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Abstract

The quality of prosthetic sockét can affect the function of the final prosthesis and
may ke compromised by errors during thesidual limb shapeapture.Plaster of
Paris and Computer Aided DesigfAD) systems are currentlysed with the
residual limb exposed to different conditiorisimited measure of accuracy or

repeatabilityof CAD systemsexist when compared fgaster of Parisnethods.

The thesisaimsto evaluate the accuracyepeatabilityand reliabilityof commonly
used prosthetic CAD systems and compare results with traditebragde capture
methods

A survey established that the stacommonly usedCAD systems are the Tracer
CAD and T ring systemsvhich use the same software buffeient principles of

operation.

Systems were evaluated using a series of models mfkrdimensions and volume.
Each was measured by CAD systems and eseapto a gold standard to evaluate

accuracyand repeatability of diameter and volume measurement

Reliability between userwasalsocompared and found to iégh when assessing all
models using bot@AD systemgICC > 0.984).

Tracer CAD system repediifity was good(CV<5%) for dameter and volume
measurementsn solid modeldut lessrepeatablen areas ofr manikin which were
easily deformedCV 9.66%).Less epeatability of T ringzolume measurement was
observed particularly at distédvels. Plaste of Paris castingvas more repeatable
than CAD system Poorerrepeatability ofvolumemeasuremenvas observedt the
distal endof deformableand shapedodels(CV=8.97%).

Plaster castshoved the best accuracy dfamder measurement of all systems on
non deformable model$é<imm) and similar accuracy ofolume measurement

compared tolracer CAD.The T ring was the least accurate systé&mors were



largest on shaped and deformaimledels. Pooreaccuracy was observed towards the
distal endBased orlimited evidenceresults indicatehat methods of shape capture
analysedlo not show sufficient accuracy for prosthetic shape capture.
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Chapter 1
1 Introduction, aims and objectives

The primay focusof this thesiss concerned with methods of shape capture used at
the transtibial level of amputation Transtibial amputation is the most common
level accounting for almost half aftotal of 5000 new referrals to prosthetics service
centres irthe UK (NAS/DAB 2006/7).

Appropriate treatmentor any patientwith amputationinvolves the correct use of
technology to capture the shape of the residuum and a sound knowledge of the
interaction between the prosthetic device and the residual llinsbaccepted that the
quality of fit of a prosthetic sockehas an #ect on the function of the final
prosthesis (Datta 2000, Douglas et al. 2002) ead becompromised by errors
during the capture of the residual limb shape (Radcliffe 1955, He et al. 1999,
Johansson and Oberg 1998

Scientific evidenceao determine conditionsecessary to providené o p t soaket |
prostheticf i t 6 i Fwo fundannentadly different socket designs exist side by
side for the transibial level of amputation; the patellar tendon bearing (PTig) a
dydrostatid sockets. Although both are routinely used in clinics, designs are based

on conflicting and radically different rationales.

Traditionally, shape is captured by taking a plaster of Paris mould of the residual
limb which is used for socketr@duction. Thismay be taken by hand or with the
limb exposed to a variety of differemonditions including the use of air or water

pressure.

Whether the inb shape should be captured with a plaster of Paris (POP) cast or not,
and whether the anatomicdlata should be obtained whilst weight bearing or
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offloaded isalso questionable. Conditions under which the residuum should be
captured have been discussed by a number of researchers and clinicians who have
attempted this in a variety of ways (Buis et 2003, Kristinsson 1983, Isherwood
1978, Murdoch 1968).

Depending on these conditions, an exact replica of the residuum may not fulfil
criteria for optimal socket fit and the resulting shape captured will require
modification. Material may be added to thlgape captured over areas which, in the
patientds l i mb are at ri sk of overl|l oad]
considered suitable for weight bearingnodification) Both the casting and
modification procedures have been described as subjectivensistamt, and
performed on the basis of skill and judgement of the prosthetist (Kristinsson 1983,
Convery et al. 2003Errors associated wittnodificationare not well understood or
quantified It has been suggested that plaster of Paris modificatiossrineherent
difficulties in the quantification and recording of resulted to produce comfortable
sockets (Saunders et al. 198®owever scientific evidence to support these

statements or establish alternative methods is limited.

Researchers agreeat the shape of the residual limb must be captured accurately and
precisely although the degree to which this is required continues to be debated
(Fernieand Holliday 1982, Lilja and Oberg 1993aunders 2003, Smith and Burgess
2001). It was hoped that ghintroduction of Computer Aided Design (CAD)
techniques would minimise errors and that measurements produced would facilitate
greater insight into the understanding of how to achieve optimal prosthetic socket fit
(Lilja and Oberg 1995).

However, differeh CAD systems have been developeddifferent ways, andn
isolation to other traditional shape capture concepstead of being used as a tool

by which understanding of these concepts might be enhanced. The best method of
shape capture using CAD hag y®t been decided conclusively. Systems use both
contact and non contact methods, and employ different modes of shape capture

(mechanical digitisers; electromagnetic scanners; optical laser systems and digital
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photography). Current systems do not periné imb to be loaded whilst data is
collected.

Liljla and Oberg (1995) stated that CAD systems required independent evaluation to
ensure accuracy and improve understanding of how best to digitise shape. They
believed this would allow identification of maa&ement errors before systems were
introduced imo patient care and also allow identification of future enhancements
which may then be made to new systems. Despite this, systems have been introduced

for clinical use without independent evaluation.

The repeatability and accuracy of prosthetic shape capture using different CAD
systems has been reported in several pgptastings et al.1998, Johansson & Oberg
1998, Lilja & Oberg 1995, Oberg & Johansson 1993, Saunders et al.\2e@&het

al. 1997. Howeve, socket fit isstill poorly understood. dlsystem has been directly
compared to plaster of Paris and therefore the context in which these factors affect
the final shape captured when compared to traditional plaster of Paris methods is still
debated.

Prosthetic sockets shaped by traditional design have been compared to those made by
CAD in several studies with varying success (Boone and Burgess 1989, Ellepolla and
Sheredos 1993, Engsberg et al.1992, Holden and Fernie 1986, Oberg et al. 1993,
Topper and Fmie 1990).CAD systems however have not fully replaced traditional

methods of shape capture.

The scientific quality of literature in this area is limited. Different studies use
different CAD systemsvhich are difficult to compare. Most studies are liedtin
sample size, use convenience samples and different outcome measuré&oents.
socket fit criteria were established in any of the studies identified which makes the

Osuccessod6 of a socket from one study dif

Studies afen relied on subjective opinion$ patients and prosthetists to compare the

success of one socket fit to another made by a CAD prdéedbermore, as patients
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and prosthetists were not always blinded to the treatment modality this may have
influence onfinal results. As many studies predd&600, most evaluate systems
which have become outdated and no longer used.

The addition of the use of CAD systems seems only to have increased uncertainty in
determining the best method of capturing the shape ofrdnstibial limb. As no
agreement has been reached as to how shape should be captured, no consensus has
been reached in determining the best method to use with CAD systems. This has
resulted in development of different systems which employ different augtf

shape capture for different socket designs.

The aims of this thesis are to evaluate the accuracy, repeatability and reliability of the
most commonly used prosthetic CAD systems and compare results with traditional

methods of shape capture usingspea of Paris.

A literature review was undertakendetablish the conditions which are most likely
to produce an ideal fit of prosthetic socKehis thesis examinesurrent trangibial

socketdesignand identifies what exists in the way of prostheticket fitcriteria.

The aim of thditeraturereview also included investigation of current methods of
prosthetic shape capturdraditional and CAD methods of shape capture are
examined including the conditions under which thenstibial residual linb is
placed during each process.

To understand the extent of use of prosthetic CAD systems a survey of all UK limb
centres was carried oukhe success of eadbAD system depends on hawliably

and with what repeatabilityt achieves the required accaya Limited evidence
exists on the extent to which errors of shape capture affectittof a prosthetic
socket. Ealuation of CAD systemmsust therefore beompared to traditional plaster

of Parisshape capturenethods This will place inaccuracy anddk of repeatability

in capturing the final shape in tleerrectcontext
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Results are discussed and conclusions madw® ake efficacy of each system.
Recommendationaremade for conditions required to produce thest accurate and
repeatable method afhape capturdbased on socket fit criteridescribed in this

thesis
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Chapter 2

2 Socket fit criteria and trans-tibial socket design

Traditionally transtibial shape has been captured by wrapping plaster of Paris
impregnated bandage around the residuabli Assessment of tissue consistency
helps the prosthetist gauge the desisedpe and/olume of thefinal socket and
determines how much plaster is removed from the shape capBuex (2003)
believed thathis process reliedn artisan practicevhich hedescribed as inaccurate
and not repeatahleviany different methods of casting have been introduced to
attempt to capture the shape more accurately and in a repeataiiertMurdoch
1968, Gardner 1968, Kristinsson 1983). No consensus has been reaithttk dsest
methodof, or the conditions under which the limb should be placed during shape
capture Different principles of socket desigxist side by side in the clinical arena,

each with entirely different rationale.

In order to consler the succesef any prostheticshape capture systenmcluding
CAD, it is essential to specify the critenehich aredesirableto promote optimal

prostheticsocket fit.

This chaptemwill define socket fit criteria andescribs socket desigs currently used
for the patient with trandibial amputation.Advantages and disadvantages with

respect to errors of shape capture which may affect prosthetic fit are discussed.

2.1 What constitutes a good prosthetic fiP

To understad wh a't const it uttdssneessary gspesifydesredc k e t
criteria required to ascertain this go&lowever very little scientific evidenceexists

in this areaOne of the main bodies of work whidatentifiesthe contributing factors

of optimal socket fit, is from an internal Univessiof Strathclyde manual (Klasson
1995). Although thiddocument has not been peer rewed, it doegprovide a clear
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and sensible rationale for thehievemenof optimal socket fitKlassonstatedthat a

good fit is determined by:

1 As stiff as possible aoupling between the skeleton and the prosthesis.
1 No tissue damage

1 Minimum discomfort

Biomechanical coupling elements exist between the soft tissues of the stump and the
socket interfaceduring stéic loading and throughout the gait cycl€o reduce
detrimental shear stresses, internally and at the stump socket intenfaséffhess

of this coupling is important to the success of the rehabilitapimcess. Stiff
coupling will contribute to the static and dynamic stability of fprosthesis and
reduce pstoning (Figure 2-1). Movement or displacement can actually happen in
different areas: eithebetween skin and the sockdtetween soft tissge or soft
tissuesand bone, even when total contactashieved. Reductionn pistoning
between stump and socket mayprove comfort, reduce pressure on sensitive areas
and prevent the foot making contact with the floor during swing phiasks.
suggested thahigher stiffness increaseproprioceptionwhich is important as
prostretic uses experiencdimited feedback from the prosthetic fofKristinsson
1983, Buis et al. 2008

Figure 2-1 Residual limb position terminal swingand (Rt.) at initial contact (Pistoning).
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It is important that the load, which is distributed over the total area, is at a level
which is tolerable to the usdf the shape of the stump is not captured accurately or
under the correct conditionsygblemsmay occur athe stump / sockenterface as

high local pressures and prominencegh as the head of the fibula may not be
adequately accommodated within the prosthesis. The position of prominences such
as the head of the fibula or the tibial crest will change relative to the socket at
different points of the gait cycle and be subjected to excessive local pressures should

accommodation not be made for these prominerkigsare2-2, Figure2-3).

Figure 2-3 Resulting forces during loading response.

It is normal practiceto influence the shape of the prosthetic socket by modifying the
plaster positive cast on which it is formed. This is aciidwy the addition of plaster

on a positive stump modethich resuls in local pressure relief in the socket wall.
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However, if reliefs are excessive, the prosthetist will laea for force transmission

and ircrease pressure on the surroundirgps.

Pressure is equal to force applied per unit area of application. The amount of pressure
(stress) appliedleterminegshe deformation of tissue in relation to thickness of the

layer of tissue (strain)

As the loadon an area of the residual linificreasespressurencreases and tissue
thickness decreases.the thickness othe soft tissuesaries and the indentation or
deformation is the same over the area, then the pressure will be higher at the thinner
areas.ldeally, the socket shape is modified to allow for this. Howeves, small

error ismade in the socket shape owein soft tissue or a hard bony area then even

greater pressure will result.

The distribution of pressure has been the subject of debate throughout the history of
socket fitting. According to Klasson (1995), the ideal pressure distribution over a
selected bony area of the stump is a uniform presisngbution if the purpose is to
make sure that local pressure peaks are avoided or minimkkdugh a uniform
pressure distributiomay result over certain areas even pressure distribution over

the stump througbutthe gait cycle is not possiblénse the forces and moments vary
(Figure2-2 andFigure2-3.)

Buis et al. (2003) contended that it is ideal only to avoid peaks and that it may not
necessarily be ideal for tissues to have a uniformspreddistributionThey were of

the opinion thathe ideal loading pattern would be able to accept the highest load
applied without exceeding thessue pressure tolerance levelneven pressure
distribution strives to push the material from high pressueas to low pressure
areas prevented only kpotentially damaginghear stresse3he uniform pressure
distribution is desirable at the highest load during the gait syeteit is logical that

the risk for tissue damage is highest at peak lo#idshis is achieved hen

theoreticallythere may b&o requirementdr relief over bony prominences.
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This is only partly true as the assumption is made that dynamic and static situations
are the same. During stance phase, much higher pressures may be acifeptable
applied over a shorter time span

Figure2-4 (Reswick and Rogers 1972) shows maximum tolerable pressure related

to duration of application for porcine tissue.

This figure provides guidelines about pressure duration toleraadti®ough is
intended to be used in connection with besbre prevention in healthy tissues and
is of a static natureather than cyclical loading/alues above the curvature of the
graph are considered unsafe, whilst thbséow thecurve areconsidered $af e
This paper ued the assumption that porcitissue would exhibit similar properties

to that of humans.
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Figure 2-4 Safe pressure (Reswick & Rogers 1972)

The rationale for using interda pressures rather than shapplicationto define a
comfortable socket is based upon the behaviour of the soft tissue of the limb segment
that remains afteamputation(Krouskop et al1987) It may also be because it is

easier to measure.
Interface pessure and shape dikely to berelated. It isprobablynot possible to

determine the final loaded shape of the stumjess we have a means of capturing

the shapeundernormal loadingconditions If the shapecannotbe capturel in this
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way then theonly alternativeis to substitute the missirigformationby modification

of the original (unloadedyhape.

The trandibial residuum consists ohonhomogeneoussurfaces of different
underlying shape and siaehich are subjected talifferent conditions ashe load
changes. This situation becomes even more complicated when the tissue stiffness is
not constant either due to the stump shapeherestiffness gradiets cause stress

concentration$Murphy 1954).

If the soft tissue layer over loaded bony arsasnly 2mm thick, it would proveery
difficult to design a surface matching that results in an even pressure distribution at
peak loads. Small errons socket shapmay increase the local pressure considerably
decreamg the surrounding pressure. Eveegsure distributiors difficult to achieve

using rudimentary tools in the plaster roont is likely that errors would be
introduced as modifications are difficult to quantifyhe addition and removal of
plaster is notimproved by the use of computer grammes which incorporate a
modfication process as the result cannetrheasuredVisualisationof the shape on

a monitor doesiot enhance this process since the prosthetist experiences the same
difficulty in knowing how much to add or remove from thegaral model.

