argues that one 

weakness of existing CAD/CAM systems is that they arc only successful for casy- 

to-fit below knee amputees. Another is the fact that current systems rely upon 

surface data without regard for the internal structure. Finally he suggests that the 

creative process should be allowed to run free without unnecessary restrictions or 

standardizations, beyond some cooperative in terchangabili ty between the 

developers' system modules. 

Fetsre Directions 

It would be wise indeed to allow the system designers to continue to 

enhance their designs, improving the quality steadily over the years. Some 

research groups are looking beneath the surface of the skin with thc use of 

ultrasound or stiffness measurement in combination with surface shape (Childress, 

1989, Faulkner and Walsh, 1989, Krouskop ei al, 1989). The work of thesc groups 

will be discussed in greater detail in Section 1.2.2. 

Derek Jones (1988) advocates the use of expert system techniques to improve 

the fitting capabilities of CAD/CAM His group at the Univcrsity of Strathclydc 

have begun a study into this approach (Jones, 1990). Similar work is under way 

towards an expert system for determination of dynamic alignment (Childrcss, 

Rovick and Van Vsrhiq 1987). 

Overall, as these CAD/CAM systems improve, the quality of f i t  is cxpectcd 

to exceed that of conventional techniques This is likely because of the more 

rcproduciblc adjustments made to the socket shape by a CAD program, and the 



improved opportunity to quantify and compare efficacy of socket design 

techniques. It is likely that new insights into prosthesis design will result from the 

wealth of quantitative data that will bc collected as this technology is utilized. 

Wi th  the passing of time, more information will be accumulated about the 

relationship of the socket to the stump, and more effective CAD/CAM systems will 

cmergc. 

t -2.2 CAD/CAM Systems 

Cmwh - University of Britisb Columbia (MERU) 

The development of the MERU computer aided socket design system is 

synonymous with the early development of CAD/CAM techniques in prosthetics 

described in Sectioo 1.2.1. The system evolved steadily, ultimately incorporating a 

d e r e n c e  shape library of nine BK socket shapes, to account for more patient 

variability. 

Using the MERU-CASD system, the input measurements from the amputee's 

raiduum are obtained manually using calipers and measuring tape (Saunders et al, 

1985). Antcroposterior and mediolateral breadths are obtained with the calipers, 

and girths are measured with a measuring tape. An alternative input device, the 

MERU-CASD BK Area Tool, was developed a t  the MERU. Its readings are used to 

approximate the cross-sectional area at  several levels along the residuum (Saunders 

el al, 1989). 



These simple mcasercmeats arc keyed into the computer1 and the MERU- 

CASD system proceeds quickly to sclcct the most appropriate socket rcfercncc 

shape, then scale and adjust i b  rite appropriately. 

9 
The working shape i s  displayed on the graphics terminal as a sagittal' 

section with selected cross-sections shown. By setting tabs Tor the longitudinal and 

angular extents of a desired change, the prosthcritt can modify pstchcs or the 

shape, cithcr relieving regions above load-intoleran t tissucs or removing ma tcr ial in 

regions wbere there is cumprcssible bulky tissue. This i s  analogous to the rrmoval 

or addition of plaster, with tbe exception that the original shape can always be 

recovered. Thc MERU-CASD system has several standardized modiiication optians 

on its menu board. T b e  help the prosthetist to perform tbc m r c  common 

d i f i ca t ions  by guiding the process. 

The socket sham m a y  bc displayed on the computer monitor in differcnf 

ways. The "wireframe' representation tracer langitudinal lines along the facing 

side of the sockc? shape. Tbc *reodcrcd" representation displays ahc shape with 

facets of solid coloor, sbaded according to bow iight might be rcflcctcd off the 

shape. The xnsc of the tbrct dimcnsionil sbapc is  quitc crfcctivc for the viewcr. 

In 1985, the MERU reported the first clinical trials of the CASD system 

(Foort, Spiers, and Bannon, 1985). Results of f urther clinical studies wcrc reported 

in 1989 (Saunders er a& 1989, Saunders and Bannon, 1989), 

It is also possible to irjwrt an arbitrary sbapc for modification. For example. 
an smpatec's stump or old socket shape esigbt bc input to the system from a 
s u n r t r  or digitizer, 

* Aetllany, fbc prosthetin is  able to ste hgitudioal sections from r a y  wlecred 
direction, rrom true sq$ttrl to coronal (fall 360 dcgrccsl 





worldwide under the name Applied Bioengineering Tcchnology Ltd (ABT). At the 

same time, anotber is available as "System Shape' from Shape Products Limitcd in 

the United Kingdom. Tbis company has a subsidiary called Adaptive 

Rehabilitation Technologies (ART) in the Unitcd Sta tcs. Each company of rcrs t hc 

system with a choice of mechanical digitizing of wrap cast or laser scanner inputs, 

Output is sent to a purpost-built carver based on thc Mastcrform design. 

Scamdimaria - CAWD S y s ~ e m  

Another Europcan CAD/CAM system comes from Scandinavia: thc 

Computer-Aided-Prasthetic and Orthotic Dcsign (CAPOD) System (Obcrg, 1985, 

Obcrg tv a;, 1989)- Thc system consists of a laser-scanncr for limb mcasurcment, a 

CAD/CAM workstation, and an NC milling machine for carving of thc socket 

mould, Scanning, modification, and machining are all controlled by the CAD/CAM 

workstation. 

Shape inpat of the sock-covered unloadcd residuum is pcrformcd by a 

3 purposc-built laser video scanncr . The optics are encased in a housing that 

resembles a truncated cone. 

The CAPOD carver uses 100 longitudinal passes of the tool to carvc the 

shape rather than a helical tool path as has been used in other systems. Thc mould 

is beld still as  the cutter carves each trace along thc lcngth of the mould, Morc 

traces arc required ahis way in order to obtain a srnwth shape (just 36 points per 

Seven1 laser scanner systems have been dsvelopcd for scanning unloadcd stump 
shapes (Fernit, 1984, Carrico, 1989, Faulkncr, 1989,Ober& 1989). Each follows 
besically the lranmt approach: a laser projector and video camera are mounted upon 
a frame wbkh rotates about the stomp shape. The laser projects a line which is 
ziwd inwardly throrrgh tbc axis of rotation. The video camera systcm is uscd to 
detect the contoor of the laser line projected obliquely onto the surface. 



slice arc u s t d  for other systems), howcvcr this allows the cutter to move faster over 

flat areas. 

Bclgiror - CEBELOR Sysfem 

Beginning in 1987, work has proceeded gradually on a Belgian CAD/CAM 

system for above knee prosthetic sockets (Van Rollegham, 1989). Data from 

cornputcd tomography scans are used as input to a GE/CALMA System. The 

project i s  still in a development phase. 

Cermamy - ipos BsrlacL System 

Beginning with the concept of making computer-aided stump models and 

lowcr extremity prostheses in 1985, researchers developed a system under the 

working title "Barlachw, named for a sculptor (ipos, 1989). The ipos system consists 

of' a host computer and a purpose-built CNC carver. Input measurements are 

obtained manually using a measuring stand (if necessary), a set of pre-fabricated 

brims, and a measuring tape. Currently underway is a project to expand the ipos 

method to allow 3-D on-scrua modifications of the shapes generated by their 

brim-bascd system. 

Both stump forms and soft covers for endoskelctal prostheses arc shaped by 

the carver. Limb shapes are not currently modified to match the aligned socket 

and foot orientation, so it is unlikely that the ipos system would be readily used 

for tbc exoskeletal cast. 

JS~UB - Mitsebirhi Research Iostitatc 

In the early 19%0's, Researchers at  the Mitsubishi Research Institute in 

Tokyo began to develop a CAD/CAM system for above knee sockets (Nakajima, 

1982)- Initially, linear poteatiomttcr measurements from a plaster wrap cast of the 

slump were used for input (DX. Radcliffe, 1986). Later, building on years of 



study with shadow moire ttchniqucs, an automated shadow moirc system was uscd 

in combination with a mechanical analyzer for biomechanical characteristics of thc 

stump (Nakajima and Suga, 1989). 

USA: Chicago - Nortbwestera University 

At the Prosthetics Research Laboratory at Northwestern University in 

Chicago, Childress and associates are developing several concepts to advance the 

application of CADJCAM tccbniques to prosthetics. As stated in his addrcss to 3 

CAD/CAM course in San Antonio: 

"Rather than mimicking the prosthctist's or orthotist's design 
protocols, we hope the reasoning bchind their design dccisions can bc 
interpreted in order to form the foundation of specialized CAE 
programs in rehabilitation (Childress, 1989)." 

The focus at  Northwestern University has been on CAD/CAM of bclow 

knee sockets (Childress ef al, 1989). More recently efforts have been appIicd to the 

above knee and below elbow cases. The approach is along the lines of studying thc 

mechanical interaction between the body and the device, in this casc the prosthesis. 

Input devices under development include digital image processing of computcd 

tomography (CT) scans, and a prototype mechanical digitizer for shape and 

stiffness measurement. The stiffness is measured by the amount of tissue 

deflection seen with the application of a known force. This is referred to as the 

CASTLESS technique (Castless Acquisition of Surface Topography and Localized 

Elastic Surface Stiffness). Data treatment is by application of a finite element 

analysis (FEA) for structural modeliing, and this has been used to develop 

rectification principles for bclow knee sockets. 

For several years an  important aspect of this work has been a search for an 

anatomically-based a priori alignment prescription technique (Childrcss, Rovick and 

Van Vorhis, 1987). For this purpose a gait analysis laboratory has been assembled. 



Analysis ccntrcs around direct determination of the limb loading, as opposed to 

indirect inference from observed gait abnormalities as is done in the clinical 

setting. Using rigidly defined skeletal axis systems for the tibia, femur, and pelvis, 

as well as the prosthetic foot, the relationship between alignment and limb loading 

is being studied. 

On the manufacturing side, another study looked at  testing of materials 

used in prosthetics and orthotics, focussing on tensile strength, impact testing, 

hardness, and wear tests for resistance to abrasion. Direct automated manufacture 

of a socket has been demonstrated using the Stereolithograph from 3D Systems (see 

Sectioe 1.2.3). 

The eventual goal of these projccts is to integrate the techniques and 

information to produce totally complete, ready-to-wear prostheses, not needing any 

alteration or adjustment to alignment. 

USA: Hoestoo - Imstitmte for Rebabilitatiom and Research 

Thomas Krouskop and colleagues in Houston, Texas report development of a 

system for above-knee sockets (Krouskop el al, 1987b, 1989). In order to account 

for the underlying structure of the residuum, a CAD system was designed which 

takes measurements of the unloaded limb shape and soft tissue mechanical 

properties as input. A finite dement grid is applied with a loading function 

tempered with special load constraints to create the socket mould shape. 

Shape measurement is via an automated mechanical sensor built specifically 

for the task. lt consists of a rotating base with two stainless steel probes that move 

horizontally inward towards the limb at each location until touching 

Biomtchanicai tissue properties a r t  evaluated using an ultrasonic Doppler 

systcrn (Krouskop et al, 19879). which calculates Young's Modulus for  the limb 



tissue a t  a few selected sites. Although theoretically an improvement ovcr surfacc- 

only measurement, a limitation of this combined measurement is that the Young's 

Modulus is measured a t  only four sites. In addition, the values vary through the 

depth of the tissue, and these are averaged. 

USA: San Antonio - Umiversity of Texas 

Researchers a t  the Rehabilitation Engineering Lab (REL) at The University 

of Texas Health Science Center a t  San Antonio have as a main goal, "the 

development of a low cost, all plastic prosthesis that can be designed, 

manufactured, and fitted by field workers anywherc in the world" (Walsh el al, 

1989). This includes the implcmen ta tion of advanced techniques using 

thermoplastic components (see Section 1.2.3) and the development of a CAD/CAM 

socket design system. 

Shape scanning for  The San Antonio System is performed with an in-house 

designed laser scanner. The amputee's stump is unloadcd, simply covered with a 

sock and held suspended. 

The CAD software is unique, in that it has been set up to run on eithcr a 

Macintosh 11, a Sun workstation, or an lBM/AT. It allows several types of 

modif icatioas to the shape, although none are performed automa tically as with 

reference socket or a rectification map. At this stage in the developmcnt of the 

project, the shape is converted to ABT/ART format for carving of the mould. 

In another project Faulkner and Walsh (1989) habc takcn a high-tcch 

extreme using computed tomography data to design a below knee sockct, citing thc 

virtue of seeing bclow the skin when considering the topography of the residual 

limb. Using a CEMAX JOOO for display and manipulation of the CT scan data, the 

researchers were able to make use of bone shape in designing a bclow knee socket 



shape- The process was performed using standard software for the CEMAX 1000, 

and so the modifications had to be performed one slice at a time. 

USA: Scattlc - Prosthetics Researcb Study 

In Seattle, Washington, researchers at  the Prosthetics Research Study have 

been involved in an extensive study of the UCL CAD/CAM system. A large part 

of their work has been aimed at  development of prosthetic socket rectification 

rules, citing the potentiat benefits of such analysis in prosthetics research and 

education ( b o n e  et al, 1989). 