2.2 Summary

In conclusion, liefinal shape of the socket mustcuratelyresemble the shape of the
residual limb under peak loading conditioi® do thisthe shape of the limb should
ideally be captured when loadeleliefs are not desirable Hgese promoteoundary
shear stress in localised arel®ssidual limb shapeaptureunder dfferent conditions
requires the capturedshapeto be modified However, thishas the potential to
introducediscrepancies in shape between the loaded stump aket.s8ach a result
would affect the stiffness of the coupling mechanism whidpotential tointroduce
pistoning,excessivepeak pressuresnd detrimental shear stress€his couldresult

in discomfort and potentially tissue damage to the residual limb.
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2.3 Trans-tibial socket design

The socket of a trarsbial prosthesis is important because the residual limb does not
have the same weighkaring capabilities as thrmalfoot. Therefore, the design
and fit of a socket are important factors in the sssite rehabilitation of a patient.
However, many different opinions still exist regarding the welgdring

characteristics that agsthetic socket shoulgbssessHergason 1999

As far back ad954, Murphyreported orconsiderable confusion and lack lmasic
knowledge in the entire field of fitting a socket to a stump. He stated that some
prosthetists and surgeons argued for uniform distribution of pressure over the stump
while others believedin supporting high pressures in certain tolerant areas
consdered physiologically able to support weight. Relief of pressure is advocated
correspondingly on other areas of greater sensitivity. Murphy stated that individual

prosthetists differed as to the exact areas involved and the methods employed.

Over fifty years later both concepts are still advocatadd used in the clinical
settingin the fom of thePatellar tendon bearing (PTBhd theTotal surface bearing
(TSB)( also known as total surface volume matching (TVSM) or hydrostdket

desigrs.

Both cket designshave been extensively reportethd are described in detail

below

2.4 Patellar tendon bearing socket design

The PTB socket design was first described bgdReie and Foort (1961), and was
originally introduced in 1959. This sket design follaved clinically evaluated
methods including weight bearing on the medial and lateral tibial flaraallysvith
an operended socketor partial support using a thigh corsatd was made possible

with the advent of new casting and manufacturing materials
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The PTBconceptused the design criterion that pressure should vary according to the
pain threshold of different tissues in the residual limb (Radcliffe 1961, Mardoc
1968). Specific pressurnlerant and intolerant areas of the residual limb were
idertified, and pressure tolerant ardaadedand sensitive areas relieved. Pressure
sensitive areas tend to lmny andinclude thefibular head, tibial crest, tibial
tuberde, cut end of tibia and fibul@igure2-5). These bony areasay not be able to
toleratehigh stresseRadcliffe 196).

The design followed the critem that becaus¢he weightbearing capacity of the
stump wassomewhat limited, the prosthesis must be designed to place a major
portion of thesupporting loads on the structures around the knee joint. The areas
which are adaptable to weight are thatellar tendon and the medial and lateral flares

of the tibia. Because the flare surfaces are oblique to the floor, the total pressure on

them musbe greater than the vertical support component.

The amount of tissue loadimg the final sockeis determined during the castiagd
modificationprocesssby the prosthetist. The shape is captured with the limb in an
unsupported, unloaded positidn.the PTB design the tips of the thumbs are used
anteriorly to indenthe plaster of Paris wrap cast eiher side of the patellar tendon.
The required counter pressure is achieved posteriortiidogecond and third fingers
which are used to form the pof@al indentation at this levelhe PTB socket had its
own specific alignment in 5 degrees initial flexion so that full advantage was taken of
the patellar tendon as a weight bearing structure and to make full use of the
remaining knee functionf supracmdylar suspensiowas prescribed a proximal slab

of plaster of Paris bandageuld also be addednd moulded to capture and define
the proximal shape The motionof the hamstring tendons must be accommodated in

the shape of the posterior wall to prevemniasion.
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Figure 2-5 Pressure distribution of a PTB prosthesis

As the cast is taken in an unloaded positiong@act mould of the residuum does not
fulfil criteria for optimal socket fit and requires adification (Radcliffe 1961).
Material is added to the positive plaster model over areas which are pressure
intolerant and removed from areas which are loaded for weight békiqge 2-5).

Both the plaster casg and modification procedures are subjective and dependant on
the skill and judgement of the prosthetist.

If the socket is to transfer the support and control forces to the skeleton the
prosthetist must be conscious of the underlying skedi@be The prosthetist must
also be aware of tissue consistency and the load bearing capabilities of the soft
tissues overlying the skeleton if volume matching is to be achieved. The amount of
plaster which is removed is dependentthe prosthetists assessmenthaf density
of the stump tissues and dmetquantity of tissue preseldtidgement is required to

assess the amount of plaster to be removed from the model asidettod the plaster
build ups.
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Another factorwhich affects the amount of shape niation is the deliberate
deformation introduced during wrap casting. The success or otherwise of such pre
shaping will affect the amount of plaster removal required.

The prosthetisinust also be concerned about the angle at which the cast is taken and
that thecast is taken with the patient in a relaxed posjtas both will affect the
shape capturedilja et al. (1999) investigated the effect of muscle activity on stump
volume. He found that a significant increase (up to 5%) in stump volume was
recorded whepatients contracted the stump muscles compared to that of the relaxed
stump. This occurred regardless of whether a silicone liner was used and he
considered that this wouldave a detrimentaéffect if a stiff coupling is to be

achieved during gait.

Many prosthetists have tried to eliminate plaster modification from the process and
attempted taget as close as possible to an even pressure distribution when they make

the cast at the stumploimgren (Kasson 199bwe nt as f ar asst o s a)
no truth in the plasteraom. 6 He st at dodyetthé fa tighthefwoude f ai |
not modify itin the plaster room, (except for some reliefs,) but preferred to go back

to the stump and make a new cast with a new pressure distribution.

Kristinsson (1998 argued that a trarttbial socket, designed to transfer loads
primarily to limited areas of the limb such as the patédadon andhe medial flare,
was in most cases both ineffective and uncomfortable. The most effective socket, in

his view, was onéhat relied on the hydrostatic principle for load transfer.

However the authorpresented expert opinioand thiswas not backed up with
scientific evidence to substantiate the claims made that this design offered
considerable improvement to the weighabeg capability and the interface between
the prosthesis and the uskrshould also be noted that the years since it was first
introduced, thousands of amputees have beer fitiéh, and benefited from the
designof the PTB prosthesis.
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Several resmchers have reported on PTB stump / socket interface pressures using a

limited nunber of individual transducers.

Hulshof (1995) tested whether the amount of distal end loading correlated to
proximal variations in the socket design. He created six veybthe same socket
using a CAD system. The shape and volume of these were altered at four socket
locations using the rectification software. This allowed investigation of socket end

pressures related to shape and volume.

Results from this study indited that the traditional modifications at the patellar
tendon, medial flare and lateral flare can reduce distal end pressure in the static
position. However the reduction in distal end pressure was relatively small for an
average rectification. In the overectified model, the end pressure dropped
considerably more, but it was thought that the skin condition of the patient in the
patellar tendon area after the tests suggested that a rectification of this area of such

severity would not be tolerated for anfptime.

An overall impression of the stump / socket interface pressure distribution was not
possible with the type of pressure transducer used in this study and Hulshof
recommended further tests to determine the contribution of each individual

rectificaion.

Hulshof did report a difference inlistal end pressuri dynamic tests results but
reports no clear evidence that the rectifications had a significant effect. This suggests
that tests were not sensitigaough or that other mechanisms, (such asligement

of the prosthesisplay a more important role in providing dynamic support than the

socket rectifications.

Convery and Buis (1998nvestigated and described the distribution of the pressure
patterns monitored during prosthetic stance phaseofan amputee wearing a PTB
socket. Force sensing resistors (FSR) were used to measure dynamic stump/socket

interface pressures during the gait of a trilinisl amputee. A total of 350 pressure
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sensor cells were attached to the inner wall of a pateltaion bearing (PTB) socket

and pressures recorded during a single prosthetic stance phase.

A distinct presare pattern was demonstrated.riAg of pressure at the patellbar

level in the PTB socket was noted with no major distal end pressure. leagr Gir

the socket that experienced pressures in excess of 100kPa were identified: patellar
bar, proximal popliteal area, the posterior medial flare and the fibular head.

Limitations of this study were in the sample size and the authors concluded that a
greater number of subjects must be investigated to confirm the effectiveness of
different socket designs.

Inaccuracieshave been reported using FSR technoloffyavanagh et al. 1992,
FergusorPell and Cardi, 1992) These aremainly due to drift, hysteresis,
temperatursensitivity, and the loading rate and range.

As sensors are statically loaded they may deform causing drift and may exhibit
hysteresis as they are loaded and unloaded causing errors in readings. The frequency
of the rate of the load appliezhn result imaliasingif the system is not responsive
enough and the load cells must exhibit the same behaviour when subject to different

ranges of load.

The FSR was designed for usefgotwear to measure plantar surface pressure in
podiatry. This apptiation may have resulted in bending of the force sensor as the
foot rolled over resulting in errors of measurement. To lmatrthis, Buis (1997)
developed and validated a unique situ equilibration and calibration protocol
specific for prosthetic socketpplications Convery and Buis (1997used this
procedure andjlued the pressure sensors to sieelet and used a pressurised gel
filled bag toequilibratethe sensors in situ. This overcame any enpoosluced by the

curvature of the socket and showed @=tudrift after a period of loading.
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Kim et al. (2003) aimed to determine the effect of the patellar tendopressure
distribution within the sockedty varying the depth of the modification in this area in
2mm increments. Results ascertained that are@se inmodification of thepatellar
depth did significantly affect pressures in certain other sodgoms and that the
patellar tendorcould be used successfully to offload these areaghefiloading of
the patellar tendonould however cause discoonf and skin breakdown ebld it be
excessiveThe study was limited by a small sample gize5). The selection criteria
for this studyare vague and doot indicate the ager weight of the patient, the
length or shape of the residuum, or cause of artipatavhich could have some
effect on results obtained. No socket liners were used to allow the pressure sensors to
measuredrces as accurately as possiblewsdver, pelite liners are normally used in
this design of prosthesis. Similar measurensgatemproblems (drift, hysteresis etc)

also exist as with the previous study by Convery and Buis (1997)

Despite the limitations of the experimental design and measurement systems the
study concludedhiat the optimal depth of the patellar baaried from patiento

patient as residual limbs were different and had different loading capabifities.
change in depth of the patellar tendon was found to have a significant effect on the
load applied to other areaBhe study did state that patients reported that sobdets

most comfortable when the baas carved to a depth dinm; however this was
based upon thesubjective feedback of only five patientsising four differing

thicknesses of patellar bar spacers

2.5 Total surface / volume matching(TSVM or dHydrostatico
sackets)

The TSVM socket desigmay be produced by hand casting arggenerally created

by pressurised casting techniqudsis socket relies on théheory basedupon

P a s cpairiciplesof flud dynamics also known ds/drostatics. This principle states
that pressure when applied to an enclosed fluid is transmitted undiminished and
equally to every part of the fluid as well as to the walls of the container. As fluids
and semifluids are relatively incompressible, under varying pressure they will

remain atonstant volume.
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The stump is complex but for simplification is referred to as an elastic solid with low
stiffness surrounding a piston. If the mass can be fitted into a containing vessel
corresponding exactly to its volume the fitting can be expectecchavie like a
hydrostatic system when loaded. In the absence of motion, there is no shear stress
and the internal state of pressure determined by the load itself. Therefore, the
pressure at a point is the same in all directions and the pressure designppox

the weight would be determined by the cross section of the socket opening.

The hydrostatic principle for load transfer is possible when the volume of the soft
tissues in a residual limb can be contained in the same volume in a socket so that no
fluid is lost or tssue displaced from this volume. A closed system may then be

maintained and a hydrostatic system established.

However, these theories have limitations in being applied to hydrostatic weight
bearing in sockets as they assume that grawialt forces are negligible. Most
importantly they also assume a closed system when the residual limb is not a closed
fluid system. It should also be noted that Pascal's principle assumes a fluid at rest.
Fluid in the residual limb is not at rest and tfiere shear stresses will not be zero.

Because of these | imitationbhydtbestatsoobdk:

In the total surface / volume matching design (TVSM), thick walled polymer sleeves

with varying degrees of thickness are normallgdjsconsisting of a géike silicone

or pol yurethane wi t h 6fl owbd characteri s
circumferential measurement of the distal stump. Once rolled snugly onto the stump

they claim to offer a more even pressure distributiahiwithe prosthetic socket and

are especially suited to pramaced bony prominences or scéfsistinsson 1993

A literature review of the possible advantages of silicone liners was conducted by
Baars and Geertzen (2005). The aim of this review wasdmiee the evidence to
support claimed advantages of silicone liners i.e. improved suspension, skin
protection and improved cosmetic appearadee papers were reviewed from an

initial total of 132 articles. Results indicated low evidence in supportlicbrse
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liners in trangtibial prostheses due to the poor quality of study designvever, the
review did state that suspension was improved when weasilg@neliner as this
part of the literature was judged to be of good design, although basedi oa pat 6 s

opinions.

Walking patterns were also thought to be improved as this was shown in all studies,
with less dependence on walking aids and increased outdoor walking recorded. Skin
problems, such as increased perspiration, abrasion, itching andoinritedivever,

were not generally solved by, asdmetimes caused by the ling&luitmans et al.

1994; Datta et al. 1996; Hachisuka et al. 1998).

Other ontra indications for the use of silicone may include cognition impairment as
the donning and doffing diners does require a level of thought, understanding and
care to ensure correct function and minimise possibility of danfager hygiene

may also contraindicate the use of silicone liners which, due to their close proximity

to skin tissue, can promotedtavith associated sweat and infection implications.

Hydrostati® socketsmay include small rectifications on the anterior distal tibia,
fibular head, and the tibial crest. The sockets producedatablydifferent in shape

than the traditional PTB soek One major difference is that hydrostatic sockets are
not indented proximally in the patellar tendon region and in the posterior popliteal
region of the socket. Another difference was that while the PTB socket biomechanics
were developed with respect éach phase of the gait cycle, the hydrostatic socket
simply assumed that pressure at one point would be transferred by the fluid principle

to other accommodating soft tissues.

If a cast is taken by hdnt will be necessary to moditye casto simulatethe static
loaded stump shap@ hand casting procedure involves taking the best cast that a
prosthetist can by hand, and reducing and deforming the shape at rectification.
During rectification, when a prosthetist removes material, the aim is a reduced
volume which will displace the stump atie liner towards the opening/hen the

socket is loaded it reaches equilibrium with little further tissue displacement (if there
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are any reliefs or air gaps in the socket then the material will attempt to fill them
when under pressurejlodification of the cast shape has the potential to introduce

error as discussed previously.

It is thought that the most uniform spread of pressures is resultant from pressure
casting (Buis et al.2003, Kristinss@893).Pressures afipd displace tissues relative

to the bony structures (equivalent to the reduction of a hand cast) and ensure no air
spaces in the socket. When body weight is transmitted into a socket an equilibrium
point is achieved. A good fitting is one that reachaslibgium with little vertical
movement or pistoning. To explain this further the weight is transferred from the
body and soft tissuesia the skeleton. The rigid socket applies the opposing force;
any soft material between these two rigid componentsattéimpt to equalize the

pressure over the whole system.

One of the uncertainties of pressure casting in general has been the pressure
magnitude and duration required in order to create a good socket fit. Gardner (1968)
recommended anpalied pressure ofl3kpa. whilstKristinsson (1993) proposed
pressure levels of 23 to 3¢a commenting that applying pressures of less than
23kpa often resulted in a slack fifo experimental evidence exists to suggest the
ideal pressure under which a shape should beuaptAs stump tissue is not
compressible, this implies that tissue fluid will migrate from the stump with the

application of constant pressure (Krouskop et al. 1987).

An attempt at pressure castings first described by Murphy (1954) and has since
beendeveloped by Wu et al. (2002009 and evaluated by Thanh et al (2009)
where an impression of a transi bi al resi duum was ma d e
machine. This involved placing the stump in a canister with sand placed in an
annular space tbetween thestump and the container. A rubber sock sealed between

the stump and the canister and the space was evacuated until the beads reached the
desired firmness. The patient was weight bearing as the canister was evacuated and

SO an accurate weight bearing im@iesa was obtained. The patient was asked to
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withdraw from the container while the vacuum was maintained. This gave an

accurate impression which could be filled with plaster.

Additionally the machine had #Aknurl ed wh
pressure to the posterior aspect of the stump. Rectification techniques also allowed
felt pads of the desired shape and thickness to be added prior to shape capture to

allow relief of certain areas.

As this medium was sand it may not represent a truehivbegring situation and if

so would only represent a vacuum capture of the limb in a partially loaded situation
This device dichot represent controlled uniform distribution of the pressure that a
liquid medium can supply. The danger in this sockéhtas as the person pushes into

the socket a ring of tension may be applied proximally as the pressurised sand
displaces the surface tissue of the stumpthermore, the ability for the prosthetist

to make shape adjustments using knurled wheels or ratificpads undermines the

repeatability of the process and could introduce potential errors.

Wu (2009) presented a technical description of the CIR casting system in which the
sand medium was replaced by lightweight polystyrene beads. This system was
primarily designed to save costs, (no plaster is required), and waste in the developing

world.

Thanh et al (2009eport on preliminary experiences when using the CIR system in a

pilot series of ten patients. The series compares the quality of fit toigheal sand
casting mechanism but does not define ¢
Results do seem encouraging with a significant reduction in circumferential
measurements when compared to sand casting. However, the reduction was
compared to the r@ginal sand casting technique which was reported to require
between two to five stump socks. The study also reports on findings of only one
prosthetist. As modification of the captured shape is required it is podisdil@

larger variety of sockets calibe produced by different prosthetists.
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The Dundee socket was first introduced by Murdoch (1968). Work on this concept
commenced when difficulties were being experienced in producing consistency in
sockets for transibial patients using the PTB concepthis was blamed on three
areas:

1. Inadequate training of prosthetists in the PTB technique

2. The persistence of cast rectification in central factories rather than by the

prosthetists
3. The system of prosthetic manufacture including socket fabrication in

centrdised factories.

The purpose of the programme was to determine whether a socket could be produced
which would eliminate the hand as a deforming fackdurdoch (1968) argued that

as the prosthetist makes patellar bar and popliteal indentations thasdueeezing

the AP dimension, thus creating a narrow AP and subsequently a wide ML, since the
tissue must move somewhekde statedhat prosthetists hands variednsiderably

in size and dexteritwhich placed dobt over the consistency of the castmgthal.

This results in loose contact over the condyles when viewed in the coronal plane. The
prosthetist may then attempt to rectify out this error created during the casting
process.

For the Dundee socket, a hydrostatic concept was introduced. This waslsio
the fino handsd concept as the prostheti si
the socket shape.

Water was contained in a stainless steel tank in the form of a truncated cone with a
circular opening at the proximal end to allow the patiergnter. Water was allowed

to enter and exit via a narrow hose from a tap. Air was alloweditdrom the top

of the tank.Plaster of Paris was wrapped around shenp Waterwas run into the

tank still allowing thestump and lower thigh to entand the patient stood with
weight equally distributed between the amputated and sound side (stump loaded to
approx 2 psi.) The stump was separated by a double nylon sheath from the water.

Water was added as required until the patient was evenly balanced amdphtated
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l i mb i mmersed in the tank to a point abo
also asked to flex the knee to approx 10 degrees flexion which was sufficient to bring
the hamstrings into hard relief.

The aim of this concept was to applyaiform pressure around the residual limb.
This concept was developed to remove factors such as human error in the shape
capture process and to produce a cast which truly represented the shape of the

residuum under load.

This said, the socket, althoughedsin walking trials, did have a rubber patellar
tendon bearing bar added, something which goes against the principles of a total
surface matching and volume matching design. This was to allow the optimum
loading of the patellar tendon bar and correct tposng of the patient within the
socket. Plaster was also added to the positive mould over the distal tibia to allow

pressure relief over this area.

It is not clear whyMurdochandthe prostheticteamdid not persist with this socket

design but insteadeverted to the PTB socket. With the exception of the patellar
tendon bar modificationhte 6 Dundee socket 6 was based
attempted to improve thepeatability of thejuality of fit of sockets at a time when

PTB sockets were first idduced. The quality of PTBocketsat this time was
detrimentally affected by the fact that the casts taken were modified by technical
staff in centralised locations who had never met the patient, something which is now
corsidered to b@oorpractice. Onean only speculate thatoblens weresdved by

training of prosthetists in correptoceduregor casting and modification of the PTB

design However, this does naddressMu r d o aoricérrss about repeatability and

uncontrolleddeformation of casts byffierent prosthetists.

In 1968, Gardner invented a pneumatic shape capture system fetilirahsasting.
Gardner worked on the theory that higher pressures should be concentrated in
tolerant areas with gradually reduced pressures applied to the sumgardas

tapering to controlled lower uniform pressure over the remainder of the stump. The

39



system involved a pressure sleeve cone with an inner and outer wall. Air was
introduced into the chamber by a small hand pump. When this happened, the outer
sleevevaried only slightly in dimension whereas the inner sleeve moved more freely.
The casting forms consisted of two resilient sections of moulded latex. One form was
shaped to concentrate force over the anterior proximal portion of the stuthe
patellartendon areaThe contour of that side of the stump was convex forming a
transverse ridge over the patellar tendon bar. The posterior portion was convex and
slightly wider and thicker in its centre so that if placed between the hamstrings, it
flattened thepopliteal area whilst relieving the hamstrings. No attempt was made to
control the amount of flexion although the person was cast in relaxed attitude. The

inflated pressure sleeve was said to control flexion.

Prior to casting, it was necessary to makeistatlend cap in plasteof Paris. A
pressure oR psi was maintained. Rectification involved a wash of plaster over the
fibular head and anterior tibi@rest from the tibial tubercle to the distal end. The
distal tibia was routinely built up with plastef Paris to avoid socket contact at this

point.

Whilst an adequate technical description of equipment and methods of casting are
given, no clinical trial has beegpublished using this equipment making evaluation of
this method difficult.

Otherpressurecasting methods were described between 1969 and 1996. Isherwood
(1978) described a controlled hydraulic pressure distribution casting technique in
which individually placed pockets, shaped for particuleeaa within a socket
simulator,were inflated withwater. This was coupled with pre fabricated foam relief
pads placed over pressure sensitive areas, thereby loading the residuum in pre

determined, specific areas, in a measurable and consequently repeatable manner.

Adjustment in load distribution withhe patient weight bearing was possible. This
was achieved via a hydraulic end pad and five additional syringes connected to the

individually inflated bags. Each bag was inflated to an initial pressurel6f Ssi
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with the patient bearing 50% of his weighto the system. Results were based on

prosthetist and patient interaction.

Advantages of the system were in the patient interaction and the feedback the
prosthetist received into socket design during the simulation stage as well as minimal

rectificationof the positive model (Tanner 2008).

Disadvantages ofhis technique we that it reliedon the individual skill of the
prosthetist combined with patient feedback in thesananner as a hand cast. This
was considerecda time consuming proces$isat tookprosthetists some time to learn

and pefect. It calledinto question the possibilities of incesal or insufficient
loading ofstump areas and whether this would always promote the optimal socket.
Thelack of quantification suggests thajpeatability of reults may also be difficult

No scientific studies have been carried out to examine the success or efficacy of this
method and onlynecdotatesults are reported.

Kristinsson (1993) proposed that the socket, designed to transfer loads to the limited
area of the stump such as the patellar tendon and the medial flare and condyles of

the tibia, remained ineffective and uncomfortabée argued that reliefs added
during rectification of the positive mo
patients stumpo swell into spaces created in the final socket. He believed that this
meant the stump was constantly changing and that volume was less likely to stabilise

and stated that the creation of true total contact via a hydrostatic socket would
promote volume sbilisation in the stump. If the volume is stable, then this should

allow the use of the same prosthesis for a longer time span.

He developed gressurecastingconcept by using air as a medium in the Icelandic
Roll On Silicone Socket (ICEROSS) system.eThocket shape was defined by
casting plaster wrap over the residual limb over the ICEROSS silicone liner and
applying pressurever the castising an air pressure chamhbeth the patienin a
seated nonwveightbearing state. Kristinsson (2002) descrilzegressurised casting

instrument which consisted of an acrylic cylinder with an attached silicone bag,
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pressure relief and a proximal sealing ridMpdifications are incorporated through
addition of padding over bony areas of the residual limb during tokes

manufacture process.

The dCEROS®design was intended to protect bony areas particularly at the distal
end of the residual limb. Scars also require protection as if the elasticity of the skin is
reduced, shear forces may increase. Scars can b giifit structures if shear is
applied especially if adhered or tethered to underlying bone. Silicone liners may
assist in the reduction of shear force in these areas and have excellent properties
which allow containment angrotection of the residual limpCluitmans et al. 1994,

Datta et al. 1996Hachisuka et all998)

Cluitmans et al. (1994) and Datta et al
ICEROSS concept using self developed questionnaires.

Cluitmans et al. (1994) surveyed 43 patients, a26whom were preided with
ICEROSS socketsHe stated that the improved suspension was clearly the most
significant advantage of the roll on liner with results beneficial to improved patient
function. Survey resultshowever were retrospective andased a the subjective
clinical assessment of each user which was considered to be the most important
factor in determining the prosthetic succelde concluded that the high level of
patient satisfaction expressed by patients resulted in prosthetists cowmgsitherin
ICEROSS socket to be a standard prescription for a person with-titseahs

amputation

However, in a case series of 54 patients, Datta et al. (X@®&jadiced this finding

when he concludedthat there was no convincing clinical evidence to ssggeat
significant gains could be achieved by considering ICEROSS as a standard
prescription for all transibial amputees. He considered that if prescribed
appropriately with the correct technical expertise then the ICEROSS design could

provide considei@e benefits to the patient.
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Resultsof both studiesmay depend on the way in which questions were posed to
patients, and the method by which sockets were produced. There are disadvantages
associated with both PTB artydrostaticsocket design and therefe a &6 st and e
prescriptiond may not be as i mporttéasnt a .

prosthetic requirements.

Hachisuka et al. (1998) investigated tpealitative advantages, disadvantages and
clinical implications of total sfiace / volumematching design in a case series of
thirty two amputees asked to provide their opinion on a list of 13 aspects of the
socket.Results were statistically analysed with seveivg per cent satisfied with

the socket provided. Advantages of the socket desgpe comfort, ease to swing,

pain, piston movement, tightness, skin irritation, appearance and durability which
were thought by three quarters of the users to be good. Disadvantages reported

included donning, perspiration, odour and staining.

Hydrostatc sockets aim to produce an even distribution of pressure over the entire
residual limb. This design is truly total contact and aims to achieve an interface
design that uniformly delivers a minimum skin press@envery and Buis (1999
found,in a singlecase studythat a hydrostaticsocketproduced considerably fewer
pressure peaks tham PTB socketduring the gait cycle. In addition, theuapi
hydrostatic design promoteelongation of the tissue, promoting stiffness of the

residuum, whilst protecting ¢éhdistal tibia.

Narita et al (1997¥sed cineradiography and X rays to measure the suspension effect
of the TSB design compared to that of the PTB design by measuring the distance
from the ibia to a reference point on the prosthetic sockiee study use nine trans

tibial amputees all of whom had previously worn PTB prostheses.

They stated that the TSB design produaadncrease in range of motias a result
of the relationship between the anterior and posterior walls of the socket which also
increagd the flexion angle of the limb during swing. Due to the high coefficient of

friction between ICERSS and residual limb in the hydrostapimsthesis, there is
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also a decrease in piston actionratial contact. Patientalso repord thatthe limb

felt lighter and that balance wamprovedand that this was due to the positive
suspension effect of the silicone liner as well as improved stability in the stance
phase compared to the PTB design.

H
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Figure 2-6 Total surface /volume matching

Convery and Buis (1999) investigated socket/stump interface dynamic pressure
distributions recorded during the prosthetic stance phase of gait of one person with
transtibial ampuation whken wearing a hydro cast sockd&he dynamic pressure
distributions were compared to those within a hand cast socket reported by Convery
and Buis (1998)Results demonstratesifynificant differences in pressure magnitude
and pressure distributionseve noted for the hand cast and hydro cast sockets.
However,althoughboth prostheses were considered satisfactory by the prosthetist
and patientat the time of the trial it may be argued that should higher pressures and
pressure gradients be evident withine socket then the patient is likely to be placed

at greater risk of shear pressure which could lead to tissue breakdown
Pressure gradients within the hydro cast socket were less than those of the hand cast
PTB sockets. The proximal ring of high pressin the hand cast PTB socket was

replaced with a more distal pressure in the hydro cast socket.

Convery and Buis (1999) assumed that the weight transfer force applied by the same

stationary patient was approximately common to both sockets althougimadtesy
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the limitation in this study that the alignment was not identical in both sockets which

they concede may have influence on the pressure data.

They concluded that:

1 Dynamic pressure levels were lower and more evenly distributed in the hydro
cast sockt.

1 A ring of pressure at the PTB level in hand cast sockets was noted with no
major distal end pressure.

1 The pressure gradient was less pronounced with the hydro cast socket and
more distal pressure was noted.

1 Higher localised pressures were noted onhthed cast socket as compared

with the hydro cast socket.

A majorlimitation in this studywas thatit was a case studynvolving one patient.)
Problems associated with the pressure transducers are still appadeitional

studies are required to camf the differences between prostheses incorporating
hand cast and hydro cast sockets and are being investigated curreDtiynbjeton

et al. 009 (paper in pregsyvho attempted to measure the success of the socket in
terms of satisfaction and activityhese were thought to be related to the comfort of

the socket which is dependant on the interface pressure between socket and residual

limb.

Results showed similar distributions of interface pressures regardless of the casting
concept used. The impacteth desi gn of the socket had
similar. Buis (2007) also noted that the activity of the person with -trioiad

amputation was remarkably similar to that of the normal population.