In order to study more closely the concept of rectification mapping, a 

systcm was developed to run on Apple Macintosh computers to compare the 

scanned shapes of stumps and completed sockets (Sidles, et al, 198%). To compare 

two shapcs properly, they must first be aligned according to some criteria. This 

system uses a least-squarcs approach applied to nodes of surface data to align the 

shapes. It is reported that the process is very fast, even with surfaces described by 

several thousand nodes. Different weightings can be specified by the prosthetist 

for the nodes in this alignment calculation. 

As a natural consequence, the CAD/CAM system developed by these 

researchers uses the rectification map approach (Sidles, et aI, 1989b). The system, 

known as Shape Maker, is reported to be complete and in daily clinical use. The 

system is commercially available and is marketed by Bio-Logic and Adaptive 

Rehabilitation Technotogies (ART) in North America. 

Camada: V o m r  Research Corporation 

In a p i n t  venture with LIC Orthopaedics of Sweden, Vorum Research 

TM Corporation has developed a distinct CAD/CAM system called CANFIT-PLUS . 



CANFIT- PLUS^^ is a generic system for the dcsign or prosthetic and 

orthotic appliances. The systcm consists of a master system software shcll in which 

a number of application modules can be run. The first application to bc dcvcloped 

was orthopaedic shoe Iast design. Input measurements are taken from 3 wcight 

bearing imprint of the foot, and either a laser light scan of the foot or manual 

nreasurements. A number of orthopaedic shoc lasts arc stored in a library; thcsc 

are scaled according to the input measurements. 

The next application developed was prosthetic socket design, us 

cast for input. This technique was dcveloped in rcsponsc to the North 

i n g  3 wrap 

American 

market's need for working directly from stump data. I t  encourages practitioners to 

use their preferred casting technique. Prosthetists set up their own individual 

modification overlays which can be used as "shapc modirication macros." 

The CANFIT- PLUS^^ system takes the following inputs: UCLIART 

mechanically digitized wrap cast or a Cyberware laser scan of the stump shapc. 

The system runs on IBM clones, 80386 and 80486 bascd AT-BUS computcrs. 

Carving can be performed on an industrial CNC Machine, the ipos carving 

machine, or one of the commercial versions of thc Mastcrform carver dcveloped at 

University College London, 

1.2.3 Manufacturing Considerations 

Once the prosthetist using the computer aided socket dcsign has completed 

the desired modifications and wants to proceed to fabrication of the socket, there 

are generally two steps involved: carving the socket shape positive to serve as a 

mould and, forming the socket over the mould. The first step is automated and thc 

second may be, depending on the system used. The automated aspects of the 

process constitute computer aided manufacture (CAM). 



Carving of the mould takes place with either an industrial computer- 

numerically-controlled (CNC) milling machine, or with a purpose-built computer 

controlled carver such as the Masterform carver. 

Before carving takes place, the shape data must be translated into a series 

of commands which drive the carving machine (Saunders er al, 1986). This is 

accomplished with a post-processor. A post-processor in this case is a computer 

program which takes the shape data output from the CAD system and creates the 

code which directs the position of the carving tool. In most cases the post- 

processor converts the shape data from a layered cylindrical grid into a continuous 

helical path. 

The post-processor should also perform exhaustive interference checking. 

Each point in the cutter path is checked to ensure that there will be no 

undercutting, which occurs where there is a large change of radius on the mould 

relative to the width of the cutter itselfl. Correction is made by retracting the 

cutter as far as necessary. 

Thc MERU-CASD system creates a positive mould shape, or one that 

appears as the original shape. The mould is carved from a cylindrical blank 

mounted on an aluminum tube. These are placed in the chuck of the rotary table 

of the CNC machine for carving. 

Material for use in carving moulds should possess certain properties. 

Jarman and Dewar (1985) list that ideally the material should meet the following 

criteria: 

1) have structural integrity for machining and forming 

A three-qaarter inch ball-nosed cutter is used with the MERU-CASD Systcm. 



2) be easily removed from the formed socket 

3) be inexpensive relative to plaster (and recyclable) 

4) be easily fabricated into the blank forms 

5) be dimensionally stable 

To this list, one might add that it bc light weight (for shipping by air 

freight), especially when a centralized fabrication nctwork is being considcrcd. 

The carving process in the MERU-CASD system uses polyurcthane foam. I t  

has the advantage of being very light weight and easily carved, although in the 

carving process large amounts of abrasive dust are created, and the mould can be 

quite difficult to remove from the completed socket. 

Jarman and Dewar found that a mixture of microballoons and plaster 

yielded good results, and an alternative was found using pure maize starch in placc 

5 of the microballoons . 

Once the mould is carved, a socket or limb shape can be laminated over it 

using conventional techniques. Alternatively, a socket can be thcrmoformed. In 

this process a thermoplastic cone is held over the mould in an oven equippcd with 

a vacuum system sealed to the open end of the cone. As the thermoplastic material 

softens, the vacuum sucks it downward onto the mould creating an intimate fit and 

transference of the desired shape. It is questionable as to whcthcr this proccss will 

work well with limb shapes; the material will likely undergo necking in the slcndcr 

region of the ankle. 

Another alternative is outlined by Walsh el a1 (1989). Heat shrinkable 

thermoplastic materials which have "memory properties' are proposed for use in 

The starch must be free of additives (especially borax) which inhibit the rctting 
of the plaster. 



socket production. Two methods arc to be pursued. Thc first  entails an 

intermediate step whereby the thermoplastic is moulded into preforms of relatively 

large diameter. These are  then warmed and a vacuum applied as the thermoplastic 

shrinks down onto the mould. I t  is reported that the process demands less accurate 

control of temperature than the "Rapidform" system, and results in consistently 

good wall thickness. The second mcthod under consideration avoids the 

intermediate step by blowmoulding the thermoplastic outwards into a bivalved 

(negative) socket cast shape. These techniques may also have application to the 

limb shape for exoskeletal prosthescs. 

I t  would be even more advantageous for  a computer aided manufacturing 

system to avoid the two step process of mould carving (Davics, 1986). Devices 

which offer  a glimpse into this fu ture  a re  Stereolithography and Laminated Object 

Manufacturing (Chitdress, 1989). With thcsc proccsscs, a single device may be used 

to  perform direct fabrication of sockets and prosthetic limb shapes (ie: exoskeletal 

shedls) by automated techniques. Stereolithograph y uses a computer-controlled 

laser, optically curing a liquid photopolymer to form solid models. Laminated 

Object Manufacturing follows a similar approach, using scintering powder instead 

of liquid photopolymer. 

1.3 Shank Shape red Composition 

Bannon (1983) digitized the shape of the contralateral shank of a unilateral 

bclow-knec amputee. A casting was taken to duplicate the shape of the limb, and 

rhea the cast was digitized on the CNC machine a t  the MERU using 10' 

increments and 1 inch intcrvals. The  shape was inverted and then carved t o  

produce the  shape for a cosmesis. No adjustments were made to the  shape to  



accommodate for the size and shape of the socket material, nor for the distortion 

due to the alignment of the artificial foot and the socket, but the project 

demonstrated the feasibility of using the computer to store ana replicate cosmetic 

shapes. 

Marshall and Lord (1983) conducted a statistical analysis of profile data 

that had been obtained from the shanks of 100 men and 200 women. The data 

consisted simply of anteroposterior and mediolateral silhouettes obtained using a 

television image fed into a microcomputer. Unfortunately, this provided only four 

points per cross-section, so the shape of each cross-section could not be well- 

defined. Marked inhomogeneity was found i n  the leg shapes and attempts at 

accommodating the variations with a system of modules was found to be 

prohibitively complex. They proposed the use of artistic input of typical shapes, 

using scaling and interpolation as required to create the desired shape. 

The US. military standards for human engineering design criteria have been 

derived from the measurements of thousands of service-men and women (U.S. 

Department of Defense, 1974). These data include calf height, kneecap height, 

seated knee height, popfiteat height, knee-to-knee breadth, calf circumference, and 

ankle circumference. The data are given with the 5th and 95th percentiles, and 

can therefore be used to predict the range of shank sizes that might be encountered 

in clinical practice. 

The majority of anthrojmmetric data on the lower leg are concerned with 

segment lengths, tissue volumes, and subcutaneous fat  layer thickness at selected 

sit= When girths arc rccordcd, it is sometimes the minimal girth on the anklc and 



6 more commonly the maximal girth on the shank . Weiss and Clark (1985) used B- 

mode ultrasound to investigate subcutaneous fat and skeletal muscle thickness in 

the calf. Haggmark, et a1 (1978) used computed tomography to study cross- 

sectional areas in the thigh musculature. Tissue shape was not considered in these 

studies. 

Cross-sectional anatomy texts do show elevations and cross-sectional shape 

corresponding to each elevation, but the shapes are often distorted. They are not 

in v i m ,  and refer to a single subject only; their purpose is primarily qualitative 

rather than quantitative in nature. 

Rovick and Walker (1986) reported the design of an off-the-shelf knee 

orthosis using averaging techniques. Plaster wrap casts were taken of the right and 

left legs of I5 male volunteers. The casts, taken in extension, were cut into 50 

equal slices and thc shapes were traced on a digitizing tablet for input to a 

computer. These slice shapes were aligned according to axes defined from boney 

landmarks and scaled to average length. Considerable variation was found 

between the fifteen subjects limbs, however the final shape was very realistic. 

Five of the volunteers were also casted with the knee a t  45 degrees of 

flexion and a t  90 degrees of flexion. Thigh and calf casts of these same legs were 

taken with the different major muscle groups acting in turn, to investigate the 

shirts of the tissue volume. 

Rovick and Walker reported small shape changes associated with knee 

flexion and with contraction of the gastrocnemius. The main changes were in the 

in many caw.. this maximal girth is found at  approximately 70 percent of the 
distance between the inferior border of the lateral malleolus and the popliteal 
crease (Weiss and Clark, 1985). 



muscle belly. Changes were particularly small  just k i o w  the Lncc and along thc 

front of the tibia. Greater variation was seen in  thc thigh. With musclc 

contraction, mediolateral width decreases while anteroposterior width incrrsscr for 

quadriccps and hamstrings. Shape changes just above the knee were small. 

Cooper (1986) used computed tomography data to create 3 rcfercncc model 

of the bones of the lower leg, including the distal femur. He investigated various 

scaling techniques that could be employed to f i t  the madci to thc residual boncs of 

human amputees using input of readily measured palpable points, For somc of thc 

subjects observed, he found considerable nonhomogcneity of bone shape bctwecn 

the scans and the computer generated models. In addition. rcfcrencc point 

measurement variabititg was identified as a primary source of error. For ~evc r s l  

subjects, the reference model was a good fi t  without scaling, sincc it was of 

average size. 

7 Delp and Dclp (1989) used the Polhcmus digitizer to digitixc the shape of 

the pelvis and leg bones from a single skclcton. Thcse points arc connected in a 

polygon mesh (roughly 300 polygons per bone) to give a rough model of' the boncs 

of the lower limbs, including tbc pcfvis. Using a combination of digitization and 

scaling and revolving of profiles, they were able to crcalc a vcry impacssive 

representation of the same surfaces consisting of  ovcr 22,000 polygons;. 

In summary, tbert  a r t  not any published carnprchcnsive databases which 

describe three dimensional shape of the limbs, nor the shape of underlying 

structures. This lack of informrcion is Iargely due to thc fact ghat deviccs crpobfc 



Airkeeglb ;rurawttd daiaa tcchaiqucs have been applied to prosthetic 

wkefs,  thctc bas kcr JiWe ie the way of rtxarch into the automated design and 

ti.i$rrmacrst aP prmbcric limb sbspct and irs consulidation info total prosthetics 

asrrrr*facfutis# s y s f c s ~  Tbc trrtirnstc gat of' this line of research i s  to produce a 

wholfy auromatcd Irowt limb prclrsthttics design and manufacturing system* The 

elcmen!s of socket ckjrigs, p&hc?r is  aligamcnt measurement aad aligned limb 

sbtpc dcsign must k imqp;tt~d into a single system to permit automared 

apilmvfscture al: r h  coslipkrc: ptmthcsix. 



It was hypothesized that a computer aided dcsign system could be dcvclopcd 

which would be capable of designing 3 lower limb shapc for a bclow-kncc 

prostbnis. 

2.2 Objectives 

In order to test the hypothesis, it was necessary to create a numerical 

reference shape library and develop computer-aided shape modification proccdurcs. 

These components would be used to dcsign the unique shapc of a below-knee 

prosthetic cosmesis based on patient input data. 

In the course of accomplishing this, thc following intermedia tc objcctivcs 

had to  be realized: 

1) Create a computer bascd library of reference shank shapes which 

encompass the various characteristics of the normal population in terms of tissuc 

distributioa. 

2) Verify the cylindrical shapc data spacing by using Discrete Fourier 

Transform (DFT) analysis to determine if the number of points can adequately 

describe the degree of curvature for shapes that may be encountcrcd. 