Goh et al. (2004) generally agreed with findinggha study by Convery and Buis
(1999) in a study of four patients with PTB and sockets made using a hydro casting
mechanism (p cast). Results of this study showed a consistent ring of proximal
pressure for one user of the PTB, whilst another consisteimtiywexd high distal

pressure using the p cast socket. Results were based on a small sample and may have

45



been affected by alignment of different prosthesdsch was carried out to the

0satisfactiond of andthesubjecp Riffeiercebetwednther ost h

hydro castsocket and PTB socket alignments were not recorded and may have
affected the pressures within sockets. Each socket was also suspended by the means
of a | eather O6cuffdé suspensi on. Due to
would prove extremely difficult to ensure thihe suspensions were placed in exactly

the same position on each socket. If a cuff suspensioagsurately psitionedthen

pistoning will occur resulting in higher shesiresses

Yigiter et al (2002) asessed limited number (n=20) afnilateral amputees supplied

with PTB and TSB socket designs and found statistically significant differences
between the two socket types in favour of the TSB deditping strict patient
selection criterignatients wereitted with both PTB and TSB designs of sockets and
trained in their use. The ability of patients to perfornsesies of tes was then
assessed. Assessment included weight bearing on the amputated side, time to
perform anbulatory activities, volume and quension of the socket, prosthetic
weight bearing and temporal distance characteristic of gait and balawee found

that weight acceptance on the amputated side was improved to a more normal level
with the TSB prosthesis and that other temporal distacharacteristics showed

improvement using this design

2.6 Summary

It may be argued that one design is not suitable for all persons withtibvehs
amputation As every person with amputation has different neddsy and will
require a socket designed rieeet personal specific requirementbiere is a lack of

scientific evidence to suggest which socket design is most appropriate.

Socket fit criteria have been determinda promote stiff coupling and minimise
pistoning the shape of the limb should betaeed when loaded. Capture of the
unloaded shape will require modification which has the potential to introduce
discrepancies in shape between the loaded stlrapeand socket. Thisnay cause
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pistoning, peak pressures apotentially dtrimental shear stsses resultingn

discomfort and possibly damage to the residual limb.

The cast for the PTB socket design is taken with the limb in an unloaded position, is
deformed by the prosthetistand then modified subjectively by the individual
prosthetist whoakes each casAlthough studies were limited in design and sample
size, literature indicates thawihd casting idess repeatable than pressure casting
(Buis et al. 2003) and modificatiomsesubject to discrepancies between prosthetists
(Convery et al2003).

If a cag is taken in an unloaded position, may be possible, through cast
modification, to produce a socket that promotes a stiff coupling from an unloaded
stump This requires considerable slolh the part othe prosthetist but is subjective
unquantified and difficult to replicate from cast to cast. This process may also
depend othep a t i abihty tdk@ecome accustomed to a less than optimal fit.

Although theevidenceis limited, it suggests that theesign ofthe PTBsocket and
the comlitions under which the shape is captunealy makestiff couplingless likely
than pressure castinghereforesockets created in this wayay not alwayssatisfy
the agreed socket fit criteridl.o promote stiff coupling it could be argued that
dydrostati® socketsshould be usefbr the management of tratibial amputation
and must be captured undeonditiors most likely to reflect the shape of the
staically loaded limb.

Whether the final shape should be captured bgsting concept using water o air
as a loadingnechanismhas not yet been established. It is therefore difficult to state
which is the best method of shape capturetoether each will obtain the same final

shape.
One of the main dvantages of using hydrotankis that the extentot which the

stump is pressurised is determinedthg patierts load (Murdoch 1964). Ressure

casting using an air medium halso been shown to be succes#fut is taken in a
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seated position which may suggest that it is less likely to reflect the shdpe of

loaded limb when standing.

Regardless of the method used to pressurise the residual limb, it is undesirable to
modify the captured shape in any way as thas the potentiato introduce
inconsistencyn shape and volume imal sockets produced drcould detrimentally

affectthe stiff coupling mechanism.

Hydrostati® sockets aim to produce a mageen distribution of pressure over the
entire residual limb. This design is truly total contact and aims to achieve an interface
design that uniformly elivers a minimum skin pressurglthough limitedin design

and number of papersliterature suggestshat hydrostatic socketgroduce
considerably fewer pressure peaks than PTB during the gait @yatdisuka et al.
1998).In addition, thedesign promote elongation of the tissue, promoting stiffness

of the residuum, whilst protecting the distal tif@onvery and Buis 1998knd
improves weight acceptance on the amputated side to a more norméYigitel et

al. 2000)
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Chapter 3
3 Methods of shape gature

The method by which the shape of the residual limb is captured is a central aspect in
determining prosthetic fit, with the resulting socket depending on the accuracy and
repeatability inthe way the data is required (He et al. 1999). In the catbe pérson
with transtibial amputation shape capture has been reportechbymerousauthors

usinga variety ofdifferent methods.

The following sections providdetails ofmethods of shape capture used historically
until the present day. Advantages alishdvantages of each method are discussed.

3.1 Tracings and measurements

In traditional socket design, a prosthetist was able to manufacture a prosthetic socket
from a tracing of the coronal and sagittal viewshe lowerextremity on a sheet of

paper (Muphy 1954). This required the pencil to be held vertically for accurate
shape capture and a guide was useful for this purpose. Both the stump and the contra
lateral limb were traced up to the level of the pelvis and landmarks noted on the
tracing. A numberof circumference and diameter measurements were taken and
these were used in conjunction with specially made templates to create the prosthetic
socket. Prostheses of this type were generally made of metal and leather. Sockets

were not total contact desigmd required a trial anefror fittingtechnique.

Murphy (1954) reported that the most common type of prosthesis used dtltians
level in the 1950s was carved frawillow wood block which formed the outside of

the shank. This method depended verychmon the skill of the prosthetist and the
ability to make adjustments on a trial and error basis with simple carving tools. The
prosthetist would begin by hollowing a general shape using patterns to specific

measurements used on a tracing. He would tawe the socket with whatever
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corrections he felt necessary, and with limited information and reduced visibility

would carve a negative replica of the stump inside a cylinder.

A satisfactory fit was only ever obtained by the best of prosthetists afteessive
trials (Murphy 1954) One advantage of this socket design was the ability to make
adjustments by removal of the wood matertabwever the entire success of the
socket depended on the skill and experience of the prosthietighe system lacked

quantification

Measurements usdd the creation ofa prosthesis typically include the length and
circumferences of the residual limb which are measured with a measuring tape.
Depending on whether the tape is held loosely or tightly against theanodby the
angulation of the tap¢éhese measurements can differ

Without a consistertneasurement system, it is déffilt to know whether consistent
outcomeswere achievel. This makesassesment of residual limlzchanges ovetime
especiallychallenging anaffectsaccuracyyepeatabilityandreliability of measures
if a patientis seen by different clinician

3.2 Alginate casting

Murphy (1954) described a method of casting with alginate which provides shape
capture with exceptional detail.

However one of he problems of this method of shape capture is that alginate shrinks
rapidly as it dries. Although Murphy recommended that the plaster cast is poured as
soon as possible, material shrinkage may be difficult to identify on the complex
shape unles severe,ral therefore errorsay be introduced. In addition it was not
possible to load the stump through this medium and therefore a weight bearing cast is
not possible (Schuch 1987).
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If materials are to be used in a wet state, shrinkage should not occumaatdnials
dry. If this happens, then the prosthetist will have to compensate for any shrinkage
during cast rectification, otherwise sockets will not be of the correct volume.

3.3 Plaster casts

Plaster of Paris is a fine white powder, calcium sulphate hgdrate(CaSQ 5H,0)
and isproducedby heatinggypsumto about 150 °C. The chemical reaction that
occurs when the dry plaster powder is mixed with water ishexmic in nature and

forms tofully hydrated calcium sulphatgypsum) a white solid.

Plaster of Paris bandage is made from a specially woven cloth, uniformly
impregnated with plaster of Parl@nce immersed in water atemperature of 20°C.

for 2-3 seconds the plaster will setapproximately 34 minutes.

The introduction of plaster of Paris i mp
the way in which the shape of the residual limb was captured. This method allowed

the shape to be captured in its entirety allowing total costaakets to be produced

for the first time. This is by far the most commonly used method of shape capture
although the conditions under which it should be used are still debated.

Although widely used the accuracy of this method of shape capture in etiosth
applications is unclear. Further experiments are required to assess the accuracy and
the repeatability of this mode of shape capture.

The simplest method of use is to wrap the plaster impregnated bandage by hand. This
allows the prosthetist to coniob into pressure tolerant areas and around pressure
sensitive areas. In thisay areas which will ultimately provide load bearing within

the socketmap e 6 prae edod.
During hand casting there is a risk for the uncontrolled deformation of the soft

tisswes, leading later to poor socket fit (Murdoch 19@8)e plaster casting material
can be stretched loosely or tightly, and g@mesthetistshands can apply varying
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levels of pressure. Theprosthetist must be conscious of over emphasising the
triangular shpe of the stump anteriorly. Many prosthesis are not successful and this
may be in part due to the shape captured which may in turn affect the fit of the
prosthetic sockdiMurdoch 1968)

Once the residual limb cast has been wrapped bg hanay then b@ressurisedby
air or by water to change the shape of the cast to credgleostatié socket. The

mechanisms and the thgmf this socket design haveen describedafiapter2.)

Some socket designs advocate the application of a vacuum over the Isand ca
residuum to improve the accuracy and repeatability of the shape cafitlaser of

Paris is wrapped over the residual limb and a plastic sheath is applied over the plaster
wrap. Air is then removed from theheathto form a vacuum over the plaster yra

This differs from application of pressure since the vacuum does not alter the shape of
the residual limb but replicates it. As this cast is taken with the in an limb unloaded
state, undesirable subjective modifications to the positive cast are cegsiveell as

the introduction of thick polyurethane sleeves which exhibit flow characteristics for

high to low stress areas.

Vacuum sockets are used generally with a vacuum suspension system which consists
of a one way valve at the distal end of the sbeed a proximal sleeve. As the

patient dons the socket, he expels air from the distal socket and a vacuum suspension
is achieved via the proximal sleeve. Claims have been made to suggest that the

vacuum suspension creates a stiffer coupling and therefdueed pistoning.

Board et al (2001) argued that daily volume loss of the stump leads to a poor fit of
the prosthetic socket and made sockets by applying a vacuum over a plaster cast
mould of the residual limbin order to combat pistoning a total sudabearing

socket was produced and a vacuum system attached. The effect was when the liner
was held tightly by the vacuum, the volume loss of the stump reduced from 6.5%
wearing a non vacuursuspension t8.7 % over a 30 minute walk. Xays revealed

that tre limb and tibia pistoned by 4mm and 7mm less respectively under vacuum
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conditions. Board observed that a combination of reduced pistoning and maintenance

of volume allowed the patient to walk with a more symmetrical gait.

Beil et al. (2002) came to simail conclusions as vacuumssisted suspension
provided lower positive pressures during stance as well as higher negative pressures
during swing phase in a study of nine trdibgal patients which they believed

reduced volume fluctuation when wearing a gresis.

3.4 Direct manufacture of the socket over the residuum

When the socket i's manufactured directly

interim plaster cast or modification process, this is known as direct manufacture.

If direct manufacturas used,materials will haveto become more affordable, and
more adjustable than are presently availallarlsson (1997) outlined the ICEX
direct socket fabrication technique on silicone sockets. The ICEX concept utilises a
carbon fibre weaved material that idled onto the patients residuum over a silicone
liner and shape formed using pressure in the Icecast equipment just as the plaster

cast would be.

A positive advantagenay be that a socket can be created instantly, removing the
errors introduced by humapplicationor shrinkage in application of materials such

as plaster of Paris. The fact that the socket is pressure cast means that there is no
rectification process, and that the patient can see exactly how the socket is produced.

Datta (2004) howevertated that although the time to manufacture the ICEX socket
was considerably shorter than that of the PTB design, the cost to produce the ICEX
was significantly higher. Disadvantages may also include dkathe material is
thermosetting, itis difficult to adjust once cured should the need arise for small

socket modifications.

Direct manufacture is a positive method of caiplg a shape. Current materials used

are expensive. fl an erroroccursin the shape captur@rocesshigh stump socket
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interface presures may result. As materials are not adjustable the prosthetist must
begin again It may also be argued that although it is possible to successfully
manufacture a pressure cast socket over the residuum directly, this does not assist in
understanding whaa good socket fit is as no data is collected from one socket to

another, and is lost on destruction of the socket and so no comparison can be made.

Sockets made by direct manufacture could be digitised, but this would rely on
investment in a suitable gltiser and in direct manufacture technology which would

be expensive.

3.5 CAD systems

The idea ofComputer Aided Design (CADyystems appeared in the late 1960°s and
the first system appears to datel®83(Marincek2004)

Marincek describé CAD as 6 A nmitalo shapesconverted to mathematical

equations usingdatop nt s assessed in measurements.

Marincek (2004) compared thene for cast anadastmodification using traditional
methods tothe CAPOD systemHe concluded that the CAPOD systaavel on
average 106 minutes andlso claimedthat CAD systemsmay present a more

effective method in prosthetics for better and fastatment.

Unfortunately this study, although comparing the faster time required for each
treatment, did not address the importaspect of the quality of the final sockets
produced No evidence was presented to suggest that better sockets were produced
althoughthis was the opinion of the author basedamecdotakvidence(Marincek

2004) Faster treatment does not necessarily nmeare effective or better treatment

and can in fact have the opposite effdéte socket design (either PTBoydro cast

is not stated. Bwever the fact that the cast required modificasoggest that they

were most likely of PTB designand hence wouldbe unlikely to promote the best
mechanisnior stiff coupling(Pg46).
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Many papers (Michael 1989, Steele 1994, Sewell et al. 2000, Ross 2004) agree that
in the future CAD/CAM systems will probably replace the classical prosthat

orthotic manufacture using plaster and that the development of the technology has
brought many advantages like repeatability of the process and a comprehensive

database that can be accessed remotely.

Other papersonsider CAD/CAM to be only a todb help the prosthetist but which
will not replace the need for skill in evaluation and individual design of prosthetic
sackets Sewell 2000Fergason and Smith 1999).

Although literature continually sied that CAD systems offer thedvantageof
repeatdility, this has not been proveihe conceptionthat CAD systems offer a
more repeatable method of shape capture than traditional mettasisheen
perpetuated in literaturby experts expressing their opinion based amecdotal
evidence of what they se@pening in clinics. These opinions appear to have been
accepted as true, and yet minimal scientific evidence existsoto this to be the

case.

As with traditional methods of shape capture CAD scanners use a variety of methods
by which the shape can laptured. CAD scanners may be hand held and may or

may not involve contact with the surface that they scan.

An explanation of the different methods employed by current CAD systems is given
with respect to commercial availability. Greater detail of regegertaining to the

use of CAD systems in prosthetics is contained in the next chapter.

3.5.1 Mechanical digitisers

Mechanical digitisergan be used to reconstruct teapeof a surface, for example
the inside of a casA mechanical arm rotates around theer surface of the cast,
and mechanical or electromagnetic sensors monitor tip location which may be

mappeddn screen once the entire surfaesbeenscanned.
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Saunderst al. (2003) reported thbest radial resolution of commercial ah@nical
digitisersto be around 0.4mmAlthough this may appear to be very accurate the
digitiser is only as accurate as the cast which it measurbs system was a
mechanical digitiser used for scanning existing shapes and was not used to capture
shape directly fromhte pati ent ds resi duum. | hd was

repeatable as the cast taken.

Saunderset al. (2003) stated that this system was accueateughfor research
purposesHowever assocket fitting criteria have not yet beestablishecind wedo
not know what constitutes a good or a poor fit of prostisetaket;it is questionable
what level of accuracy iequired.

It is claimed that residual limb volume changes as low as 5% can detrimentally affect
the socket fit (Fernie et .all9&, Lilja and Oberg 1997 With a 90mm diameter
residual limb and a uniform expansion, this volume corresponds to a radial alteration
of 1mm. If different casts from different time points are to be compared, e.g. if 2
socket designs with subtle changes are to bepaosd then a resolution of legn

0.5mm is necessary. Aystemwith this accuracywould allow the location and
magnitude of local changes to be determined. If research demonstrated that these
subtle socket mafications significantly affecsocket fit ad performance, then use

of more accurate digitisers in clinical practice would be warranted. Use of highly

consistent casting procedures woulsbdbe suggested (Saunders e2@03)

3.5.2 Electromagnetic scanning systems

Data may be captured usiadiand leld electromagnetic probe containingnagnet
(or coils) within. The probemoves within a specific field determined by the
orientation of a transmitter, and as it moves over the slthpanagnet acts as an
antenna within the magnetic field which gi\e8D positional referenceProbes may

be mechanically passed around the shape or hand held.

Tracking of the probeworks by determiation of thelocation, orientation, and

positioning information relative ta coordinate system am@quires coordinates for
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the origin and the receiver. Electromagnetic trackers use the attenuation of oriented
electromagnetic signals to determine the absolute position and orientation of a tracker
relative to a source. The source contains three orthogonal coils that are pulsed in
rotation, one after another. Eachlge transmits arlectromagnetic signal that is
detected by a sensor. The sensor also contains three orthogonal coils, which measure

the strength of the signal from the current source coil.

By using the known pulse strehgat the source and the known attenuation of the
strength with distance, these nine values can be used to calculate position and
orientation of the sensor coils. The source and the sensor are connected to a box,

which contains a microcomputer and eleciterassociated with the pulses.

Commercially available systems which use this method of shape capture are the
Tracer CAD by Ohio Willow Woog¢ and Bio sculptor system$y Bio Sculptor

Corporation.

These systems use hand held electromagnetic probe cantaj a Fastrak -B

motion tracking and digitising systemhich is passed ovewhilst in continuous
contact with the residual landmelbordit on capt u
computerA transmitter mounted on a tripod sends an electromagsigtial hat is

picked up by theprobe and by a sensor that is strappedthep at i ent 6 s | |
Proximal, distal, anterior, medial and lateral landmarks are added to establish the
position of the residual limb in relation to the sensdre Elinicianthenmoves the
probeover the surface of the limb amdcontrol unit determines trgpatiallocation

and orientation of the coilwithin the probeand conveyghis information to the
software.A cloud of data points is then established and plaite@ 3dimensional
representation of the stump shape a 2 dimensional scredrurther landmarks may

then be added in positions determined by the prosthetist. Addition of a landmark

duringshapecapturewill be added directly to the surface of the model.

Such systems may be pable because a positioning mechanism for the probe is not

always required. However the lack of a positioning mechanism may make it more
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difficult to guarantee the data poirdeerecorded in a geometrically regular manner.

The result is that some areddfte shape might be under sampled.

Compared with other systems hand held digitisers have an inherently higher

incidence of signal noise associated with them. The signal noise could result from the
transducer I tsel f, t he s s$ubjdcti mogon dufing t h e
sampling.Systems may also experiensignal noise from metal objects goted in

close proximity of the scanning system

Since the residual limb has to be digitised point by point with the hand held digitiser,
the scanning time mays be of concern particularly if the patient has difficulty in
maintaining knee extension, or has reduced cognitive abfiigce the sensor
strapped to the patients residuum is positioned above the level of the knee so as not
to interfere with the traceshange in flexion of the knee will result in a change in
distance between landmarks added. This system may therefore be unsuitable for
those who cannot maintain knee extension for a long enough{dppeoximately 3

4 minutes) or those who cannot compestd the importance of doing ,séor

examplechildren.

The electromagnetic system design used tacer CADandBio sculptorallow an

interactive experience that is wsllited forclinicians who do not want to relinquish

the tactile process of takingnd modifying a cast. Not only does the Tracer Pen

all ow the clinician to touch the patient
make modificationsdirectly on the limb. For example, a prosthetist can press the
Tracer Pen into the patella tendara of the limb and instantly see a patella tendon

barappear on the model on the computer screen.

It could be argued that such systems allow prostketisise thesame intuitive hand

skills as whertasting with plaster of ParidRoss (2004) was of ¢hopinion waghat

the contact method employed by Tracer ClAdisimilarities to the contact methods
that the prosthetist would use to capture the shape traditionally with plaster of Paris

and that this may offer some advantages.
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Ross believed that dataamture did not entirely remove the hand skills of the
prosthetist but that it might offer development of these skilsadvocatd shape
capture which he believalowed deformation of soft tissue in a similar manner that

the prosthetist would do durirgcasting process with plaster of Paris bandage.

The amount of pressure applied to the residual limb as the shape is traced may allow
the prosthetist to deform the stump in a way which is similar to plaster ca3tneg.
probeallows the prosthetist togpform handsond compressions and modifications

t o t he pidual iinelbnwvhilé sbservimgffects by viewing an image of the

limb on the computer seen. This allows the patient tbe involved in the
modification process, allowinggreater communicain opportunity between

practitioner and thpatient

Although Ross (2004) provided expert opinion, it was basednatdotalclinical
experience. No scientific evidence exists to substantiate the opinion that deformation
by an electromagnetic probe givassimilar deformation to that of a plaster cast
where the prosthetist deforms the cast by haktile both methods deform the
residual limh deformation of a residual limb with both handay notresemble that

of deformation with a small plastic probe.

Unfortunatéy such modifications to the shape captured are controlled and
unquantified regardless of whether {@sthetist usehbis hands or a probd&Jse of
systems in such a way only replaces the potential for errors in shape capture
associated with &ditional plaster ofParis casting with those of electromagnetic

scanningas any deformation of the shape will not be easily repeated or quantified.

Geometric readings may be affected by the indentation if the probe needs to contact
limb tissues. It is ifficult for the prosthetist to maintain a consistent pressure on the
tissue srface during contact scanningrré will not always be detected by the
prosthetist as it is difficult teisualisehow a scan relates to the stump dimension. It

may also be axged that once examination has taken place, the prosthetist should not
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make <contact wi t h whem ecquriagt date astthosswiliffeat s i d u u
repeatability of each scan.

The best way in which to acquire data is still debated. Contacting metlaydseem

less alien to prosthetists and patients, but may introduce dimensional errors due to
deformation of the soft tissues, while non contacting shape capture may enable
measurement of greater precisidija and Oberg (1995).

While opinions vary, iflhe shape capture of the patient is enhanaealtered by the
practitioner this may mean that every practitioner could capture different shapes.
Although this method replaces the plaster of Paris cast directly, inotagffer any
advantage to the patieaver the conventional method of data capture in advancing
the understanding of socket fRratt1999.

Opinion on the state of CAD/CAM systems was sought by Ross (2004) who
described two CAD systems for prosthetic sockets in the-UKacer CAD and
Elecronic Test Socket (ETS) He interviewed five prosthetists based at various
centres who were asked to describe their experiences with Tracer CAD, and
comment on the advantages and disadvantages of the system.

The limitation of this paper is that it is abspurelyon a limitednumber ofexpert®
personal opinionand not on any scientific evidendevidence presented consists of
subjective commentary and caution shoulcekercised in acceptirgygument based

on subjective opinionNevertheless, this is aseful document in providing snap

shot of prosthetists perceptions of shape capture methods used by systems currently

in clinical use.

Boender (Ross 2004) outlined several difficulties with this moddexftromagnetic
scanningused by the Tracer CADystem Boender's opinion agreed that CAD is a

clean method of stump imaging but advocated use of the system with simple
Oroutined models and not compl ex model s

(Ross 2004). He warned against the pressure of the treeetlylionto the soft
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compliant tissue of the stump and stated that models may be undersized if trace
pressure is too great. This does seem to be a reasonable conclusion but is again
contrary to original statements by Ross that sockets produced requiesttlitien of

two or three socks to enable adequate fit. Boender was also concerned that any error
may not always be detected by the operator as it is difficulbtierstandhow a scan

relates to the stump dimension.

Boender believed that Tracer CAD wasry good at dealing with cylindrical shapes

yet not so accurate when it came to small radiuses or the presence of horizontal or
flared socket brims. He suggested that a more reliable solution was to take a plaster
of Paris cast and to scan this in aftemiva

One must ask why it might not be easier to substitute one method for the other. It
could be that prosthetists know intuitively how to modify a plaster of Paris cast from
its starting position. If this starting position is different from a trace theifferent

modification process would bequired.

If there is a requirement to modify the model in a differeaty then this goes
someway to saying that taking a plaster of Paris cast is different from taking a trace.
This would mean that prosthetiste atarting in a different position when it coste
modification and explains somewhat the remarks by Kelly (Ross 2004) regarding
why scanning of total surface / volume matching sockets was not preferred to
pressure casting. This may also provide the reagoy sockets produced by Ross

were on the whole, too large.

So far, electromagnetic scanners have been used to collect data with the residual limb
in an unloaded position and it would be impracticable (although not impossible) to
use these systenas thé designdoesnot allow the use of pressurised equipment to
facilitate conditions of ehydro castesign.

The Tracer CAD and Bio sculptorsystems do allow scanning of the inside of a
negative cast when taken. This allom&lro castingr pressure castingquipment to
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be used but would entail the use of a plaster of Paris wrap cast rather than obtaining

the shape capture of the stump directly, thus risking further error.

3.5.3 Optical laser systems

An optical laser system projectslaserbeamonto a mould whé digital cameras
record theshapeof the curveof the light when it contacts the shape.

The scanner works by casting a fan of ldggnt over the object, while a camera
fixed to a wand at a known angleews the laser to record a cresstional profile of

the object. Theseystems acquire three dimensional agg measurements by
sweeping a handheld lasecanning wand over an objecin @ manner similar to
spray painting and are designed tocan norreflective opaque objects. The
embedded positia@l receiver is used to determine the position and orientation of the
wand, enabling the computer to reconstruct the full tdieeensional surface of the
object. Moveable objects may be scanned by attaching a second receiver to the
object. Reconstructiorigorithmsmaythen usedd establish the shape on screen and

thefinished scan is processed to combine any overlapping sweeps.

Systems are normally hand held, lightweight and portable and non contact in nature
and may be used to scan shapes directly witbvel of accuracy of up to 1mm
(Saunderet al.2003)

Examples of such commonly used systems are the CAR\@2m byOssur the
Canfit byVorum Technology and the OMEGA Scanner by Ohio Willow Wood.

The Omega Scanner is haheld and manufacturers sfaaccuracy to +/0.5mm

The CAPOD system usdise same method of captuie gcanner which consists of a
videocamera and a laséght source) but isnounted to a rotatable frame to measure
the limb. The patied@ residual limb is placed in the centretloé frame and a plane
of laser light is directed toward the central axis of the rotatable fratrieh

intersects with the limb to form a line contour on the limb's surface.
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To measure the limb's shape, the frame containing the video camera and aHaser lig
sourceis rotated around the limb.h€& computercontroled images of the stump
shape dependent line contour are takeB.@it intervals. Gordinates of the contour
image are stored for processing. The planar coordinates are then transformed into
threedimensional (3D) position coordinates to obtaime complete shape of the

limb.

Houstan et al (1995) assesseal prototype ofthe VA-Cyberware lower limb
prosthetis-orthotics optical laserThey believed that significant portions of the
prosthetics CAD/CM process still remaed largely subjective and need to be
further quantified and improvedVhen modified plaster wrap casts are used, the
casts and measurements for CAD systems input are subject to intra and inter
prosthetist variations and errors justimprosthetics practice. Errovgerefrequently
introduced when the surface landmarks avetisplaceddue totissue movement
during the casting process.

This scanner also pagined the residual limb within an electronicallyomtrolled
optical laser sysim. This consists of two scanners which are passed vertically from
the proximal to the distal aspect of the limb, incrementally sampling horizontal cross
sectional data over therigth of the body segment. Housteeportsup to+/- 0.5mm

consistency betw@escans whiclakeapproximately 2 seconds.

An evaluation of the CAPOD system for reliability and validity in foot measures was
described by Brodtkorb et.a{2006. They compared measurements taken by a
scanner to those taken byinitian. Results showethat the CAPOD scanner was
accurate and valid and also showed a significant difference between measures taken
by hand and those taken by scan. This was potentially due to the fact that measures
were taken in a loaded scenario and scans were not loadeld mby account for

some of the differences between measures.

Optical laser systems howeyelo not attempt to capture shape under pressurised

conditions. Most limbs will be scanned in an unsupported standingeated
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position. Further modification of shca shape captured, regardless of the accuracy

obtained would be requiréd ensure that an optimal socket fit was obtained.

3.5.4 Digital photography systems

The Tring is anon contact optical scannarsing four digital imagers and four
projectorsplaced wihin an octagonal ring with an extended fixed strucfdistal
rod) to control the distance from the ring to the stump dré octagonal ring is
positionedperpendicular to the central axis of the residual limb with the distahrod
contact with the cdre of the distabndof the stump. Th@rosthetist then pressas
button to collect an instantaneous picture of the residUima system is capable of
shapecapturein 1/100th of a secon@nd is commercially available from Ohio
Willow Wood (OWW). Stripedor whitesocks are necessary for theifig to capture
prosthetic limb shapesOWW claim that the system is accurate to-*0 mm but
also state that the-Ring is ideal for cases where there are no particularly intricate
anatomical details that need e captured, or for when the patient is incapable of

holding the limb steady for more than a few seconds.

Since the photographs do not reach the end of the cast, the distal end is
mathematically closelly the CAD softwareOMEGA state that interpolatiorf data

may constitutaup t05-10% of the model lengtiunfortunately, the generated shape
may not necessarily conform to the subject if the distaleesfis not positioned
properly. The CAD end cap may then be too flat, and as a result, produce a socket
that is too shortThe ability of the prosthetist to position a ring parallel to the central
axis of the residuum is also questionable although the effects gfasitsoning have

never been analysed.
When used for tranemoral amputation, the scanner ecaps the distal part of the
residual limbinstantaneously(extrapolating the distal endyhile a brim is used for

the proximal part. Th&-ring canalso be used for trasigial amputation

Electronic Test Socket (ETS) is designed and sol®tig Bock and the system is
available at most Otto Bock prosthetic service cer{fRess 208). This CAD/CAM
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system is based on measurements and 2D digital images, and is available for both

transfemoral and tran$ibial use.

ETS used on trangbial amputated fnbs is based around measurements, in addition

to a 2D digital imageThe residual limb is dressed with a stump sock, and landmarks
and a calibration measurement tool are added. Measurements are taken in relation to
a calibration device positioned on thbiai crest, and digital photographs are taken
from the front and side. The software generates a 3D socket from the photographs

and the measurements, and the shape can then be modified.