3) a) Establish suitable anthropometric measurcments to be taken from thc 

oontralateraf limb. b) Develop mathematical relationships and procedures 

accerssry to permit d i f k a t i o a  of the rcfercnce shapes into the desired unique 

limb shape. Tkst steps permit scaling of the selected reference shapc, as well as 

distorting it to blend sxmmthly with the contours of the prosthetic utckct and foot 



a s  they a rc  aligned in relation to each other. c )  Develop a method of acquiring 

alignment data from the  socket and foot, to  be provided as  input to the system. 

4) Determine the accuracy of the shape definition technique in a single 

trial by comparing the primary limb shape created using the system to the shape of 

the contralateral limb from which the input measurements were taken. 

5) Evaluate the final definitive Iimb shape in a single trial. This would be 

achieved by comparing the limb shape created by the CAD system with the  limb 

shape created by  standard artisan methods for  the same amputee. Each of these 

shapes would also be compared to the shape of the amputee's contralateral limb 

from which the input measurements were taken. 

6) Undertake a practical test of the CAD procedures by carving a Iimb 

s h m e  by automated manufacturing procedures using the output da ta  of the  CAD 

system. 



3. CREATION OF T H E  REFERENCE S H A P E  LIBRARY 

Use of a computer-based reference shape library relies on the assumption 

that shape requirements in prosthetics and ~r thot ics  can be mct by using gcncric 

shapes treated with systematic modifications. Further, much of this approach 

hinges on the assumption that human limb shapes can be categorized in terms of 

certain well chosen measurements and proportions. These measurements arc used 

to select the most appropriate reference shape from the shapc library. The final 

shape is derived from one of the reference shapcs through scaling and local 

modifications, as required. 

The shape of thc prosthesis socket has a direct effect on the distribution of 

pressure on the residuum due to the loads of ambulation. By contrast, the shape of 

the cosmetic restoration is primarily aesthetic in function, and thus does not 

require the same degree of accuracy. The basic requirement is a shape, reasonably 

lifelike in appearance, which fits smoothly around the prosthesis components as 

they arc aligned. Thus, the minimal requirement for an automated systcm for 

cosmescs would bc a single reference shape. However, it is felt there is sufficient 

variation in human limb shape that the general population would be bcttcr scrvcd 

by a library with a number of distinct shapes. 

3.1 SBap Library Strlictare 

The library consists of a five-member family of shank shapes of varying 

adiposity and musculoskeletal development. Borrowing from the Heath-Carter 

approacb to the somatmyping of human physique (Cartcr, l98O), two variables were 

specified for reference shape selection. Rcgional equivalents for cndomorphy and 

mcwmorphy were defined that relied solcly on measurements from the lower limbs. 



The two variables, RENDO and  RMESO, stand for "Regional ENDOmorphyU and 

'Regional MESOmorphyn rcspcctively. They are derived from standard 

a n  thropomctric measures (EqrriCions 3.1 and 3.2): 

RMESO - (Gca -It* SKF / HT t ib 

Where Gca is the girth, in centimetres, of the calf a t  its largest level. 

SKFca is the medial calf skinfold in centimetres, and HTtib is the tibiali height in 

centimctres. All measures for the shape library were taken from the left leg. 

RMESO is equal to "lean' girth, scaled for  length. 

The selected library shape is subsequently scaled to match the length of the 

amputee's prosthesis, It is also scaled radially using girth measures a t  the knee, 

calf, shank, and ankle. No variable analogous to ectomorphy is used, since this 

scaling process matches the cosmesis to the measured limb in terms of linearity. 

Rather, tctomorphy is seen in this case as  the lack of both mesornorphy and 

cndomorphy and dots  not represent an  independent variable. Thus, sclection of 

library shapes depends on the degree of regional mtsomorphy and endomorphy 

alone. 

By specifying standard anthropometric measures for  the library, i t  was 

possible to  access large banks of data to  determine representative values of 

RENDO and RMESO for  the adult Canadian population. To this end, the CANAD 

Anthropornetric f h t a b a ~  (Carter, er al, 1982) was used to f ind the cell parameters 

for the s h a m  library in  terms of the means and standard deviations of the 

variables REWDO and  RNESO. The database contains information on 239 men 



and 206 women between 18 and 35 years of age for which thc pertinent 

measurements had been taken by criterion ant hropometrists. 

Means and standard deviations for RENDO and RMESO were detcrmincd 

with the SPSSx statistical software package (SPSS Inc, 1986). Although the adult 

population is known to be skewed somewhat towards the lower end of both 

muscularity and adiposity (Ward, 1990), a normal distribution was assumed as a 

reasonable approximation in both terms. 

These values were then used as cell parameters for the cosmesis library. 

The library consists of an 'average' shape with mean values for both RENDO and 

RMESO, and four shapes divergent by one standard dcviation in each direction for 

both variables. The cell parameters for the five shapes are given in Table 3.1: 

Table 3.1 - Parameters for the Reference Shape Library 

Shape RENDO RMESO Adiposity Muscularity 

# I  0.01 12 0-665 I SD below ave 1 SD below avc 
#2 0.01 12 0.785 1 SD below ave 1 SD above avc 
#3 0.0246 0.725 average average 
#4 0.0380 0.665 I SD above ave I SD below ave 
#5 0.0380 0.785 1 SD above ave I SD above ave 

Based on the two dimensional normal distribution (Tuma, 1970). the 

boundary of the 'average' shape region was defined as an ellipse with major and 

minor radii equal to the standard deviations in each variable (Figure 3.1). 

Sclcction of the appropriate reference shape is performed by comparing the subject 

variables calculated for the amputee to the library cell parameters. 



Figure 3.1 - Elliptical Five Shape Library Matrix 



3.2 Recording tbe Reference Shapes 

Adult subjects were found who had REND0 and RMESO values close to thc 

selected values for each of the five reference shapes. One subject was sclcctcd for 

each reference shape. Subjects selected for shapes # I  and #2 were males, whilc thc 

remaining subjects were females. Each gave written informed conscnt to have 

their left leg shape recorded with a plaster bandage wrap cast. 

Each subject stood with body weight distributed equally bcrwtcn their Icgs. 

Triple thicknesses of plaster bandage were made wet and then applied so as to 

cover the leg between the levels of the proximal border of the patella and the 

distal edge of the lateral malleolus. The bandage was applied with longitudinal 

seams running the length of the cast. The plaster was allowed to set partially, then 

the cast was carefully opened along the longitudinal scams and eased off of thc 

leg. 

Before the casts set completely the seams were reunited. Strips of plastcr 

bandage were applied to the seams, around each end, and over thc ankle holc. 

Later, the casts were coated with a thin layer of slip (soap) and filled with plaster 

of Paris to make replicas of the original legs. 

The shapes of the plaster of Paris replicas were recorded with an 1BM A T  

personal computer using the NERU Shape Copier (Saunders and Foort, 1986). The 

Shape Copier consists of a Summagraphics mm1812 digitizing tablet equipped with 

a rotary table, much like a lathe (Figrrre 3-2). Accuracy of radial measurements 

using the MERU Shape Copier was assessed in a previous study (Torres-Moreno, 

1987)- The results showed a constant error of +0.056 cm and a random error of 

+/a-OM cm (based on the standard error of the estimate). Thc shapes were 

mounted on the Shape Copier with the central axis passing approximately from thc 



anteroposterior and mediolaterai midpoint at the knee joint to the corresponding 

midpoint at the ankle. 

Each shape was recorded with a total of 36 longitudinal traces made at 10 

increments- Subject n l  wore a stockinette for the wrap casting, so the radial data 

in that shape file were corrected for material thickness prior to analysis. When 

analyzed, the calculated circumferences were generally slightly larger than the 

tapt-measured girths. This discrepancy, likely due to tension in the measuring 

tape, was small and disregarded since the reference shapes are ultimately scaled 

radially to match the amputee's measurements. 

The numerical representations of the shapes were then scaled by uniform 

dilation to the arbitrary length of 25.0 centimetres from the knee joint line to the 

midpoint of the medial malleolus. 



Figure 3.2 - Thc MERU Shapc Copicr 



3.3 Results 

The five library shapes are shown in Figures 3.3 through 3.7. They are 

represented in these figures with every second cross section for clarity. The 

library shapes were compared as to the distribution of tissue bulk along their 

length. This analysis consisted of comparing the cross-sectional areas a t  each level 

along the length. Variation in sectional area (see Section 6.2 for relevant equation) 

for all five shapes is represented in Figure 3.8. 

Figure 3.8 illustrates a characteristic variation in the cross-sectional area 

along all shapes. Moderate variation in tissue bulk, and in the positions of the 

minimum and maximum girths, is evident, For example, the level of the largest 

calf girth for Shape 4 is quite high compared with the other shapes. 





Figure 3.4 - Reference Shape #2 



Figure 3.5 - Rcfercnce Shape #3 



Figure 3-45 - Rcfcrcnce Shape #4 



Figure 3.7 - Reference Shape tr5 



Figure 3.8 - Cross Sectional Areas of the Normalizcd Reference Shapes 



4. VERlFlCATlON OF D A T A  STRUCTURE 

In order to represent a thrcc dimensional shapc using numcrical rncthods. a 

coordinate system is first selected that i s  oonvcnicnt for definition of thc surface. 

A finite number of points on the surfscc arc thcn rccordcd in tcrnls of thc 

coordinate system, Despite accuratc recordings of thc spcciricd points, crrors arisc 

in the spaces between, 

Intuitivety, greater control ovcr this crror comcs from using morc points. 

Information storage and computer processing time, howcvcr, riscs w i t h  largcr 

amounts of data. Thus, additional points offcr diminishing rcturns and thcrc is a 

trade-off between accuracy and spccd. 

Like other computer aided sockct design systcms, thc MEHU-CASD system 

(Version 34) describes shapes based on a cy lindrica l co-ord inatc struct urc dcrincd 

about a longitudinal axis which is mtcrnal to thc sockct. A cylindric31 grid is 

appropriate, since prosthesis sockets and cosmcscs arc approximatciy cylindrical in 

sbapc, A cylindrical coordinate systcm lcndr itsclf to manufacturc of the mould 

with an automated milling rnachi~c  using a spiral milling toolpath. 

Sbape data for the MERU-CASD systcm arc dcfincd by crass-sectional slices 

Sb increutcnts of 0.25 ccntimetrcs along the lcngth of thc shape. Each siicc consists 

af thirty-six points in 100 incrcments. This i s  consistent wi th  athcr work; for 

cxamplc Rowiclc and Walker (19861. Thc choicc of incrcments was primarily based 

om machining tool diamctcr; spacing of the points must bc small enough lo  avoid 

ridges king left behind k t u c e n  the p t h s  of the ball-nascd cutler. 

hatoitiutly, this data structure seems adcquatc for rhc purpose of canvcying 

limb shape information_ As part of this projcct, it was considered 3pprcrpri;ltc IQ 



test whether the number of points uscd in the MERU-CASD system was adequate 

t o  describe the shape of a normal human shank. 

According to digital communication theory, continuous waveforms must be 

rcprescntcd by a sampling frequency greater than or equal to the Nyquist 

frequency for the waveform (Stark and Tuteur, 1979). The Nyquist frequency is 

equal to  twice the highest frequency present in the waveform. If the  sampling 

frequcncy is lower, aliasing distortion causing high frequency spectral componcnts 

t o  appear a t  Iowcr frcqucncies. 

Ideally, the original waveform consists only of f rcquencies up  t o  a 

particular limit. Replication of the waveform can then be exact if sampling 

frequency is greater than or equal t o  the Nyquist frequency. However there are 

often small amplitude components extending into higher frequencies, so some 

distortion is to bc expected. The  extent of this can be assessed in terms of 

cumulative spectral power; the cumulative spectral powcr of the reconstructed 

waveform is expressed a s  a percentage of the total spectral power (Equation 4.2). 

Power con tri buted by individual spectral componen ts  is  in  turn calculated 

by squaring the spectral amplitudes found using a discrete Fourier transform 

{Dm). A DFT (Eqmatiom 4.1) is a mathematical technique f o r  analyzing the 

f rcquency spectrum (frequency corttcnt) of a repetitive wave function, such a s  

m u n d  travelling through the a i r  (Stanley and Peterson, 1978). Here, frequency 

compaeenrs X(k) a rc  dcfincd in terms of thc original waveform, x(i) (Stark and 

Tatcur, f979k 



Where: 
x(i) is the original wavcform at point, i 
X(k) is the frequency component at discrctc spcctrsl number, k 
N is thc total number of points ( i )  per cyclc, and 
j =jT 

and then, 

Where: 
IX(kH is the magnitude of each frequency component, 
rn is the dixrctc spectral number under consideration. 