It seems unclear how a three dimensional shape can be extrapolateda fro
photograph taken in the sagittal plane. Such a photograph cannot possibly visualise
the shape of the residuum on the medial aspect of the residual limb and must rely on
computer software to extrapolate shape to fill in missing déltés doesnot provde

an accurateepresentationf residuum on the medial aspect and relies on the ability

of the patient to tolerate a socket which may be of less than ideal fit.

Digital photography systems available for use in prosthetics again rely on
photographs of #aresiduum in an unloaded state.

3.5.5 Generation of shapegrom templates and measurements

CAD sockets design procedures have been developed whereby demmanal
socket shape can be created based on anthropomatasures taken from an
amputee(Torres Maeno et al. 1992)Transfemoral applications of thel&ctronic

Test Socket (ETS)and Tracer CAD systems involwbe selection of appropriate
predetermined templates which can be adjusted to measurements of individual

patients taken in the traditional mamrby prosthetists.

Advantages of this method appear to be in the time saving for the production of
sockets which may be centrally fabricated. Disadvantages in¢h&leneed for
correct selection of shaped template and repeatability of measurements catire

the traditional method by prosthetists
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Measurementsised typicallyinclude the length and circumferences of the residual
limb which are measured with a measuring tape. Depending on whether the tape is
held loosely or tightly against the body,whether the tape is held at a slight angle,
these measurements can differ. Different prosthetists can measure the same patient,
one immediately after the other, and obtain different sets of numbers. Without a

consistent measurement system, it is diffitolichieve consisteputcomes.

3.6 Ultrasound, Computerised Tomography scans (Cyrand
Magnetic Resonance Imaging (MRI)

An understanding of the biomechanidateractionbetween the residual limb and
prosthetic socketand development of quantitative measuto predict the quality of

fit of the socket are important for optimal socket desifime interactionmay be
modelled using finite element analys{§EA). Finite element (FE) modelling
requires information on the internal and extemgabmetry of the redual limb. To
date, thedisplay ofinternal structures of the residual limb and the biomechanical

effects on the tissue, when fitting a socket leesn neglected in CAD systems.

The finite elemenimethod relies on thbreak downof complex shapes into sih
elementsThese aranalysed individually, to give approximate solutions to problems

for which traditional mathematical solutions cannot be obtained.

Finite element analysis is used in lower limb prosthetspredict the sa&ss
distribution in the esidual limb under diffrent loading conditions and socket
configurations. The use of Fieethods for modelling the tratibial residuumhas
beenreviewed by Zhang et .g1998).

Current FE modelling assumes that soft tissue is homogenous. Howeveydeale,

and inter muscular fascia have different properties and also behave differently and
interact with one another when loaded. In addition muscle buiidies contract
independently. fierefore the inclusion of the internal soft tissue geometry ®f th
residual limb may enhance lbn@chanical modelling provided the respective material

properties are known. Knowledge about loads experienced by the residuum during
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ambulation is als@ssentialfor FE modelling; the simplification of these loads in

practice § another shortcoming of biomechanical modelling.

Ultimately a model incorporating detsibf residual limb musculatureoft tissue
interface characteristics, and complex loading conditions would be desirable. FE
modelling requires input in the form absue boundary contours. The methods for
obtaining these can be manual to fully automated. The automatic extraction of
muscle contours, which would enhance model accuracy, has been successful only in

proximal images of the limbs.

In order to predict howhe unloaded residual limb is affected by the prosthetic socket

it is necessary to measure the limb under botlded and unloadecbnditions. An
ultrasound transducer placed directly on the limb would indent the tissues of the limb
and the acquired imagegould not reflecthe natural shape of the limblaBing the
transducer directly on a prosthesocket enclosing the limimay create a acoustic
problem between the socket and the transducer and degrade images of the limb due
to the curvature of the sodkeScanning through a water bathay eliminate

indentation problems

Zhang et al. (1998argue that as first step in the direction of a more complete
depction of the residuum in CABystems, display of the internal structure would be
useful, giving theprosthetist an opportunity to visualise the bone and manipihiate
limb model accordingly. Accuratgeometry of the residuum is also requiredtfce
generation of the finitelement mesh. Generic literature based shape information that
may be scaled foparticular individuals may be used, particularly for bone where

surface shape methods fail to specify bone.

Volumetric imaging methods such @3, MRI and ultrasound provide both internal
and external geometry and allow a more complete representatioastdimp.

X-ray measurements v&a not been used to create a socket shape but rather to
compare and contrast suspension capability in differeskesa@esigns. Naritat al.

(1997) compared the suspsion effect and stability of a total surfacevdlume
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matching ICEROSS prosthetic sockéd that of a patellar tendon beazgi (PTB)
transtibial design The sispension effect was measuredtssdifference indistance
between the tibia and thedket in both the non weight bearing andight bearing
positiors in both types of prosthesifResults showed that the suspension effect of
total surface / volume matching prosthesis using ICEROSS liner was superior using

both evaluation positions.

CT has been used for volumetric analysis and visualisation of softe tissu
deformations in response to socket fitting and load application as asefor

assessment of socket fit and provides excellent bone resolution.

The use of CT as a potential method of shape capture was investigated by Faulkner
and Walsh(1989)with the tope that data could be used to reconstredin®nsional
images of tissue and bone to design a custom fitted prosthetetsatthout

touching the amputated stump

This study concluded that because of the complexity of this technique ancbkigh
it did not lend itself for use with prosthetic CAD/CAM systems

MRI has been identified as the most promising imaging mod@dlbuglas et al.
1998, Buis et al. 2006jor obtaining geometric data for FEaysisdue to its ability

to differentiate between sofissue layers

One major advantagef MRI over ultrasound is the ability to show amraical
landmarks such as boneoie isa strong reflector of ultrasound and its shape is
therefore ot well determined. @atial compounding of ultrasound images allows

more complete bone visualisation when different view angles are used.
However CT and MRhavedisadvantages, particularly CT scans where the patient is

exposed to potentially harmful ionising radiation. Both systems are expensive. In
addition to the ini@l capital cost of scanners, additional fa@§tare required.
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Another drawback is that both systemeqjuire the patient to lie supine during
scanning. This alters the natural shape of the stump under gravity. It is particularly
disadvantageous when bing conditions of the limb are exareih, since it removes

loading fram the limb in addition to altering its geometry.

The use of ultrasound has advantages over MRI and CT as it provides a relatively
low cost solution and is not ionising in natutdtrasound images, however, may not
always show completigssue boundaries which anéten incomplete and occluded by
noise and artefactisadvantages of ultrasounday bein the time it takes to
produce a scan of a residual limb {13 minuteg which is mucHonger than optical
scanners. Compensation for involuntary movement during this time is required which
could compromise the accuracy of the final scan. However overlapping of images
obtained in the compound scan coatimpensate for motion artefacts.

Ultrasound i®f two maintypes:

1) B scars

2) Ultrasound Computed Tomography (UCT)

A single pulse of ultrasound passed into a series of tissues will give rise to a series of
spots of different brightness (B) which correspond to the amplitude of the w@ilecti

from different layers. These are known as B scans

B scans Bow characteristics of low contrast, granular appearance, and partial views
of ultrasound images necessitating considerable processing aftgr aoguisition in

order that useful prosthetimagesare producedB scansarecharacterised by several
artefacts that hinder clear visualisation of anatomical features including speckle due
to coherent wave interference, spurious echoes known as clutter, shadows caused by
strong reflections such as mnand anatomical boundaries which are blurred and
have non uniform intensities due to varying surface curvatures and orientation.
Averagng B scans reduces speckle and nasel enhances contrast. The variety of
scanning angles ensures that boundarieerbecmore uniform, that shadows are
filled in, and that more complete information is shown on strong reflectors in the

compound image. For individual Bcans to be placed correctly in a compound
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image, image matching or registration must take place. Aoguimages at known
positions with respect to one another would ensure accurate matching. Alternatively,
feature based matching algorithms may beduseorientate images whose relative
positions are not known but wif represent the same anatomige Tuse bexternal
markers to indicate common points in images of the same anatomical area is also

common(Zhang et al.1998)

Approachesto 3 dimensional ultrasound werutlined by Fenster et al(2007).
Systems generally combine a series of 2D imadeainedoy a 1D transducer arrays

and maymake use of image compounding to impréwequality of the image.

Morimoto et al (1995) designed a mechanical scanner for acquisition of scans
radially and along the length of the residuum. The ultrasound transducer was
attached to a window in a cylindrical scanning water tank and rotated in a plane
around the limb which was immersed in the water fill@ak. Scans were taken at
predetermined andar intervals around the limb.hE system was under computer
control and inages were acquired in twoodes; with the transducer in vertical and
horizontal planesDouglas(2002 described a similar methodology for use at trans
femoral level. Both researchers concludiealt involuntary patientnovement during
scanning and difficty in accessing all areas of thesiduum(particularly at trans

femoral level) presentedevee limitations of this method

Accurate compounding of ultra soundages of the residuunepends upon accurate
knowledge of the position of scans with respectone anotherSmall errors in
system calibration (determining the centre of rotation and positioning the angular
intervals), as well as movement of the transducer with respect to the water bath and
movement of the object from its position in space dumittrasound scanning are
possible sources of miggistration in imagecompounding. Btients may have

difficulty holding the residuum still while the 8cans are being taken

Ultrasound hafioweverbeen shown to hdlpromise for visualising the trasibial

residuum when the limb is restrained
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He et al (1999)ncorporatedranstibial ultrasound images into a visualisatitwol
that included a CABsurface model derived from vertical mode scanned images and
horizontal and vertical slices of the limbhis ool was notevaluated to determine

reliability andis notbeing used routinely in clinical practice in prosthetics.

Traditionaly ultrasoundapplicationsn the medical field have involved scanning an
organ or fetus through direct contact tbe transduaewith the body. $anning
methods that place the transducer in direct contact with thehawé not been used
due to oncerns about indentation of the soft tessi the residuum. Insertion of the
limb in a water bath for scanning places tlmeb at a grater disance from the
transducer. This make&d ultrasound ignal weaker resulting ina lower quality

imagethan direct scanning.

Mechanical localisers have been used to position the transducer vpéttrés the
limb for scanning. 8anning with thdransducer in direct contact with the limb not
only eliminates the water bath batlows the use of freehand methods which
eliminate the need for elaborate mechanisms to place the trensaypcedetermined
locations. Theoreticallyltrasound scanning dhe residual limb could then become
as effortless as ultrasound in routmedicalpractice.

The accuracy of the skin and bone contours and of limb volusieg B scansnust

be assessed, and it must be determined whether CAD FE modelling is tolehent to
errors inherent in ultrasound systems. All three groups involved in imaging the
residual limb found resolutions of 1mm or less in each dimension of the
reconstructed image when imaging test objects in the absence of motion artefacts that
usually degrae the image quality when human subjects are examined. Using current
scanner and transducer technology, 1mm may be regarded as the practical limit of
resolution that could be attained with the scanning configuration improved to reduce

patient motion to a mimum

UCT has not been usdd obtain limb structure in lower limb prosthetibst is

capable of capturing shapead position of the limbs being scanned. 360 degree UCT
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systems could be used in casehere access permits use e.g. ttdnal limbs. A
360 degree system would eliminate the artefacts that appear in the compound image
as a result of patient motion between scans iaxal plane.

Fenster et al(2001)recommenduture research to ultrasound imaging of residual
limbs. They suggest red@gn of theway that patient motiois controlled, as well as a
longer ultrasound beam path through a water kbdtlth does not degradenage
quality.

Such a system was investigated by éteal (1999 who tested 3D imaging of
residual limbs using ultemund. This system employs two separate ultrasound scans
and combined them. A horizontal scan skdwnternal structure and a vericscan

displayedskin external structure.

The accuracy of volumetric measurement based on the method was tested using a
cylindrical model and custormmade limb model. Results demonstrated the feasibility

of using ultrasound to perform limb measurement fortheiec CADapplications.

He et al (1999 demonstrated significant time reductjo(less thanl0 minutes)
during thescanning process wh compared to MRI or CT scarisis expected that
this processing time will reduce as computers become more powerful making this

potentially a practical method of data capture.

They alsorepored improved resolutionand accuracy whemsing thesystem in

measuring external geometry. (144 points peruamrerence 28 points per cm in
longitudinaldirection). Such a high resolution may not actually be requiredpiay

help to extract an accurate and smooth skin boundary from the vemacms.

Ultrasound isaninexpensive and easy to use imaging modailitgthas the potential

to become a standard procedure in the assessmdrangtibial residual limbs.
Ultrasoundis not howeveiincorporated into everydgyrosthetic practice. MRI and

72



CT scans are also are not used routinely possibly dpetémtially harmful radiation

andcost.

3.6.1 Display of internal structures

Brncick (2000) reviewed the history and development of &M and presented
recommendations to improve system effectivenasghe field of prosthetics and
orthotics. Brncick had a more positive outlook on what CAD has to offer stating that
the clinician and the clients they serve have a lot to gain from further research in this
field. He stated importantly, in agreement w&bwell et al. (2000)hat if focus is

made on how one can improve prostheses, one can expect great things from the
methodology of CAD/CAM.

The question he wishes to answer is not whether the prosthetist achieves satisfactory
results but why satisfactorygselts ae satisfactory. Brncick believetiat theuse of

CAD would give the necessary information needed to predict what the socket shape
should be to produce a specific pressure distribution within the socket. He is hopeful
that should technology be usedthe correct manner, the information it yields will

perhaps provide clues to why some prostheses fit well and some do not.

Much of todayés research on CAD and pros
element analysis (FEA). An attempt to creatéraegrated CABFEA prosthesis was

made by Goh et al (2005). The aim was to provide a more objective assessment and
clearer understanding of socket fit and improve the chance of a successful first fitting

prior to prosthetic manufacture.

With the integréion of finite element techniques, local stress and strain can be
calculated in the amputation stump and prosthetic socket although this is difficult to
achieve through the entire gait cycle. Once practicalities of experimental
measurement systems are @oene the socket can be optimised and simulations can

be performed before the final socket is made for the patient (Oberg et al. 1993).

73



However more work needs to be done for this to have a practical application in the
clinical setting, for example transilag interface pressures to more clinically relevant
pain or discomfort of the person with amputation.

The most important advantages in using FEA are that information on stress, strain
and motion anywhere within the model can be predicted and it is denvdar a
parametric analysis for optimal design

The main concern is development of an appropriate model rather than the
performance of the calculation. If the model is not a valid representation of the real
situation then results will be misleading hertbhe development of a FEA model for

stump/ socket interface need to be carefully monitored, critically assessed and

validated.

Zhang et al (1998) argued that as a first step in the direction of a more complete
depiction of the residuum in CAD systemssplay of the internal structure would be
useful, giving the prosthetist an opportunity to visualise the bone and manipulate the
limb model accordingly. Accurate geometry of the residuum is also required for the
generation of the finite element mesh. Ganbterature based shape information that
may be scaled for particular individuals may be used, particularly for bone since

surface shape methods fail to specify bone.

Summary

Shape capture of the internal and external dimensions of the residual liynbema
obtained usingmaging methods such &T, MRI and ultrasoundVIRI appears to
offer the most promisingnethod ofobtaining data for FE analysss it has the ability

to differentiate between soft tissues layers and show anabfandmarks such as
bone. However CT and MRare not without disadvantages; systems are expensive,
require the patient to lie supine during scanning; and expatens to potentially

harmful ionising radiation.
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Ultrasound is not used in clinical prosthetic practice. Itéxpensive and easy to use
and has the potential for everyday use in the shape capture ofilbiahsesidual

limbs.

Spatial compounding of ultrasound images allows more complete bone visualisation
when different view angles are usésince bone is arsing reflector of ultrasound).
Fenster et al. (2001) recommexaduture research in ultrasound imaging of residual
limbs. A redesign of thenethod by whichpatient motion is controlled, as well as a
longer ultrasound beam path through a water bath whiels dot degrade image

quality was suggested.

He et al (1999) demonstrated the feasibility of stitand to obtair8-D imaging of
residual limbs using aystemthat combined horizontal and vertical scans to show
internaland externalresidual limbstructue. Resultsidentified a possiblenethod of
shape capture of the futurthough thistool was not evaluated to determine

reliability and is not being used routinely in clinical practice in prosthetics.

The use of ultrasound technology of appropriate feeqy could offer advantages in
prosthetic application due to the fact that the limb is immersed and could be loaded

in a water tank. Internal structures could be visualised whilst the limb was held in

this medium which could theoretically improve underdiag and promote
devel opments in FEA in relation to what
Future research is required in this area to develop a CAD system which could
interpret ultrasound results for a hydro cast socket without the need for hste

Paris.
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Chapter 4
4 Computer aided design in prosthetics

dt is important to investigate all possibilities to ensure that improvements in future
systems are identified and made possible and to identify potential errors, as these

may be more dangereuhan knownonés ( Li |l ja and Oberg 1995)
4.1 Introduction

It is thought thatlames Foort, an engineer from theivénsity of British Columbia,

introduced the first concept dEAD/CAM for prosthetics ovefforty years ago

(Brncick 2000Q. It was not untilte 198 06s when afdomputdrabl e &
technology became availabthat CAD/CAM was introduced iprosthetics (Sewell

et al. 2000). At this timeCAD/CAM was regarded as the technology of the future
because oits many advantages (Otto 2@)hAndit was hopedhat itwould facilitate

revolutionary methodsf@rosthetic socket productigewell et al. 2000).

A new mindset for the produoh of prosthetic limbs wasequiredfor CAD use
Most prosthetists were not used to using computers at all, GhD/CAM
technology was an advanced way of using a compkiterthese reasons CAD/CAM
was not embraced in the beginning agstems required significant investment in

terms of finance and training (Sellet al. 2000).

Although practices invested AD/CAM systems and were motivated to use them,
some were not prepared for all of the changes to their practice that were required.
This made it easy fopractitionersto fall back to familiar traditional techniques.
Additionally, many prosthetists may have be®ncerned thaCAD systems would

allow other allied health professionalbet ability to work with patients with
amputation and technicians feared they may be remlaby computer aided
manufacturgBrncick 2000).
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For these reasons, some eaxhers betived that CAD/CAMmay have been
prematurely introducednto prosthetic practice and mightwve benefited from a

period of sustained development away from clinical practice.

Boone (2001) statedhat CAD/CAM has not been the force for change thatsw
originally envisioned. Hegreel with Sewellet al. (2000)n statingthat the initial
introduction of CAD was ahead of its time and thatitially technology was
relatively rudimentary The reslt was that those who took ddAD/CAM systems

quite early were rtopreparedor the fundamental changes in their practice to make
CAD/CAM advantageous over manual methods. The long term result was that these

operators drifted back to traditional methods of shape capture.

Boone(2001) arguedthat it was not that prosttists were unwiling to change, but
that when peoplare uncertain, it is human nature to fall back on tried and true
methods.Furthermorehe arguedthat CAD software limitations have not held the
development of CAD systems back as much as limitations linicians

understanding how to use the tools in the way that they need to.

He stateda lack of clincal effortto apply CAD because systems diot inform the
user how much tdake off or add to a model, but only facilitdtéhe process.
Practitioners whoalready kew how to do this by hand we not committed to
learnng how to use newn screeroolslessfamiliar to themthanthe plaster tools in

their hands

Contoyannis Boone2001) rénforcedB o0 o0 n e dnsent thattigerewas an inflated
expectation atb how CADmight have been useldpth in terms of givingyuidelines
of what is considred a good fit and indicatiosf modificationsrequired to achieve

this goal.
Boone 2001) aguedthat CAD/CAM needs a more robust and consistent level of

supplier suppad andthat clinics mustlso consider how much effag requiredto

allow the use o€AD/CAM efficiently rather than falling back on familiar means.
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Steele @001) reinforcedthe argument ofsustainedeffort to make systems work
when he statethat sporait use of CAD does not give the user enough experience to
be successful and that continued perseverance is necessary.

Benveniste (2001) stated that perseverancenvas not the problem buthat the
fundamental problem with CAD has be#tre accuracy of systems capturing an

appropriate and accurate image.

Literature presents a mixed view regarding whether CAD technology is being
appropriately and advantageously used in prosthetics to achieve better understanding
of socket fit.

Brncick (2000) statedhat camputerisation is here to stay and will continue to
influence the fild of prostheticsf used with a focus on prosthetic fitting techniques.
Brodtkorb et al(2006) argue tha€EAD/CAM was introduced more than two decades
ago into the field of orthotics angrosthetics and that this new method of shape
capture has not lived up to thexpectations oftwenty years agaexpressedby
Klasson (1985) and othercontributorsto the special issue of Prosthetics and
Orthotics International (1985).

Sewell et al. (2000investigated developments in tratitsial prosthetic socket fitting
process and reviewed literature on past and present research. He found that current
research was focused on achieving a better understanding of prostick&t f& by
guantification ofnormal stresses at the stump socket interface. Although convinced
that advances in socket fitting techniques had been made, Sewell stated that what
was not clear was the actual extent to which advances in CAD technology had
contributed to these advances

They stated little evidence that current CAD systems offered any significant
advantagesver conventional techniques aajued that while CAD was being used
as a very effective tool in the capture of tréibsal shape, it was still being used in a

very atisan fashion rather than in a more scientific way. CAD systems have been

78



largely used to collect stump dimensions to facilitate easier and more efficient socket

fabrication rather than to improve the fundamental understanding of socket fit.

They conclued that CAD systems have simply imitated the traditional plaster and
rectification process that can be undertaken manually. The prosthetist has little
additional information available to assist in the shaping of the socket than he had
previously. Goh et al2005)concur that although CAD has been used in prosthetics

since the 1980s it does not introduce any new principle into socket design.

The change from traditional casting methods to a computerised methsithe
capture and on screemodification appars to bedifficult for the practitioner
Traditional methods do allow the prosthetist to achieveeasonably successful
outcome.CAD techniques tend to involve steep learntnigves in order to ensure a
similar quality of socket fit. During this time ckets deemedinsuccessful are
inevitable as the prosthetishdeavourso become accustomed to the new method of
design. If the CAD system is based upon traditional method suSkveelland Goh
suggestand the prosthetist does not have more informatiaiiadble to assist in the
understanding of the socket fit, it gerhaps lessurprising that CAD systems have
not been employed with greater enthusiasm throughout the prosthetic industry.

Steele (1994) conducted a survey of prosthetic limb centres i03l#e He stated

that when introduced into clinics, CAD/CAM was difficult to understand and
intimidating. This resulted in a resistance to change on its introduction. Perhaps it
was not the lack of understanding of the prosthetists but a lack of undergtéydi

the developers of the CAD systems as to what it was that the market demanded?

Sewelletal. (2000s uggests that as a b&gyaamtded wihoc k et
traditional or CAD / CAM techniquesCAD / CAM havenot fulfilled its potential.

He statedthat there is no proof that CAD/CAM systems resaiih more ©omfortable

sockets, but they couldid in reproducing a socket that the patient has found to be
comfortable in the pastt is debaable whether the stump is likely to remain the

same. Inany case aproduction of a model can already beiaeéd by filling the
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socket with plaster of Paris. Although this is more time consuming, it does offers a

cheaper alternative.

Ross (208) found results ifficult to quantify and reportecho two prosthests

getting the same resultshen CAD systems were utilisedHe concludel that the

main advantage in CAD appears to be time saving. However, although time may be
saved m the initial scan, Ross reported thaBZheck sockets we required for each

limb which mayresult in extra time sperftom shape capture to delivery over
traditional methodsRos s & paper, however, l i ke many

based on expert opinigrainedfrom clinical experience and not scientific evidence.

Green (2003) soughexpert opinion on recent developments in prosthetic socket
design, materials, and fabrication, including the use of CAD/CAM techniques and
silicone liners. Opinions varied but consensus was given on the requirement for

ongoing development of socket designaterials and fabrication.

Experts felt that the CAD process was not still entirely equal to that of the results of
an experienced prosthetist in all circumstaneksreported thatellendahl believed

that even with current technology, handdaaoclkts were still bestAdditionally,

good results were still possible with CAD but in the hands of an experienced
prosthetist. He believed that handmade sockets still have the advantage in comfort
and quality of fit (Green 2003).

Klasson (1995) believed th& AD development only highlighted the problem of
current socket technology. This mainly deals with the procedures involved (like
casting, rectification, modelling, selection of materials, manufacturing etc). He
believed that to a lesser extent it dealitmgpecifying and evaluating the final result

in terms that can be used for analysis and development.
Other experts believe that CAD systems can only improve and offer the opportunity

to quantify how sockets fit. CAD may not currently guarantee goodtselsetause

prosthetists need to develop a better understanding of what constitutes an optimal
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socket fit. Development of systems which assist analysis and improve the fitting
process are required to continually refine the processes and improve the sutcome
(Green 2003).

Traditional plaster of Paris shape capture techniques do not guarantee an appropriate
shape and volume match of the residuum. This is because these tools are rudimentary
and lack accuracy. Additionally when it comes to measuring and lathg the

socket fit, traditional techniques do not provide the required information. Techniques
that offer solutions and enable the prosthetist to quantify the procedure and results
are required. The desire to answer the more challenging questionsvladumhakes

a socket successful are key to improving understanding and the method by which the

shape is captured.

4.1.1 On screen modifiation

Sewell et al. (2000) statedhat on screen rectification is more efficientthe long
term; butis initially more time consuming and reliezh the skills of the prosthetist to
relate the on screen image manipulation to traditioast rectification.

Ross and Kelly (Ross 2004) agree that on screen rectification possibly saves time,
and also allows the patient to becomgolved or have an input into the design
process. Ross argues that this nmagan that patients are moommpliant in
acceptingthe final result as the process of rectification becomes transparent to the

user.

Lemaire(1996)adopteda different approachn an attempto minimise errors during
redification. He argued thagbrosthetistdid not understand the optimal method of
designing a omfortable functional sockeand werereliant on hanesculpting
techngues. He averaged a series of modificatiomsade manually by seven
prosthetistsand used thaveraged values as templatesaicommercial CAD/CAM
system. Lemaire believed that CALAM used in this way would limit errors of

rectification as it provided a controlled mechanisar §hape modification. He
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pointedout difficulties in visualisation of modifi¢ens on a 2 dimensional screas
opposed to hand sculpting modifications gohgsical plaster cast and statbdt this
adaptation process took time andswent easy for the prosthetist using trial andre
(Lemaire1996 Lemaireet al.1999.

By customising rectification, modifications weremade using an varaged
modification pattern with the aim that that this processilal improve the efficiency

and effectiveness of moving from traditional to compstaket design.

Lemaire argue that averaging a series of modifications produced an acceptable and
functional designHowever, thanodifications varied in size and shape which meant
that different rectifications could be made by the individual prosthethich

Lemai r e a &denaintoleraneeswithi owhéi ch a pr ost heti st

Lemaire appeared to be attempting to create a standard rectification package to
minimise individual rectifications by individual prosthetists. This did not take into
account the variety of different shapes, tissue consistency of different residual limbs.
Furthermore, by producing a 6ranged of
modification consistently but allowed individual preferences of prosthetists to be
used. Soot design is not based upon any socket fitting criteria and rectification

shapes based upon a small sample of rectifications.

Yildirim and Ostangef1998)demonstrated the use of rectification maps as a means
by which different methods of fitting prostlesscould be comparethe rectification

map showedthe build up or reduction compared to the origisarface shape
captured and coulte coded by colour to assist in visualisation of the amount of
change. Thigan at a glance recognise differencesgerification andhence loading
strategies used at speeifi areas on the stump surface. Sidles et al. (188®8ved

that maps coulde used regardless of the method of shape capture and that the
difference between the shape captured and the final modifegmbsnay be described

by a rectification map
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Regardless of claims made by Lemaire (1996), Lemaire €1389),Yildirim et al.

(1998), and Sidles et af1989) as to the best method of modificationmitist be
beneficial to minimiseany form of modifcation to the final shape captured by
capturing the residual shape of the limb to be closer to that of the loaded shape.
Provision of maps or rectification patches must lead to differing socket designs and

reduces understanding of what constitutes an @pbtitm

Klassons opinion (1995was that it wa not possible to achieve an even pressure
distribution by modifying the cast in the plaster rodfany prosthetists have tried to
depart from the plaster room modelling concept and try to get close toean ev
pressure distribution when the cast is taken, leaving only very little for reshaping of

the plaster positive

The repeatability of traditional patelftgndonbearing cast rectification between two
experienced prosthetists and between the rectified ohgach individual prosthetist

has been investigate@g¢nveryet al. 2003)

Each prosthetist wagiven five previouslyduplicatel plastercastmodels to rectify

by handbased on theiinterpretation of basic rectification guidelineghe re
measuredactified plaster model data were comparedriectifieddata. The amount

of modification by each prosthetist walseh calculated and compared E00
locations on eachlg@ster modelin modified areasthe mean difference between
prosthetists was quantfil as 2mm and the standard deviation about the mean was
+/-1mm for each prosthetisthe maximum variation by one prosthetist was recorded
over the fibular head where a standard deviation of 4.3 mm was rec®tdeqhilot
study demonstrated the variatiorbetween rectifications performed by two
prosthetists and in an n d i v iredtificationd She sample size is small (n=2) and
further research is required to provenether this represents typical variation.
Although Sewelket al. (2000) argartially corret in identifying the best method of
shape capture, the way in which the stump is loaded whilst the dptare is
achieved igital in the way that this affects the shape captufdis should minimise

or negate the requirement for rectificati@itheron screen or in the plaster room,)
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which can only serve as a potential for serious error in producti@ prbsthetic

socket.

Kristinsson (1993) tested the results of the casting and rectification procedure carried

out by prosthetistsAlthough excellentthesewere neer similar and not repeatable

He believed results would be more similfathe modelling process was performed
under full | oad bearing. Kristinsson bel

surface scanningé CAD techniques.

He discused the latest methods of fitting a prosthetic socket and the level of skill
required from the prosthetist. Interestingly Kristinsson stated that although
CAD/CAM may be the answer, more research should be directed towards
understanding the complex intetian between socket and skeleton. In any case
Kristinsson did not accept the current s@it€€AD as a toolbox because in his view

all systems seemed to have inherited the PTB concept or relied on the topography of
the hanging limb or a cast. He did nonsamler that CAD has anything else to offer
besides documentation and ease of fabrication but hoped this would change in the

future as the systems evolved.