A PASCAL language program was written, employing t h e  discretc Fouricr 

transform, for the purpose of testing the validity of the data point spacing uscd i n  

the MERU-CASD system. Gcncrally, Fourier analysis is uscd on w;rvcforms that 

are functions of time. In this project, the algorithm was applied to cylindrical 

shape data in two ways. First, rhe radial data of cach individual cross-sectional 

slice were interpreted as a function of anglc about that slice. One 360 dcgrcc t u r n  

about the slice repres~nted a single cyclc of this 'repeating* function. Sccond, thc 

radial data of each longitudinal strip were interpretcd as a function of position 

along the strip. To avoid abrupt dixontin3itics in thc radial valucs, the strips 

were reflected on themselves, resulting in strips of double length for analysis. This 

algorithm was applied to individual cross-sections and strips scparatcly. 

The data were digitized from a model made from a plaster of Paris replica 

of the left shank of an adult male, Shapc data were recorded with an IBM XT 

pcrsoaal compatcr osiag the MERU Shapc Copier (Saunders and Foort, 1986). 



The replica was turned through 360 dcgrecs in 5' increments (72 stops). At 

cach stop, the profile of the shape was rccordcd on the digitizing tablet using a 

puck adapted for the purpose. Along the length of cach profile, a total of 178 

radius values were recorded at 0.25 centimetre intervals. In Figure 4.1, the shape 

analyzed has been reproduced a t  10' intervals for improved clarity in the three 

dimensional plot. 

Although the actual shank shapc is continuous, it is only possible to 

represent it within thc computer digitally. Thus, the 72 points per cross-section 

were used lor input to the DFT algorithm. This was assumed to bc sufficient to be 

considered as the standard for the analysis. Spectral power would then be 

represented in terms of these input data, From 72 points, analysis can show the 

amplitudes of the first 36 discrcte spcctral numbers (k). This is in keeping with 

the task of verifying a 36-point-per-slice data structure, which itsclf requires that 

no significant power exists above the 18th discrcte spectral number. 

Longitudinally, the data had already been resolved to a 0.25 cm spacing in 

the recording process. The measured shapc consisted of 178 data points which 

were doubled to 356 by reflection to serve as the standard, This did not increase 

spcctral resolutioa, but controllcd against frequency domain artifacts ("leakage") 

due to endpoint discontinuities which would corrupt the analysis. 

Calculation of camulativc spcctral powcr shows how much information is 

conzervtd by the sampling pfoccss. Figure 4.2 shows thc envelope of maximum and 

minimum valwa of cumulative spcctrd power for each of the 178 cross-sections, 

expressed as a percentas  of the total power for each slicc. The DFT analysis 



showed that the majority of spectral power is transmittcd by the constant term and 

the first  three discrete spectral numbers. The spectrum varies along the lcngth of 

the shape but, in the worst casc, 99.98% of thc spectral power is transmittcd in the 

f irs t  six discrete spectral numbers. Those above the 18th account for less than 

0.005% of the spectral power. 

The amplitudes of higher discrete spectral numbcrs diminish asymptorically 

remaining, in the worst casc, below 0.21 millimetres beyond the clcventh. Fieure 

4.3 illustrates the cnvelopc of maximum and minimum spectral amplitude values 

f o r  each of the cross-sections. 



Figure 4.1 - Plot of the shank shape that was analyzed 



Figure 4.2 - Envelope of Cumulative Spectral Powcr - Cross Sections 



Figure 4.3 - Envelope of Spectral Amplitudes 



The  contribution f rom different  discrete spectral numbers varies along the 

shape. The  constant term dominates along the ent i re  length, being greatest a t  the 

knee. This  is a n  indication of how circular the cross-sections arc, as  well as how 

large the  leg is a t  t h a t  levei. Through the mid-section of the shape, the first  

discrete spectral number rises i n  importance, indicating that the shape is more 

eccentric to  the central  axis  in that region. It is smaller a t  the knee a n d  ankle 

since the  shape was  mounted with the measurement axis located centrally a t  either 

end. A t  the ankle, the  second discrete spectral number has i ts greatest influence. 

Th i s  indicates the  elliptical nature of  the shape in that  region. Figure 4.4 shows 

t h e  variation of these amplitude values along the length of the  shape. 

Analysis of  t he  shape da ta  in the longitudinal direction gave similar results. 

Figure 4.5 illustrates t he  envelope of maximum and  minimum values of the 

cumulative spectral power f o r  each of the slices in the data. Again, the majority 

of spectral power is transmitted by the constant term a n d  the f i rs t  four  discrete 

spectral numbers. In the  worst case, 99.96% of the spectral power is transmitted by 

the  f i r s t  six, a n d  those above the 18th account fo r  less than 0.005% of the spectral 

power. 

For  discussion of these results, scc Section 7.2. 



Figure 4.4 - Spectral Amplitudes Along Shape 



Figure 4-5 - Envclog~ of Curnofarive Spectral Power - Strips 





Upon input to thc pragram, the shape information for each xgmcnt is 

converted from cylindrical to Cartesian coordimtcs in preparation for 

mastiputation by spatia1 matrix transformations. 

The ccntral vcrtical axis for the socket shape i s  dcfincd as passing through 

the intcrstctions of l ine  bisecting rhc AP and ML dimensions at  a level 25 

millimctres distal to the knee p i a t  line (PTB) and at a level 25 millimeircs 

proximal to the tip of tbe socket- This recbaique for axis definition is  described 

by Zabcdi. cr a& (1986). A utility pcagram (SWAPREP-EXE) adjusts rhc TOL*&C~ axis 

position, in case it docs mat conform to the definiti~n. 

The central ucrtfcat axis for the artificial foot i s  dcfincd as pasing through 

tbc centre of the hok for the attachment bolt, 

In  a similar manner as tbc sockct, the central vertical axis far thc cosmcsis 

segment is defined as  parsing through the intcrrcctions of lines biwcting thc A P  

and klL dimensions at a Icvel 25 millimctres distal to the knee joint linc (PTB) and 

+r the leuel of the middle of the medid maJleolus. The middle of' rhc medial 

8 m;tlleotrrs is tbc lcvcl of tbc ankle interface with the artificiaf foot . 

The vertical axis Tor clcb segment is dcsigaatcd as the T, axis, with the 

pssitrve direction upwards Tbc origin is dcfincd as the lewd of Ohc knee pint  

lime [PIX? gtaove) for the s c k c t  and cormesis segments. Thc foot has s local origin 

&rimed at the kvcI d the ankle surface bid-medial mafleolus), The X axis for 



eacb shape i s  defined to aim pastcriorly rrom the origin, The Y axis i s  dcfined to 

aim towards thc arrtputec*~ right side (medially if a left side shape, and laterally if 

a right side shape). 

The sortware tramforms thc s a c k t  and foot segmental data, according to 

their f inal alignment, into amcsis segmental space. Thc prostbesir a1ignmt.m is 

Cj~aCltifkd relative to a gbbal set of axes with a three-diercnsiona1 digitizing arm 

(ACE 5401, !%waders, t986). Jlt operates with 5 rotational jaiats; thc position of 

each 5% delcrmimcd with optical encoders, With tach press of tho trigger, lbc 

&vice nleutstcs and records the iontataneoas positions of both the stytur tip and 

9 t h  swrt distal ratatiorrrl joist fstylus base) . These data a rc  ~alculatcd with a 

mieroproccsror, and rhco, downfoadcd to an IBM XT/AT b a t  computer via a utility 

For bath the w k c r  rsd foor, the stylus is akmed inward along rho local 

ortholpnd X and Y ax= Tbc software uscs the resulting three dimensional data 

to dcffac tbmc local axes of the socket and foot, as they a r t  aligned by the 



Figure 5.1 - Alinnmcnt Input Jigs 
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To aid in pasitioaing rhc stylus, y~ccial jigs were fabricated that have holes 

dritlcd orthagonaHy jfigmre 5.1). T h c ~  arc mountcd onto the aligned prosthesis at 

tbc distal tip of the socket and tbt proximal (ankle) surface of the foot. The holes 

point portcriarly (posirivc X axis) aad laterally (positive Y axis for right side 

prosth- negative Y rxis for ltft side prostheses). The recording stylus of the 

ACE 5001 is placed within each bole on $he two jim to record their orientation in 

spartt.. 7bc ACE 5004 recwds thc positions of rbe tip and base of the stylus, so the 

rccordcd data consis8 d two poiats on each of' tbcst arcs  

These data points arc rrxd to calculate the direction vectors of' the X and Y 

arcs and tbc origins for rack regmcnl, Them for a c b  xgrncnt the 2 axis direction 

vector i s  thca mlculatcd as tbc crou-product of the other two. 

la tBc c m ~  of tbc sacket, the X and Y axes are recorded at tbe distal tip of' 

rbs wwtket sbapc. lbrs lac;rtioilr is prcfetrblc for logistical reasons, but d w  not 

cgiscfdc with the intended sqarcntal origin Tbe software therefore calculates 

uait wmctrs for the X, Y, red Z axes at the distal end and rben rcdefiaer tbc 

wigis to t k  level of the PTB By ~ ~ l w i a e  rhe origin up along the socket Z axis 

m t k ~ ~ ~ t k r l l y ,  This camccted origin matcbu the socket shape origia. 

f he rnnsformrios mrriir describing tbc orientatio~ af the socket relative 

tur Ik f~ is nleuljtcd fraca tLc scgracnrd s x t l  Each loco1 origin vector and 

three c ~ r ~ i r g  Cartmian unit vectors arc calcolated i s  xcrau oC global 

CSUWS~S* WCCI T k  f m r  *#11615 fm each rbap+ are grouped into a a r~ t r i r  for 

x h t  Tbtm the t r a s r f o ~ m a r i ~  matrix for rcpr~~ieoting socket dam relative 

to ILc h t  Cartcsim space Ss ealculatCd by muttiplyiag t k  wwket global matrix by 

!k i l r v t t ~ c  d the roc# mtrix, 



5.2 Sbpc Setectiom a d  ScrlCmg to Create LPrimrry' Limb Sliape 

Pick Btfersnce Shape 

Anthropontctric data rncasurcd from tbc amputee's contrahteral l imb are 

recorded and iaput t o  the program fNgmre 5.2). which calculates values of R E N D 0  

amd RA4ESO for the amputee. Thc software utilizes the cell parameters to 

determine which regioa of the reference shapc library matrix the rmputcc's limb 

sbape is l w t c d  (see -re 3.1). The appropriate rcfcrenct shape i s  then selcctcd 

as input to  the program 

Scrrk Shape 

Longitudinal scaling is performed uniformly along the entire length of the 

r e f~ rcncc  shape- Rather than scaling according to the length o f  the contralateral 

I t& the length of the socket origin vector relative to the foot Cartesian cmrdinaic 

system is utilized, so tbat tbc madiffed refercncc shape will mesh most readily with 

the socket shape. The difference bctwccn these techniques will be generally quite 

small, since the kagtb  of the prosthesis is intended to te dost: is length ra the 

contralrttrat l e t  

Radial scaling is pcrfarrscd with a non-hoslogtmcous s c a l i ~ g  radar that 

w a r b  along tbc leegth of tk slum accovdiag to tbrer key measures from tkc 

arapetecws ~ a e r r t b t c n l  k& Girls is eec;lsurcd at thc knee joint line 4%"). at th t  

k w d  a/ the mximaes girth found oa tbc calf fh), and at the Icwcf of the 

miammum girth fwd as t k  shank {j& T b a  girths arc dividtd by the 

amrrcspondiag 8inbr for the xSccted libmsy shagc to obtain r a r k  for cacb JcvcJ.. 



Finurc 5.2 - Program Inputs 

Prosthesis Data lnput 

I Foot data filename: 
Socket data fiknamc: 
Alignment data  rilename: 
Prosthesis is Left o r  Right side?: 
How thick is the rocket lincr? (mm): 
How thick is each laminate Eaycr? (mm): 

Patient Data lnput: 

Clicni'r name (maximum eight characters): 
Clicnt'r initials (maximum three): 
Clicmt's ses tm/fk 
Client's da te  of birth (maximum eight): 
Client's year of amputation (araximum eight): 
Today's date (maximum eight characters): 
Amputation side ('L9 o r  "Rm)r 

Hcight of T i b b l i  b t c r a l i  (tibia1 plateau-cm): 
Hcigbt d MPT[Mcdid Tibiai Plateau (cm): 
Height oT maxiream girth on calf (cm): 
Height of mimimum girth on sbank (cm): 
Hcight of rmkk (mid-medial walltoli - cmk 

Girth d k g  at kmee joint line (cm): 
Maximom girth a f  leg at calf (cm): 
Minimum girtb of kg  at shank 
Medial calf skinfold (cm): 

Artificial foot ttyk (SACH,Smttlt,): 
Foot sirc(SACH or S a t s l c  foot #)r 
Memo (maximum 16 cbatacremX: 

Refercscc shape record file input data (to cllculatc scaling frctorxk 



These ratios are then used ro scotc the shape 35 folfows, using interpolation 

functions devefopcd from first principles with cosinc funct iuns 3s  3 basis fur 

smooth interpolation. These cosinc functions bcgin and cnd each rcgicm wi th  3 

zero slope, and arc used rarhcr than straight linc interpolations in nrdcr to avoid 

slope discontinuities at the shank ~ n d  calf lewcls. 

Where Sj is the radial scaling f x r t w r  at a given Z-lcucl. 

la cases of a risht side prmthcsis, thc data rcgtcwnt ing each ~ t i t x  art 

mkrotcd witbiu this portion cvf thc campurer ~ ~ f f ~ 3 r ~  I hi% simply t n t ~ i l s  

swapping tbe order d U l r c  36 mdi3f rducr as  thrsy are f i s t~d'"  t"hi5 wt tcd shape i s  

w e d  to d*hk as tk *Iclilrrrrym limb rhlrtpc.. f f  is then medificd to aecrrrnmdatc the 

sb;gc of rk r i i m  fm red sacker- 



This portion of the software orients the atigncd socket and foot rclativc to 

cc~mesis shape coordinates. The socket and foot shajx data arc first transformed 

into C W ~ ~ J ~ S  Cartesian space, and then converted into a standard MERU-CASD 

cylindricat grid. 

Traasforr Sbapes to C-is Cartesfam Space 

Thc matrices for rransfoming thc foot and socket data into cosmesis 

Cartesian space arc calcdatcd after ccnaia geometric constraints arc applied. At 

the askfe interface (mid-medial mallcolus) thc AP and ML midpoint of the foot is 

c~artraincd to coincidc witb tbe A P  and ML midpoiat of tbc distal end of the 

primary ccnlstsis sbapc- Tbe relative tohgitudinal (2) rotarian, or tocdut, of the 

foot relative to the shrrrk is constrained to be zero at this interface (toesut is 

tlscrcfort taken up bttwcce the socket sham and the proximal cad of the cosmesis). 

Given t h a  constrain& obc rotations about the foot X and Y axes are 

~likuhted so tbat the A P  and ML midpoints of the cos~ll3csis and tockct coincide at 

r kwcl 25 millia~etrcs distal to t k  coz;nusis; origin (Filmre 53). 

l"kc cakalrlcd t ~ f f s h l i o o ~  and rotations art  concatcnrtcd info the 

t.radormarhs matrices for mavin8 the foot sad socktr into cormcsis Cartesian 

wee. Each &tr paint ie tlrt foot and socket is thee traasforrrecd with tbex 

amtrices 

C O I * ~ ~  S L . p  (O C-b C y U J r k d  Grid 

With t k  f a  rsd socket shapes rcprcscntcd in term of came;k Cartesian 

SRWC, t k  roo(: aad socket dstpl arc t b a  c~avctrcd from Cmesbn to cylindrical 

crootdhsror (*re $A), 



The f i rs t  step is to intcrpohtc thc d311 into tegu13rty ~ p a i ~ r f  cross sections 

along the Z axis of the cosmesis Cartcskn cwrdinatc systcm. Thc d3t3 arc thcn 

interpolated in to  a regular MERU-CASD cylindrical gr id with 10' spacing. 

However this process must be accsmplishcd sarcfully. Whcn cunvcrting to rhc 

cyl indrical grid, it must be verif ied that the positional \alucs fallow 3n crrdcrlg 

progression o f  increasing angle- 

The cyl indrical data structure rcquircs 3 single posirivc noo-tcro radius 

value fo r  each angubr  iacremcnt f rom zero ro 350 dcgrccs. No angular value may 

bave more than one radius assigned to ir .  ss if thc shapc i s  re-entrant (ic: i f  i t  ha5 

an  overbang), o r  il the axis is  outsidc the shape at a p3r1ir'ular ICICI. lhc program 

determiner which rad i i  t o  retain and which must be dise@lrdcd. Thc strftwarc dwt 

this by comparing the angular component sf thc partially convcrtcd ~ i n r l ; ,  

Overhanlp are i d tn t i f i cd  by a rcvcrs31 in thc prlogrcsrion uf onguhr valucs, 

Angular progression i s  caforccd by discatding, 3ny phis rhur iay:  such 3 rcvcrllal 

pr ior  t o  interpolating t o  tkc  regular trngu tar inercmcnt of I hc cg l inrlr ical grid. 

Missing dam points arc IBCA assigned default or i n t c r p h t c t t  ualutr, 



Cosrnesis z Axis 



Figure 5-4 - C~nvertina to cosmcsis cylindrical wid. 



To a largc cxtcnt the variable radial scaling described in &tiom 5.2. in  

combination with this quadratic patch, is expected to mimic any edema in the 

contralateral leg. A slope discontinuity may result a t  the  ankle interface, although 

this is not cntircly unfike the  way such tissue hangs over thc bony prominences of 

the ankle. or even the shoes the person is wearing. 

Accarmda te  Sackel 

Thc socket shape data correspond to the inner surface of the  socket liner. 

I s  order to a t c o m d a t c  tbe outer shape of  the rocket within the cosmesis shape 

the total material thickness must be added to each radius. For this purposc, total 

material thicknus is d t f  i d  as the sum of a single socket liner thickness added to 

a double laminate rb ickaus  (me thickness for  the wall of the smkct, and one. 

thickness for t h t  wall of rlrc cmrecris). Valucs for  lincr thickness and  laminate 

thickness a r t  adjus tabk i~ software. 

Coamcris radial valets a re  comporcd with radial values for  the socket (now 

described in cosmcsis cylindr-ml coordinates). Cosmcsis radii wbich do  aot  exceed 

tbc corresponding m k c r  n d i i  by at least the total materia8 thickness a re  

imcrcmsted so that they do. 

This rsodificrtioe is performed on loogitudiaal strips of the shape. As the 

slttip is checked ;a an upwards direc tha ,  the software mom rbt o n x t  of the locket 

protrading oetsidc of r k  coracrk After checking a h a d  a number of levels for  

tk irrgcsl d~rcrcpracy, rt kimr patch is applied to  0 6 c  str ip lwckwards over 

several ktc3s 4- 5.6k 



Figure 5 5  - Modifications Match Anktt  



A simulatcd endoskeletal p ~ l o n  is located along the Z axis from the foot to 

the socket. It is set to an  arbitrary radius large enough to prevent tool cutter 

problems if the fully aligned prosthesis shape were carved using a CNC milling 

machine or socket shapz carver, In general, the 'Pylon" portion of thc shape should 

not protrude through the Primary shapc. If it does, thc protruding radii are 

c~r rec ted  in sof twarc. 

The void a t  the rear of the socket above thc flare is reprcsentcd as on 

approximately flat surface. These radii are of littlc consequence since thc 

laminate is cut away to make the posterior opening for the socket, Thc 

Accommodate Socket procedure treats this region in the samc way as the rcst of 

the socket, resulting in radial data that are deceivingly large. Again, this is of 

little consequence as  this part of the cosmesis surface will also be cut away in the 

final preparation of the prosthesis. 

Above the knee, the limb shape is madc to conform with the socket shapc 

with a snug fit. This prevents a bulky, abrupt border at the proximal end when i t  

is trimmed for use. 

This "Fiaat' shapc is intended to be complete without nccd for f urthcr 

interactive modifications. If desired, such modifications could bc pcrformcd easily 

using the general MERU-CASD program, 



t ' i~ure 5.6 - Modifications: Accommodate Socket 
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6. SUBJECT TRIAL 

6.1 Trial Protecol 

The cooperation of a prosthetist and a client amputct was obtained for a 

trial of the computer aided cosmesis design system. Informed consent was obtained 

from the amputee, a Caucasian male in his early forty's. Anthropomctric 

measurements taken from the amputee's natural leg wcrc recorded for input into 

the computer software. 

Shape data files from the subject's completed socket and artificial loot, and 

the data file describing the spatial orientation of the aligned prosthcsis wcre 

assembled for input into the program. 

Taking these data as input, the software selected one of thc refcrencc 

shapes and scalcd i t  to  create the wPrimary" cosmesis shape. This shape was stored 

onto the computer disk. Next, this cosmesis shape was modified to conform to thc 

sbapes of the socket and the ankle of the artificial foot. This modificd shapc was 

also stored onto the computer disk as the "Final* cosmesis shape. 

A wrap casting was made of the natural leg as described in Sectioa 3.2. 

This shape was digitized and the numerical data stored on computcr disk. Sincc 

the subject wore a stockinette for the wrap casting, the radial data wcre corrccted 

for material thickness prior to analysis. Meanwhile, the prosthetist and his 

technician completed the prosthesis using artisan techniques to form the cosmcsis. 

Prior to delivery the shape of the completed artisan prosthesis was recorded using 

the MERU Shape Copier. 

As an exercise, the F h I  shape data file was post-processed with a utility 

program a t  MERU and the instructions sent to the CMC milling machine. The 



shape was carved out- of foam, demonstrating the potential for automated 

manufacture of the system output. 

The computer designed shapc was acceptable to  the prosthetist to the point 

that he indicated that he woufd be prcpared to use  the shapc as a mould. 

Qualitatively, the Fimal cosmesis shape compared well with the natural leg shape, 

whereas the artisan shape was more cylindrical and lacked some of the 

characteristic curvatures seen in the natural leg. 

The aligned prosthesis shapc is showa in  Figure 6.1 to iliustrate how the 

foot and socket are positioned in cosmesis cylindrical coordinates. Note that the 

shapc i s  made up of the inner surface of the socket, a stylized pylon, and the top 

portion of the foot. 

Thc Primary and Fimrl cosmesis shapes were evaluated quantitatively by 

comparing matched cross sections with the natural leg and the artisan prosthesis. 

The four shapes considered were numbered as follows: 

The amputee's natural leg shape digitized from a plaster casting. Referred to as 
the "Natrral" shape (Figwe 6.2). 

The reference shapc, selectcd and scaled by the computer program. Referred to as 
the "Primary* shapc (Figure 6.3). 

The final modified shape created by the computer program. Referred to as the 
"Fiorl" shape (Figure 6.4). 

The final artisan shapc, fabricated by the technician and digitized. Rcfcrred to as 
the 'Attiurn" shape (Figure 6.5). 

Thew figures show the shapes with every second slice for clarity- 





Figure 6.2 - Nstorrl Leg Shape 



Figure 6-3 - Limb Shape 



Figure 6-4 - FCmd Limb Shape 



Figure 6.5 - Art ium Limb Shape 



Quantitative analysis of the shapcs was performed using techniques 

dcscribcd by Torres-Moreno f 8987). For cach independent cross-sectiun slice, the 

Equivalent Radius /ER) and the Cross-Sectional Area (CSAR) of the four shapcs 

were calculated with the following equations: 

The Equivalent Radius represents the radius of a circle with an area equal 

to that of the shapc being analyzed. Prior to this analysis, each slice was shifted 

to align the origin with the centroid of the slice. 

Figure 6.6 shows the variation of cross-sectional area with dis+nncc along 

t h t  length of cach shapt. The shapes are aligned with the mid-patellar tendon bar 

positioned at zero on the abscissa of the chart. 

The computer designed l imb shapcs were compared with the Natural leg and 

the Artisam limb shapc produced for the patient. Cross-sectional areas of the 

Primary limb shape were 0.91 +/-7.44% larger than corresponding areas on the 

Nstorsl leg over the full length. 

Thc sudden jump in sectional area on the Final shape at the level of the 

knee indicates the rear flare. I t  is particularly large due to the superfluous 

addition of material thickness over the posterior aspect of the socket shape (Note 

tbat this portion of the shape is removed and discarded to open up the posterior 

aspcc t for access). 

The F i d  computer generated sham is roughly the same size as the Natural 

leg (+0.5 +/-8.3%) between the distal tad (Z-39.0 ccntimctres) and a point just 



distal of the rear flare (Z=-5.0 centimctrcsk N o  downsizing had bccn specified f ~ r  

the F i m d  shape in this trial. 

The figure shows that the Artisam limb shape is larger than thc Nalord leg 

over the same levels, (+10.4 +/-8.9%). This i s  contrary to the reported trend of 

downsizing limb shapes in clincial practice for aesthetic reasons. 

I t  can be seen from Figsrc 6.6 that the Primary cosmesis shapc, which was 

scaled to  match the length of the aligned prosthesis, is slightly elongated compared 

to the natural (contralateral) leg. 

The computer generated shapcs exiznd further proximally only because the 

Shape Copier was limited in its capacity from measuring the full length of thc 

Artisan and Natural leg shapes. 



Figure 6.6 - Cruss Sectional Arcas of the Clinical Trial Shapes 



Although comparison of cross scctions of the four shapcs provides 

information on relative mass a t  each Icvcl, and thcncc longit**dinal shapcs; thcsc 

comparisons provide no information on the diffcrcnces between shapes in thc 

rraasverse plane. A comparison of cross sectional shapes was achieved by 

normalizing the areas at each transverse cross section according to their equivalent 

radii, This procedure allows a comparison of shapcs independent of size. 

Corresponding cross-sections from pairs of shapcs wrrc analyzed by 

comparing matched radii. Each radius was normalized by dividing i t  by its 

sectional ER. RMS error between two shapes is calculated as follows: 

The four shapcs were compared in four pairings using Eqmatioo 6.3. 

Comparison I: Nalmral versus Primary 

Comparison 2: Natmrrl versus F i d  

Comparison 3: Nitmrrf versus Artisan 

Comparison 4: Fimtl versus Artisam 

Figure 6.7 illustrates the results of Comparisons I, 2, 3 and 4. RMS error 

between the radius values is gJottcd as a function of 2-lcvcl fur each of thcsc 

comparisons Small RMS differences between thc slices in a particuiatr rcgion of 

the shapcs indicate strong rcscmblance bctwccn the shapcs in that rcgion. 

RhaS error values for the Primary limb shape comparcd to the Natural leg 

were OR34 +/a-016 over all levcls. 

R M  enor values for the FImat and Artisam limb shapcs were summarized 

along the s h a m  between Icvds 25-39.0 centimetrcs and 2-5.0 ccntimctres. Cross 

sections proximal to this levcl were not included because the Final shape includcd 

the superfluous thickness on the posterior aspect, mentioned above. This posterior 





Figure 6.7 - Shape Resemblance Between Shams 

Trial Shapes versus Natural Leg 
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Figure 6.8 - Selected Cross Sections - Natural Leg Shape 

View is Upwards Towards the Knee - 5 cm Increment 



Figure 6.9 - Selected Cross Sections - Primary Limb Shape 

View is Upwards Towards the Knee - 5 cm Increment 



Figure 6.10 - Sclccted Cross Sections - Final Limb Shape 

View is Upwards Towards the Knee - 5 cm Increment 



Figure 6.1 I - Selected Cross Sections - Artisan Limb Shape 

V i e w  is Upwards Towards the Knee - 5 cm Increment 
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7. DISCUSSION 

7.1 Reference Shape Library 

Thc design of this shape library is based on proportionality and scaling. 

Certain assumptions allowed straightforward formulation of the library, while 

satisfying the need fo r  moderate accuracy in the final shape. 

A fundamental assumption is that left and right side shapes a re  basically 

symmetrical, thus allowing thc use of mirror imaging and basing the  design of the 

cosmcsis shape on the dimensions of the contralateral leg. Note however that the 

cosmcsis is scaled longitudinally to f i t  the prosthesis, which may actually differ  

slightly in length from the natural leg. 

The variables RENDO and RMESO are analogous to the  concepts of 

mcsomorphy and endomorphy. The distributions of RENDO and RMESO are  taken 

to be approximately normal and the skew existing in the adult population is 

overlooked. No term analogous to ectomorphy is included since longitudinal and 

radial scaling are used in matching the degree of linearity of the contralateral leg. 

It appears from analysis of the longitudinal variation of sectional areas for  

the reference shapes that  although limb shapes are very similar, there are  indeed 

variations that arc  not accounted fo r  wit5 the variables RENDO and RMESO. 

Although uniformity of proportion is assumed, i t  is not absolutely the case. 

For txamplc, the location of the maximum and minimum shank girths a re  

approximately constant. Wtiss and  Clark (1985) reported that fo r  many, the 

maximal girth is found a t  approximately 70 percent of the distance between the 

inferior border of the lateral mallcolus and the popliteal crease. The  f ive 

rcferenct shapes obtaincd in the present study demonstrate variability in  this 



aspect of leg shape- Variable radial scaling in the computcr softwrrrc addtcsscs 

this somewhat by tailoring the scfectcd rcfercncc shape to thc paticnt mcasurcs. 

The population sampled for the CANAD Databasc is assun~cd to bc 

representative of the amputee population to bc scrvcd by this systcm. No 

distinction by race, sex or age is addrcsscd by thc systcm in its prcscnt form. 

Within the scope and purpose of the prcscnt study, these assumptions and 

limitations are justified for the sake of simplicity. Further study may rcvcal that 

greater choice is warranted in the design of the shapc library and sclcction 

procedures or greater detail in anthropomctric mcasurcs and modification 

procedures. A possible future dcvclopmcnt would includc separate libraries for 

people of different sexes and racial backgrounds. 

Reference shapes were an appropriate choicc for this application, 3s 

opposed to digitization of the paticnt's natural limb, particularly i n  light of thc 

comparative expense of the two techniqucs. Digitization of the natural limb would 

have to be by Iascr scanner to make it compctitivc with thc specd of a rcfcrcncc 

shape approach, and very few laser scanners arc in  clinical usc. Thc cffort 

required to make and digitize a wrap cast for cach paticnt is cxccssive considcring 

the relative ease of recording a few simple mcasurcs and transcribing them into a 

computer. 

7.2 Discrete Fourier Tramstarm (DFT) Analysis 

Analysis demonstrated that a cylindrical grid of 36 radii at 10' incremcnts 

is more than adequate to  describe normal lowcr limb shapes. The usc of fewer 

points in conjunction with mathematical splines is suggcstcd. This analysis 

technique is a useful tool for establishing the adequacy of a shape-dcf ining data 



structure, akhough a technique which was not dependent on the choice of axis 

wou Id bc prcf era ble. 

This analysis depends on certain assumptions. First, only one example of 

shank shape was analyzed, and it  is assumed to be representative of the healthy 

human population, In fact, the shapc is from a relatively lean individual. It  is 

arguable that the spectral power distributions of most shank shapes would be 

weighted even more heavily to  the lower discrete spectral numbers (k), since the 

bony protuberances would be less prevalent on the legs of fat ter  individuals. 

The accuracy of the analysis also rests on the accuracy of the plaster 

casting process and on the digitization of the shape for  input to the computer (see 

Seetiom 3.2). 

As described in Section 4.2, the DFT frequency values depend somewhat on 

the placement of the central axis of the shape. Locating cross-sections more 

eccentrically relative to  the axis results primarily in a shif t  in the calculated 

values of spectral power from the constant term to the first  discretc spectral 

number. The effect on higher frcqucncies is less noticeable- 

In the worst cases, virtually all of the spectral power is transmitted in the 

first  six discrete spcctral numbers (see Figure 4.2). This would require just twelve 

points according t o  the Nyquist frequency, corresponding to  an  angular increment 

of 3@ for  cross-sectional slices. For longitudinal strips, the increment would be 

3.71 em. These low values suggest that such limb shapes could be defined with 

gcneralizcd equations, reducing the shape storage to a n  array of coefficients. This 

could result in enhanccd computational speed and more efficient use of the 

computer's memory. TRc Discrete Fourier Transform itself could be used in such a 

rcpreseotatioo of  shapc. At the time of milling, the equations would be used to  



generate the number of points found empirically to be best for achieving a smooth 

surface with the tool. 

7.3 Compo ter Program 

The number of measurements recorded on the subject measurement form 

was larger than required for the computer program. I t  was thought that some may 

be implemented in fu ture  refinements, so they were recorded for  that reason. Thc 

ultimate goal of this project is to save the prosthetist time, so in clinical use only 

the essential measurements would be taken. 

The reference shape is scaled to mimic the contralateral leg by uniform 

longitudinal scaling and variable radial scaling keyed to the magnitudes and 

elevations of the minimum, maximum, and knee girths. This technique relics on 

the assumption that the maximum and minimum girths may be found a t  the same 

proportional elevation fo r  all people. Variable longitudinal scaling may be 

implemented to deal with shanks of more diverse proportions. This would involve 

altering the longitudinal scaling factor along the length of the shape so as to f i t  

the  elevations of the maximum and minimum girths on the reference shape to thc 

corresponding key elevations recorded from the subject's contralateral leg. 

In its present form, the procedure Accommodate Socket lcavcs a horizontal 

groove across the f ront  of the cosmesis a t  the site of the patellar tendon bar". 

This was not corrected, but could be filled in with the interactive modifications of 

the  MERU-CASD system. Future refinements of the limb shape design program 

will make this an automatic 'smart' modification. 

'I This  is simply the  socket shape coming through. 



The rear flare creates excess sectional area on the proximal posterior aspect 

of the Final shape. This extra bulk shows up in the shape comparisons making the 

cross-sectional areas for the Final computer designed shape appear larger than 

those of the artisan prosthesis, but it is removed in the process of completing the 

prosthesis. 

7.4 Clinical Trial Discussion 

The clinical trial consisted of one subject. This was sufficient to 

demonstraie the functionality of the computer aided design software. It was not 

sufficitnt to prove superiority of the CAD shape over artisan shapes. However, 

the CAD software performed well in the trial. 

The computer generated limb shapes, like the artisan prosthetic limb shape 

were found to be longer than the casting of the natural leg when measured from 

the knee joint line to the ankle line (40.75 centimetres for each of the prosthetic 

leg shapes compared to 39.00 centimetres for the natural leg shape). It is likely 

that much of this apparent leg length difference is due to erroneous identification 

of the level of the knee joint l i ~ e  on the plaster cast of the natural leg. 

Design and production time was not recorded in this trial. Indeed, the CAD 

shape was not used in thc complete manufacture of a finished prosthesis. It is 

likely that the computer aided design process would take less time than the artisan 

design process, assuming the clinic is using the program in conjunction with a 

computer aided socket design system, and has the necessary equipment in-house. 

Mould carving could be performed by macbine, allowing the prosthetics technician 

to concentrate on other tasks 



The computer designed limb shapes were compared with the Natural leg and 

the Artisan limb shape produced for the patient. The Prlmary limb shapc 

compared well with the Natural leg over the full length. Cross-sectional arcas wtrc 

0.91 +/-7.44% larger and RMS error values were 0.034 +/-0.016. 

Qualitatively, the Final computer designed shape is satisfactory, I t  has a 

more lifelike appearance than the artisan shape; the Artisan sbapc is more 

cylindrical and lacks the typical varus curvature of the natural leg. 

The Final shape compared well qualitatively also. Bctwcen levels 2-39.0 

centimetres and Z=-5.0 centimetres, cross-sectional areas were only 0.5 +/-8.3% 

larger than those of the Natural leg, while corresponding sections of the Artisan 

shapc were 10.4 +/-8.9% larger than those of the Natural leg. RMS error values for 

the Final shape were 0.028 +/-0.010, while the values for the Artisan limb shape 

were 0.036 +/-0.0 12. 

Thus, the hypothesis was confirmed by this study. A computer aided design 

system was demonstrated which designed a lower limb shape for a below knee 

prosthesis. In this single trial, the accuracy of the Find CAD shape was bcttcr 

than that of the Artisan limb shapc produced for the same patient. Whilc this is 

encouraging, further trials are necessary btfore any general claims may be made. 

725 Accmracy Consideratioils 

Accuracy of the Final shape is affected by a number of things. 

Measurement errors, while relatively small, can introduce variation in the 

calculated REND0 and RMESO subject valucs. Skin tension can makc accurate 

measurement of skinfold more difficult. 



As the shapes are transformed and converted into cosmesis cylindrical 

coordinates there are round-of f errors due to the interpolations performed. These 

errors would generally be minor. 

Alignment definition was the measurement with the lowest degree of 

certainty; although it was performed with an automated device, the ACE 5001, the 

proper position for the socket measurement jig was not easily ascertained nor 

attained. Thus the definition of the socket axes for this trial was approximate at 

best. Tbe resulting differences in cosmesis shape would not be of great 

consequence for an endoskeletal design, since the shape would be carved out of 

soft foam which could be stretched over the socket to fit. For an exoskeletal 

design, however, tighter control of this measurement would be essential since the 

rigid materials used could not generally be made to fit  as easily as the soft foams 

(this will depend upon the particular techniques used). 

A source of error specific to the shape analysis and comparisons of this trial 

is the Shape Copier measurements of the natural leg replica and artisan prosthesis. 

The magnitude of these errors was discussed in Seetiom 3.2. 

7.6 Fotmre Work 

There is a need for more rigorous clinical evaluation and refinement of the 

system. A number of potential refinements have been identified. 

A more accurate technique for quantifying the final (dynamic) alignment 

for input to the software is required. A simpler measuring device or technique 

more readily available than the ACE 5001 will be required. Either a graduated jig 

or pylon system may suffice; it would not need to be automated. One such device 

was devclopcd by reearchcrs at Strathclydc University (Zahedi et al, 1986). The 



design of appropriate techniques and devices will be considered in upcoming 

research projects. 

lmprovemcnts to the computer sof tware will bc made as warranted. For 

example, a "smart" modification will be included into the softwarc to  fill in over 

the patellar tendon bar- Variable longitudinal scaling may be implemented to dcal 

with shanks of diverse proportions. General systematic shapc differences due to 

factors such as  sex and race muld be addressed with special shapc libraries if 

warranted. If clinical trials show that ocderna is not well enough addressed by thc 

present system, it may be treated with a special modification. 

Another consideration to  bt addressed is how to incorporate atypical 

marked tibia1 varus or bowleggcdness of the natural limb. Onc solution would bc 

to have the individual crors-xctions displaced systematically, shearing the shapc 

slightly to create greater or lcuer amounts of varus. 

Extension of this program to design of cosmescs fa r  thc abovc knee case 

could be fairly straightforward, The below knee spatial transformations would bc 

applied to the tbigh and shank portions separately, with paired tbigh and shank 

shape libraries, a foot shape library, and knee shapc modulcs. Alignment 

measurements would provide relative positions of the thigh compared to the 

proximal kntc  module, and for the distal knee module compared to the foot. 

The endoskeletal case requires lcsr accuracy in thc quantification af 

alignment A foam blank could bc carved directly and then hollowed out to fi t  

around the modular amponea t s  Alternatively, the post-proctuor might carve a 

two par# (bivalved) ncgativt mould whicb would then be wrapped around the 

aligned p r m t h t s h  and the void filled with soft clortd-cell foam by reaction- 

i n w i o n  moulding 



The txCCSk~Itrajl is amre demaltdimg ib terms of accuracy. One 

opprsuaeb r s u f d  k tct pmducs 1. bivalrcd beytive mould. Tbc two halves would 

Iw: wrapped around the patbesix while held in am alignment transfer jig. Wax or 

frrmm vwld k poured ia red allowed to set, and then the bivalve would be 

rcwrcd. Finally, the limb &ope would be laminated over as in standard 

ptmbctic pncrfcc. 

With ~dwancm im  the ~ y ~ ~ e a a t i c  prescription oC prmtbesis aligement, it 

rcwrld be pmwiblc to pursue direct forming of rbc finished bockct and cosmctic 

dclts, Tbtst would tkr t# badcd toilerbet rad attached to a foot, If the 

rVigavwat w o  a01 ~ l r i r c  sa4Sactory the prostbetist would specify a change to the 

%CWLCI shape or to the OJ~$DIIKDI[, and aaoIber finished prostbes'is would be 

~t Odwed. 



8. CONCLUSIONS 

A computer aided design system was developed which is capable of creating 

lower limb shapes for below-knee prostheses. 

A computer bawd library of reference shank shapes was assembled for 

input into the system. These shapes encompass various characteristics of the 

normal population in terms of tissue distribution. 

The cylindrical data grid used by the system to describe shapes was vcrificd 

by Discrete Fourier Transform ( D m )  analysis. It was determined that thc numbcr 

of data points was sufficient to describe the degree of shape curvature that may bc 

encountered. 

In designing the computer system, suitable anthropometric mcasuremcnts 

were established to be taken from the contralateral limb for input. Mathematical 

relationships and procedures were developed to permit sclcction, scaling and 

modification of the reference shape into the desired unique limb shapc. A method 

of acquiring alignment data from the socket and foot was dtvelopcd for input to 

the system, The software scales the selected reference shapc and distorts it as 

required to  blend i t  smoothly with the contours of the prosthetic socket and foot as 

tbcy are  aligned in relation to  each other. 

In a single clinical trial, the computer designed limb shapes were compared 

with the Natural leg and the Artisan limb shape produced for the patient. The 

Pr9ury limb sbapc compared well with the Natural leg ovcr the full length. 

Cro#-scctional arcas were 0.91 +/-7.44% larger and RMS error values for the 

t f i u r y  limb sbapc compared to the Natmrrl leg were 0.034 +/-0.0f6. 

Between levels 2-39.0 centimttrcs and 2-5.0 centimctres, cross-sectional 

areas of tbc R u l  CAD shape were only 0.5 +/-8.3% larger than those of thc 



N.ter.1 leg. while corresponding sections of the  Artisra shape were 10.4 +/-8.9% 

larger than those of the Natural leg. RMS error values for  the Final CAD limb 

shapc were 0.028 +/-0-010, while the values for  the Artisan limb shape were 0.036 

+/-0.012. Thus, the computer designed limb shape was more accurate in  this trial. 

The  Final limb shape output by the system was subsequently carved by 

automated means, demonstrating the feasibility of implementing the  system fo r  

automated manufacturc. Before this can be used clinically, certain material and 

techbical details must be addressed. 

Potential refinements to the design system were identified. Thcse 

refinements may improve the aestbetic accuracy and functionality of the  design 

system. 

The  computer aided design procedures developed in this thesis project 

permits the further  automation of the otherwise time-consuming labour-intensive 

production of lower limb prostheses. 



APPENDIX - GLOSSARY OF T E R M  

Bench alignment - As a first step in the iterative process of alignment, the 
prosthetist configures the prosthesis in a particular way. 

Calf Girth - Girth of the lower Icg a t  the level of the largest bulk of the calf. 
Corrected Calf Girth (CCAG) - Calf girth less the skinfold at the samc 
level. This gives an  indication of regional lean mass, 

CANFIT - The name by which the original MERU-CASD system. developed at thc 
Medical Engineering Resource Unit, has become commercially available for 
use in the prosthetics industry. 

CANFIT- PLUS^^ - The name of a second-generation CAD syrtcm dcvcloped as a 
joint venture between LIC Orthopaedics of Sweden and Vorum Research 
Corporation of Canada. 

CASD - Computer Aided Socket Design. 

Check Socket - A socket fabricated quickly to determine the effcctivcness of thc 
mould prior to dedicating substantial time to the fabrication of the final 
socket. 

Computer-numerically-controlled (CNC) lathes and milling machines arc operated 
automatically by computer programs to perform complex machining tasks 
quickly and accurately, 

Cosmesis - the outer covering of a prosthesis or orthosis, fabricated to give a 
natural appearance (also: cosmetic restoration or prosthetic limb shape). 

Digitizing tablet - A flat  rectangular electronic device that can record the absolutc 
position of a digitizing puck as i t  is slid across the working surface of thc 
tablet. Also known as a digitizer, A digitizing puck consists of a coil of 
wire and four button% i t  is held in the operator's hand and slid across the 
surface of the digitizing tablet. Use of the buttons rzgulatc the recording 
of the positional data- 

Dynamic alignment - The final alignment reached by having the amputee stand 
and walk on the prosthesis, starting with the bench alignment and making 
small changes as  required in an iterative process. 

Ectomorphy - Jkgree of linearity that a persaa exhibits. 

Eadomorphy - Degree of adiposity that a person exhibits. Regional Endomorphy 
(RENDO) - Index of endomorphic characteristics relative to the lower leg. 

Emdoprosthesir - a prosthesis which is internal to the body Ccg: a total hip joint 
replacement). 



Endoskeletal Design - Used to describe a prosthesis where the supporting structure 
is internal to the normal shape of the limb (NAS, 1971 ). 

Exoskeletal Design - Used to describe a prosthesis where the supporting structure is 
the outside of or external to the normal shape of the limb (NAS, 1971). 

Four Axis - Referring to milling machines, movement of the workpiece relative to 
the cutting tool is achievable in all three Cartesian directions, as well as 
rotationally with the axis of rotation usually aligned with one of the 
Cartesian axes (called a rotary table). The rotary table axis is used as the 
longitudinal direction of the shapes in the present application. 

Lean Body Mass - Fat Free mass plus essential (structural) lipid (Kinemetrix, 1990). 

MERU - Medical Engineering Resource Unit. UBC Department of Orthopaedic 
Surgery, University Hospital-Shaughnessy Site, Vancouver, B.C. 

Mcsomorphy - Degree of musculo-skeletal development that a person exhibits. 
Regional Mcsomorphy (RMESO) - Index of mesomorphic characteristics 
relative to the lower leg. 

Orthotics - the study and clinical delivery of orthopaedic appliances or apparatuses 
used to support, align, prevent, or correct deformities or to improve the 
function of moveable parts of the body (an orthosis) (Dorlands, 1981). 

Prosthetics - the study and clinical delivery of artificial substitutes for missing 
body parts (a prosthesis), such as an arm or a leg, eye or tooth, used for 
functional or cosmetic reasons, or both (Dorlands, 1981). 

Rectification map - a map of adjustments to a shape. Analogous to the addition or 
removal of plaster from a socket mould. 

Reference shapc - This term refers to the philosophy underlying the MERU-CASD 
system: that individual amputees a n  be well served with the use of one or 
several standardized reference shapes, scaled to match their particular 
dimensions. The work rcponcd herein follows this approach for the 
creation of the cosmetic restoration. 

Residuum - the portion that remains of an incomplete limb, also called the stump. 

SACH Foot - Solid Ankle Cushioned Heel 

Shape Copier - A device designed a t  the Medical Engineering Resource Unit for 
recording shapes The dcvice is used in conjunction with an IBM Personal 
Computcr to record each shape digitally in cylindrical coordinates. The 
design resembles a rotisscric (spit) held above a digitizing tablet. 

Suspcnsioo - Tbc means by which a prosthesis is kept from falling off a t  times 
when thcrc b distraction force, generally during swing phase. Originally 
suspension for below knee prostheses consisted of a leather cuff around the 
thigh, 



Tibiali Height (TIHT) - Height o f f  the ground of the tibiali landmark. This is the 
top o f  the tibia1 shelf. 

UCL - University College London, London, England. 

Working socket - used to describe the shape created by the CASD system from the 
initial amputee data, prior to any fine-tuning by the prosthetist. 



LIST OF REFERENCES 

Bannon, M.A. - Shape management: automated prosthetic procedures - the cosmetic 
restoration, Unpablisbed paper, School of Kinesiology, Simon Fraser 
University, 1983. 

Boone, D.A., Burgess E.M, Lyons, D.I. - Remote automated fabrication of mobility 
aids (abstract). Interrrrtioaal Society for Prosthetics and Orthotics - VI 
World Corgress, Kobe, Japan, p. 232, 12-17 November, 1989. 

Boone, D.A., Sidles, J.A., Burgess, E.M. - Computer assisted teaching of prosthetic 
design methods (abstract). Iaternrtioaal Society for Prosthetics and 
Ortbotics - VI World Congress, Kobt, Japan, p. 222, 12-1 7 November, 1989. 

Carter, J.E.L. - The Hertb-Carter somatotype method. San Diego: San Diego Statc 
University Syllabus Srvicc, 1980. 

Carter, J.E.L., Ross, W.D., Aubrey, S.P., Hebbelinck, U, Borms, J. - Anthropornetry 
of Olympic Athletes. 10: Medicine rad Sport Vol. 16, pp. 25-52, Basel: 
Kargcr, 1982. 

Childress, D.S., Rovick, JS, Van Vorhis, R.L. - CAD/CAM of below-knee 
prostheses: Anatomically-based a priori alignment prescription studies. 
Rebrbilitrtton R & D Progress Reports, Vol. 25, No.1, p. 28, 1987. 

Childress, D.S., Rovick, JS, Steege, J.W, Chan, R.B., Brncick, M.D., Krick, H.J., 
Vanaah, W . M  - Computerized methods for prosthetics and orthotics. 
Rebrbilitrtion R & D Progress Reports, Vol. 26, Annual Supplement, pp. 4-5, 
1989. 

Childress, DS. - A short overview of CAD/CAM and its relationship with 
prosthetics/orthotics. To be peblished as an ISPO report, 6 pages, 1989. 

Cooper, D.G. - Thrcc dimensional reconstruction of bone shapes for computer aided 
design of prostheses sockets. MSc.  Tbesis, School of Kinesiology, Simon 
Frastr University, 1986. 

Crawford, H.V, Gcllett, P.W, Cousins, S - A low cost computer controlled carving 
machiae. BRADU Bioeagfmeering Report, pp. 43-44, 1985. 

Davits, R.M, Lawrence, R.B, Routledge, P.E., Knox, W. - the Rapidform process 
for automated thermoplastic socket production. Prosthetics and Ortbotics 
Imttrmatioul, Vol, 9, pp, 27-30, 1985. 

DPvies, R.M. - Prosthesis shape replication and sccket production using CAM 
(abstract). Imtcrut ioul  Sockty for Prosthetics and Orthotics - V World 
Comgrtss, Copenhagen, Denmark, p. 63, June 29 - July 4, 1986. 

Dclp, D, Dclg, S, - Undcrstandiag human movement with computer graphics. 
SOIIAA, VoL 3, No. 3, pp 17-25, July-Stptcmber 1989. 



Dcwar, M, Lord, M - The role of CAD/CAM in prosthetics. BRADU 
Bioemgineeriag Centre Report, Dept of Mechan ica l Engineering, Univcrsi ty 
College London, pp. 13- 18. 1985. 

Dewar, M,  Jarman, P., Reynolds, D., Crawford, H., MacCoughlan. J., Wilkinson, J., 
Crew, A. - Computer-aided socket design (CASD): UCL system based on full 
shape sensing. BRADU Biocegineerieg Centre Report, Dcpt of Mechanical 
Engineering, University College London, pp. 19-30, 1985. 

Dorlamd's Illustrated Medical Dictioeary. Twenty-sixth Edition. W. B. Saunders 
Company. Toronto. 198 1. 

Faulkner, V.W., Walsh, N.E. - Computer designed prosthetic socket from analysis of 
computed tomography data. Journal of Prosthe tics and Ort hotScs, Vol. I ,  
No. 3, pp I 54-63, April 1989. 

Fernit, G.R., Halsall, A.P., Ruder, K. - Shape sensing as an educational aid for 
student prosthetists. Prostbetics amd Orthotics International, Vol. 8, pp. 87- 
90, 1984. 

Fernie, G. - Implications of CAD/CAM tcchnology for prosthetics and orthotics 
education (abstract). Inter~at ioeal  k i e t  y for Prosthetics and Ort hotics - V 
World Congress, Copenhagen, Denmark, p. 302, June 29 - July 4, 1986. 

Foort, J. - Letter to Colin McLaurin, 1960. 

Foort, J. - The patellar-tendon-bearing prosthesis for below-knce amputees, a 
review of technique and criteria. Artificial Limbs, Vo1.9, No.1, pp 4- 13, 
Spring 1965. 

Foort, J, - Socket design for the above-knee amputee. Prosthetics and Orthotics 
International, Vol. 3, pp. 73-8 1, 1979. 

Foort, J. - Leg prostheses: 1. construction methods and maitcrials. Curreot 
Orthopaedics, Vol. 3, pp. 270-75, 1989. 

Foort, J. - Leg prostheses: 2. Sockets, suspension and alignment. Curreot 
Ortbopaedics, Vol. 4, pp. 131-35, 1990. 

Fmrt,  J, Spiers, R, Bannon, M. - Experimental fittings of sockcts for below-knee 
amputees using computer-aided design and manufacturing techniques. 
Prosthetics and Orthotics Imttrmational, Vol. 9, pp. 46-47, 1985. 

Haggmark, T, Jansson, E, Svanc, B. - Cross-sectional area of thc thigh muscle in  
man measured by computed tomography. Scandinavian Journal of Cllalcal 
Laboratory I.vcrtigatio~r, Vol. 38, pp, 355-60, 1978. 

Hobson, D, - A powered aid for aligning the lower-limb modular prosthesis. 
Bulletim of PrortheClu Research, pp. 159-63, Fall, 1972. 



ipos USA - Computer aided socket cover design. ipos USA, Niagara Falls, N.Y., 
1989. 

Jarman, P, Dcwar, M - Carving blanks for CASD project. BRADU Bioengineering 
C e ~ t r e  Report, Dtpt of Mechanical Engineering, University College London, 
pp. 45-47, 1985. 

Jones, D, - Impact of advanced manufacturing technology on prosthetic and 
orthotic practice. Joarmtl of Biomedical Engineering, Vol. 10, pp. 179-83, 
April, 1988, 

Jones, D. - Personal coamemicatio~ with Bob Sabiston, August, 1990. 

Kinemetrix Inc. - The advmced 0-scale physique assessment system instruction 
maoual. 1990. 

KIasson, B. - Computcr aided design, computer aided manufacture and other 
computer aids in prosthetics and orthotics. Prosthetics and Orthotics 
International, Vol, 9, pp. 3-1 1, 1983. 

Krouskop, T.A., Dougherty, D.R., Vinson, FS. - A pulsed doppler system for 
making noninvasive measurements of the mechanical properties of soft 
tissue. Journal of BeBaBilitation Research and Development, Vol. 24, No. 2, 
pp 1-8, Spring 1987a. 

Krouskop, T.A., Muilenbcrg, A.L, Dougherty, D.R., Winningham, D.J. - Computer- 
aided design of a prosthetic socket for an above-knee amputee. Journal of 
Reblrbilitttioo Research amd Development, Vol. 24, No. 2, pp 31-8, Spring 
1987b. 

Krouskop, T.A, Matinauskas, M., Williams, J,, Barry, P.A., Muilenberg, A.L., 
Winningham, D.3. - A computerized method for the design of above-knee 
prosthetic sockets. Jomrmal of Prosthetics and Orthotics, Vol. 1, No. 3, pp 
131-38, April, 1989. 

Lyquist, E. - Recent variants of the PTB prosthesis (PTS, KBM and air-cushion 
sockets). In Prosthetic amd Orthotic Practice (Conference in Dundee, June 
1%9), Edward Arnold Ltd., London, pp 79-88, 1970. 

MacCoughlan, J.J. - PTB cast rectification. BRADU Bioengineering Centre Report, 
University College London, pp 82-89, 1983. 

McGuinncs, WJ. - Persona1 Commmmication, 1990. 

Marshall, L, Lord, M - Shape definition of the lower leg. BRADU Bioengineering 
Centre Repert, University College London, pp 42-58, 1983. 

Michael, J.W. - Reflections on CAD/CAM in prosthetics and orthotics. Joarnal of 
Prosthetics amd O r t b t k s ,  Yol. 1, No. 3, pp 116-21, April 1989. 



Nakajima, N., Suzuki, U, and Inatomi, Y. - Application of CAD/CAM technology 
for  socket design of artificial legs. Proceedings of Coafereace om 
CAD/CAM Technology im Medical Engineering, MIT, pp. 153-62, 1982. 

Nakajima, N, Suga, M - Computer aided design and manufacturing systcm for 
above-knee prosthctic sockets (abstract). loteraatioaal Society for 
Prosthetics aad Orthotics - V1 World Coogress, Kobe, Japan, p. 192, 12-17 
November, 1989- 

National Academy of Sciences (NAS) - Committee on Prostherics Rcscarch and 
Development - Cosmcsis and Modular Limb Prostheses - Report of a 
Conference, San Fransisco, CA, March 197 1. 

Novicov, A., Foort, J. - Computer-aided socket design for arnputccs. Conference on 
Biostertometrics 8% Preceedings of Tbe leternational Society for Optical 
Engineering, San Diego, California, USA, 1982. 

Oberg, K.E.T. - Swedish attempts in using CASD/CAM principles for prosthetics 
and orthotics. Clidcal Prostbetics and Orthotics, Vol. 9, pp 19-23. 1985. 

Oberg, K., Kofman, J., Karisson, A., Lindstrm, B. Sigblad, G. - Thc CAPOD system 
- a Scandinavian CAD/CAM system for prosthctic sockcts. Jourad of 
Prosthetics and Orthotics, Vol. 1, No, 3, pp 139-48, April  1989. 

Prosthetics and Orthotin Research and Development Unit (POR DU)-Manitoba 
Rehabilitation Hospital Winnipeg. Progress Report: the first five years, 1968. 

Radcliffe, C.W, Foort, J. - Mammal of below knee prosthetics. Biomechanics 
Laboratory, School of Medicine, University of California (Bcrkelcy and S m  
Francisco), 1959. 

Radcliffe, C.W, Foort, J. - The patellar-tendoo-bearing below- knee pros! besis. 
Biomechanics Laboratory, School of Medicine, University of California 
(Ekrkeley and San Francisco), 1961. 

Radcliffe, D.F. - Computer-aided rehabilitation cnginecring - CARE. Journal of 
Medical Engineerimg & Technology, Vol. 10, No. I ,  pp. 1-6, 1986. 

Raschke, S.U. - CAD-CAM applications for spinal orthotics (abstract). 
Internationrl Society for Prostbetics and Orthotics - V I  World Congress, 
Kobe, japan, p. 268, 12-17 November, 1989. 

Raschke, S.U, Bannon, MA, Saunders, C.G., McGu in ncs, W.J. - CA D-CA M 
applications for spinal orthotics - a preliminary invcstigation. Jorraal of 
Prosthetics and Ortbotics, Vol. 2, No. 2, pp 115-18, Winter 1990. 

Rovick, JS, Walker, PS. - Design of an off-the-shelf knce orthosis using averaging 
techniques. Frecdimgs of the Niatb Aoonai Conference on Rebddlitrtioa 
Emginrerhg (RESNA), Minneapol is, Minncsota., pp. 107-9, 1986. 



Sabiston, R.M - Reference shape modelling for the computer-aided design of 
orthopaedic footwear- Final Report to Health and Welfare Canada, Medical 
Engineering Resource Unit, March 1990, Appendix C. 

Saunders, C.G., Foort, J, Vickers, G.C. - Shoe last replication by moire 
contourography. Tublology that  Enables: Proceedings of the Foartb 
Aaoeal Coaferemce em Rebabilititios Engineering (RESNA), Washington, 
D.C., pp. 254-56, August 30-September 3, 1981. 

Saunders, C.G., Fernie, G.R. - Automated Prosthetic Fitting. In: Special !Sessions, 
Sccoed Intermatioral Conference om Rehabilitation Engineering, Ottawa, 
Canada, pp 239-42, 1984, 

Saunders, C.G., Foort, J, Bannon, MA., Dean, D., Panych, L. - Computer aided 
design of prosthetic sockets for below-knee amputees. Prosthetics aad 
Ortbotics lnttrmatiomal, Vol. 9, pp. 17-22, 1985. 

Saunderq C.G. - A three dimensional digitizer. M.Sc. Thesis, Electrical Engineering, 
University of British Columbia, 1986. 

Saundcrs, C.G., Foort, J, - Sbape copier documents tion, Version I .l. Medical 
Engineering Resource Unit, University of British Columbia, 1986. 

Saunders, C.G., Baanon, MA, Foort, J. - Computer-aided socket manufacturing - 
CASM - User's u m u l ,  Versioa 2.2. Medical Eng:neering Resource Unit, 
University of British Columbia, 1986. 

Saunders, C.G., Bannon, MA, Sabiston, R.M., Panych, L., Jcnks, S.L., Wood, I.R., 
Raschke, S. - The CANFIT System: shape management technology for 
prosthetic and ortbotic applications. Journal of Prosthetics and Ortbotics, 
Vol. I, No, 3, pp 122-30, April 1989. 

Saunders, C-G, Bannon, MA. - Results of external clinical trials of the MERU 
'CANFIT computer-aided socket design system (abstract). Intereatioad 
Society for P r o r t k t k r  8.8 Ortbotics VI World Congress, Kobe, Japan, p. 
190, November 12-17, 1989. 

Sautcr, W.F. - Technical notes cosmetic covers for modular prostheses. Artificial 
Limbs, Vol. 16, No. I, pp.51-67, Spring, 1972. 

Sidlcs, J.A, Boom, D.A, Harlan, JS, Burgess, E M  - Rectification maps: a new 
method for describing residual limb and socket shapes. Journal of 
Prosthetics amd Ortbotics, Vol. I, No. 3, pp 149-53, April 1989a. 

Sidles, J.A, Harlan, JS, &lone, D.A. - Mathematical techniques for comparing 
residual limb and socket shape (abstract). International Society for 
Prostbetics 8mI Or thot in  - VI  World Congress, Kobe, Japan, p. 82, 12-17 
November, 1989b. 



Spiers, R.W. - Computer aided design: the future for education i n  prosthetics and 
orthotics (abstract). Imternatiomal Society for Prosthetics and Ortbotics - V1 
World Congress, Kobe, Japan, p. 190, 12-1 7 November, 1989. 

SPSS Inc. - SPSS' User's Cmide, 2nd Ed., SPSS Inc., 1986. 

Stanley, W.D., Peterson, SJ. - Fast Fourier transforms on your home computer. 
BYTE, December, pp 14-25. 1987. 

Stark, H., Tuteur, F.B. - M e r m  Electrical Communications: Theory and Systems. 
Prentice-Hall, lac, Englewood Cliffs, New Jerscy, pp. 19 1-202, 1979. 

Torres-Moreno, R. - Thrce dimensional shape definition of abovc knee amputcc 
sockets for computer aided manufacture. M.Sc. Thesis, School of 
Kinesiology, Simon Fraser University, 1987. 

Tuma, J.J. - Eogieceriog Matbematics Handbook. McGraw-Hill Book Company, 
Inc., New York, Toronto, 1970. 

United States Department of Defense, Military Standard: Human Engineerlog 
Design Criteria for Military Systems, Equipment and Facilities. MIL-STD- 
1472B, pp. 99-109, 31 December 1974. 

Van de Veen, P.G. - Am imvtstigation of design criteria of modular endoskeletal 
lower limb prostheses. 1989. 

Van Rollegham, J- - CAD/CAM in prosthetics and orthotics (abstract). 
International Society for Prosthetics and Orthotics - VI World Congress, 
Kobe, Japan, p. 191, 12-17 November, 1989. 

Walsh, N.E., Lancaster, J.L, Faulkner, V.W., Rogers, W.E. - A computerized system 
to manufacture prostheses in developing countries. Journal of Prostbetics 
rod Orthotics, Vol. 1, No, 3, pp 165-81, April 1989. 

Ward, R, Personal Comau~icatioa,  1990. 

Weiss, L.W, Clark, F.C. - Ultrasonic protocols for separately measuring 
subcutaneous f a t  and skeletal muscle thickness in thc calf arca. Physical 
Tberapy, Vol. 65, No. 4, April 1985, pp 477-81. 

Wilson, A.B., J r  - Limb prosthetics - 1967, Artificial Limbs, Vol. I I ,  No. 1, Spring 
1967, pp 1-46. 

Zahedi, MS, Spence, W.D, Solomonidis, S.E., Paul, J.P. - Alignment of lower-limb 
prostheses Jour r r i  of Rcbrbili tatioe Research and Development, Vol. 23, NO. 
2, BPH 10-44, pp. 2-19, April 1986 

Ziemer, R.E, Tranter, W.H. - Priociplcs of Communications: Systems, Modulation 
and N o h .  Hooghton Mifflin Company, Boston, 1976. 