4.1.2 Model axis

Klasson (1985) pointed out that the ability to reproduce a prosthetic socket will be a
key feature of the future of CAD systems in prosthetics. However, Brncick, (2000)
stated that prosthetists have not yet been able to quantify how a socket fits, and are
therefore unable to classify the very fundamental concepts of what constitutes a good
fitting socket.

One of the claimed advantages for the use of CAD is the fact that a socket may be
made in a repeatable fashion. However advocates of this argument would state that
while it may be possible to carve the same model twice, difficulty exists i

comparison of models due to the fact that a socket axis cannot be identified. This
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means that it is difficult to compare like with like socket shapes or to analyse

changes in stump shape and volume between different scans.

Further research is requirtmldevelopa centrabxis socket locator. This mightlow
optical na contact systems to be placed at the correct aagyke central axis would
be identified At present the authas collaborating on gilot studyto establish
methods by which this coulde realisticallyand practicaly achieved for routine use

in prosthetic practice.

Manual ®cket axis locaon has been previously attempt&ahedi (1986)yeporteda
mechanical tool, the Szulc Sat Axis Locator (SSAL) Kigure4-1, Figure 42 and

Figure 43). The tool is made up of two independently operating units located on a
central axis. These units operate like an umbrella, with the four legs of each unit
moving outwards whilst under the control of a comgia@s spring. A key system

stops these units rotating. The way in which this device operates cause it to self align
when placed in a socket therefore allowing the centre axis of the device to be used as
the centre axis of the socket. Testing of the tholgs some inaccuracies as it has a

very small negligible centre line offset of 0.75nW@ahedi 1986)

Figure 4-1 Szulc socket axis locator within the prosthetic socket
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Figure 4-2 Szulc socket axis locator

Figure 4-3 Szulc socket axis locator inside the prosthetic socket

However, there are some issues with the functionality of this tool. Because the legs
of the units are constantly trying to move outwards and because they are made from
metal, it is common for them to interfere with the cast and therefore not define the

true central axis of the socket. The process also requires careful positioning and

placement of the tool and therefore the accuracy is dependent on operator skill.
Lemaire (1994putlined the use of a CAbased axis locatawhich workedthrough

creation of aline of best fit through the centroid. Cross sectional areas were then

recalculaéd once the model was realigned allowing comparison of models.
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A further attempt at socket axis location was mad@bgneand Burges$1989)in
development of the Seattle Shapaker software. Prosthetists maalaster cast of

the patient's residuuind the Seattle Shape maker then traced the shape of the cast,
taking measurements approximately every ibimetres. These measurementsreve
automatically enteredhto the computer, which displayéte shape graphically on its

screen.

Another example ofocket axis location was developed using magnetic resonance
imaging (MRI) technology to determine the bone data for use as a reference grid
Buis et al. (2006) performed a study of the reliability of using MRI scans as a
feasible method odbtaining a refeence grid for transibial prosthetic sockets. The

main concern was that the materials used in casting prosthetic limbs, such as plaster
of Paris and silicone, would interfere with MRI data and distort the images. However

it was found that these matesalid not have any interfering impact on the scanned
image and so using MRI technology to locate a lower limb socket axis could be
considered as accurafehis would be excellentf research purposes but magt be

practicalfor clinical use

The abilityto view multiple shapes on screen, perform measurements, obtain total
and sectional statistics and compare two images would allow the user to compare and
examine the effect of intervention in a qualitative and quantitative manner.
Identification of an ecurate three dimensional axis would allow more of the
potential of CAD systems to be released and may enhance the understanding of
prosthetic socket fit since different volumes, and modifications could be compared
directly as one link in the chain in féitation of the understanding of socket

inaccuracies.

4.1.3 Clinical research trials

Brodtkorb (2006) stated that because of the diversity among the different CAD
systems, results for one system can rarely be directly interpreted as valid for other

systems. Healled for individual evaluation of the performance of each new system
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taken into practice to assure the accuracy needed for making an impression. He felt
this was increasingly important given the rising demand for the evidence of cost
effectiveness whemtroducing new technology to health care. These demands for
assessment have for centuries been the norm when introducing new drugs, whereas

the medical devices have to a great extent until now been spared this scrutiny.

Throughout the literature thereveabeenreports ofmanyevaluations and trials of

different systems.These are difficult to analyse consistently since most are of small
sample size, each uses a different CAD system or method of clyatpee, and it is

unclear or nostated in many axies whetherite mode of treatment is known for

each patient or prosthetist involvefldditionally, bias may be present in several

studies. Results varyidely depending on systems used and are not based upon
socket fitting criteria that determine requiemt s f or a O gMaoydf6 pr os
the evaluations report on successfulltfiiings of patients using a CAD system

proving more successful than sockets made with traditional hand casting methods

while others report the contrary.

Results of thepilot phase of a clinical evaluation of computer aided design of-trans
tibial prosthesis sockets were reported by Holden and FEOR&9. For asmall
sample of ten trargbial amputeesconventional socketwere comparedwvith CAD
sockets. Patients weldinded to the socket productionethod Six prcsthetists of
high, mediumandlow experiencdrom three different centres were randomly asked
to createfor each patient a socket by CAD or by conventional me@heeeof the
tenpatients preferred CAD soets and one preferred the conventional sbc&ix of

the patientpreferredsockets produced by conventional means.

Boone andBurgesy1989 presentec CAD system named automated fabrication of
mobility aids(AFMA). This system was producéd demonstre a principle that a
cast can be remotelgigitised and rectified routinely and remotely to produce a
satisfactory socketThis study goal wado prove that a computer system for
prosthetic socket design and manufacture could be used as a workable method

prosthetic cliniceand used CAD in fitting final trangbial prostheses for normal use
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by patients.The efficiency of the CAD fitting process in terms of the number of
socket iterations necessary to produce a fit satisfactory upon clinical examaradion
for extended use by the amputee was measured and electronic modification of
prosthetic sockets held in a computer datalasebs were digitsed from a group of

13 patients with amputatianeeting selected criteria. Casts were taken of individuals
andsent to a remote base for scanning and rectificafigtandard rectification was
built into the design software, modifications to accommodate individual subject
variations werenot made to the first socket.n@e fitted, individual modifications
could then be suggestelly the prosthetist fitting the devicResults showethat the
AFMA techniques were adequate to provide a clinically satfadit in 85% (11 of

13) of thepopulationstudied The numbeof iterations of socket designs needed, as
modifications were required to provide an adequately fitting prosthesis averaged

2.89. (This does not include the initial standard rectification.)

While this study appears to state that it is quite possible t€ ABCAM routinely

in clinics, CAD is still not ued routinely in clinics almost twenty years later.

Limitations of this study may be in the small population sample which may not be
representativef the entire prosthetic population. It is also unclear as to whether the
patientswere blind to treatmerdnd resultsmay be subject to some bias patient
feedback was at leagart of deciding if a socket wasiccessfulSatisfactoryfittings
werethose that the prosthetist deenseatable for delivery for permanent use by the
prosthetist and patient whichay have influenced results

Different prosthetists may have given antirely different result in this experiment
Prosthetists were aware of the treatment offered and the sué@fiswasbasedat
least partially on a subjective decision made byptlesthetist responsible for fitting.

This may havenfluencedthe outcome of this study.
A numerical method for fabricating prosthetic socketstfanstibial amputees was

develpedby Engsberg et al(1992)who fitted fifteen patientsall of whom statel

that the computer designed socket fitted better than their conventionally made socket.
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Once again however, there miag biasin thisresultsince it is unknown whether all

prosthetists and patients were blinduioich socket they were fitting.

An evaluation of the (AMFA) CAD system in the manufacture of tratisial
prostheses wareportedby Ellepolla and Sheredad993). A plaster of Paris cast
was takenby handof the patienh s s tEacimpast was then digitised by a
mechanical digitiser (shape mak€AD software) Diagnostic sockets were then
produced on a model of the residual limb and fitRrsthetists werthenallowed to

make a maximum of 6 diagnostic sockets to optimise socket fit.

Interestingly one of the important goals of this study teagerify the claim that the

VA Seattle prosthesis could be delivered to the patient sooner. The results indicate
that the prosthesis delivery time did not imprinezausealthough the CAD allowed

for quicker fabrication of sockets and assemhlp to six check sockets were
produced.The progress opatients fitted with thee prostheses was followed for a
period of 6 months and subjects reportedt ttiey were both comfortable and
preferable to their former prosthesegisTstudy concludethat, in order tamptimise

the advantages of computerised design and manufacture, prosthetists should undergo
a complete training programme in the use of the CAD system.

Oberg et al(1993 conducted a clinical trial comparinthe CAPOD system and
conventionally poduced sckets. The population sample was once agalatively

small (n=22) Results analysed subjective experience, prosthetist judgment and that
of a physiotherapist, social variables and objective gait paramélerglifference

was found between the fit ofd@lsockets although the conventionally manufactured
sockets tended to fit with more socks. The patient was unaware of which socket he
was wearing although it was impossible to make the prosthetist unaware of which
socket he was tihg which may have intragted inevitable bias.The study
concludedthat the quality of socket fit using the CAPOD system was at least the

sameasconventional methods
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Andrews (200D reported that results ain audt undertaken in Bristol, UK have
shown that CAD Tracer CAD is equally effective at creating comfortable sockets

as traditional methods but that it saves time which can be re deplblyedaudit

related to the first six months @facer CADuse in the Bristol prosthetic centre and

was of retrospective design based tinical notes. The aims of the audit were to
assess the number and type of sockets that had been made and to evaluate failures of
the system. Results conclubléhat this CAD system required substantial ongoing
training but has wide clinicahpplications It did require more diagnostic sockets
althoughthis was expected to reduce as prosthetists became more experienced with
the system. Positive aspects were that the system saved time, and fewer socket
adjustments were recorded, although the number of patsts remained the same.

Another opticalscanner theCANFIT system was evaluated by Toperd Fernie
(1990). Again, this study aimed to compare trabml sockets degned using
CANFIT with socketsnade using plaster of Paris cagtssample of 48 psons with
transtibial amputation waéitted with sockets produced by the CANFIT system and
by conventional method§&ockets producedly CAD/CAM were initially preferred
by 50%o0f thefirst 20 subjectsThe authors concludehat the CANFIT system was
found, in a controlled singtblind trial, to be capable of fitting patients with trans
tibial amputationas well as could be agved with conventional methods (Topper
and Fernie 1990).

Possible advantages of CAD systems weeatified by Liljaand Oberd1995 asan

even quality of prosthetic socketsme saving lower cost Despite this potential
these reseahers identified that the use G AD/CAM techniques wa rare in daily
prosthetic and orthotic practice at the tifmiey prediced an increasén the use of

CAD but offered a cautionary note to consider possible errors of measurdineynt
considered identification of potential errors to be essential as this would facilitate
corrective measuresvolumetric measuremesitwere carried outusing a water
immersion / displacement technique, and compared on cylindrical and amputatio
residual limb models using amptical non contactingGAPOD) system.Results

indicated that theystem was accurate in determining the volume of simple models
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but over compensalefor shaped or more complex models with a systematic error of
+2.5% for all models testedhe authors argue that once this error is known, it can
be easily corrected for. They did not evaluate variations due to soft tissue

deformation.

The accuracy angrecision of volumetric measures by two different techniques of
shge capture have also been analygddhanssorand Obergl998. This study
analysed theSeattle Shape Maker (electromechanicahtact scanning) and the
CAPOD (optical ©n contacting mediujnsystem using three types of reference
objects of known dimensions and volume. Each model volwagemeasured using

the Archimedeswater displacement method whiglas ©nsidered to be free from
error but which conceivably may have been affected by imoretseyond thdrim

line of the modelResults indicated that although both systems contained systematic
errors when measuring, they both had sufficient precision for routine clirseahu
prosthetics and orthotics.oever the systematic error and randemor onthe
contact method was largdran with the optical method of shape captute.both
systems work with different scanning techniques it is logioahssume that an
increased numbeaf steps in a process increasiee risk of errors. The fact ththe
plaster of Paris wrap cast is the starting point for Seattle shape majentroduce
errors in shape and volume of the residual limb model and this must be remembered

when systems are compared.

4.1.4 The use of CAD as an educational tool

Literature isfull of different educational courses in instrioct of prosthetists on
CAD/CAM principles and techniquékemaire 1993, 1994

Ross(2004) reports a steep learning curve when prosthetists endeavour to learn to
use the Tracer CAD system. Andre(00)also agrees that Tracer CAD requires a

lot of training n early days of uselhis is because different prosthetists are able to
produce a variety of sockets using the system. Ross reports that it was not uncommon
for a socket to be proded that required adn of two or three socks to optimise

fit. He attributedthis to how hard the prosthetist presses with the pen against the
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residuum and hypothesises that this will vary from prosthetist to prosthetist in a

similar way to a casting technique.

Boender (Rss 2004) statkthat TracelCAD hadgood potential as a teaching tool.
This is because a model may be viewed and saved at various citagedification.
Boender pointedut however thatworking on CAD systems tendéd be much more
private andhat thismight reduce the cross fertilization of ideas during rectification

between prosthetists

Zahedi (1996) statethat the population of people with amputation in developing
nations has increased due to advances in medicine and increases in road traffic
accidents and &nd mine injuries. He identifiea shortage of trained operators which
could limit the application of CAD in developing world. It is thought that the ratio of
prosthetists to amputees is approximaté300 in the developed world. In
developing cantries the ratio of prosthetists to amputeeastinually growing and

is thought to b@ne to thousands (Day 1998)

Jones (199) wrote philosophically abouprosthetic and orthotic technological
developments that combine the efficiencies of rapid measemt and manufacturing
technologies. He asked how to allow the prosthetist to gain efficiency and
effectiveness in use of the computer based system without the computer getting in
the way. He also asked how to allow a computer based system to evolve as th
knowledge of the usefeveloped.

Fernie et al. (1984) developed a method of overlaying cross sectional images of a
cast nodified by students over the mmodified cast cross section. This allowed
students to view modifications made on sockets they haduped successfully or
otherwise for demonstration patients. Sixteen students participated in 96 prosthetic
fittings. The overlaid pictures allowed lecturers and students to discuss possible
socket errors and potential solutions in relation to the exmer during socket
fitting. Prosthetic fitting problems do not always manifest immediately and can take

several dys to materialize. tBdentsof prostheticsonly try out sockets on patients
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for a limited time and therefore Fernie et(d@984) believed thahe data provided a
more thoroughcritique of a students modified cast than was possible with only a
brief trial on the patientWhilst this may offer a visual method of differing
modifications in a teaching situation, the axis of the models may diffes@mday

be misleading if overlaid incorrectly.

Jones (1993) arguetthat new prosthetists must first focus on the fine details and
technicalities of the tools and then, with practice and experience, these details can
become second nak. Only then wa it possible to concentrate fully on the creative
aims of the task. Ideally tools such as CAD should allow the user to free up the mind
from the minor details ahbe more creative. The user cothén be considered to be
operating at a higher level in whichetunderlying form and essential expertise of a
task can be considered. He stateatif the underlying philosophy is acceptable then

the sockets will tend to be too.

4.1.5 Summary

The use of CAD in prosthetics appears to offer an opportunity to increase
undestanding of the conditionsrequired to promote optimal sockefit.
Unfortunately, literatureavailable to support thigs limited Many papers present
commentaries and expert opinion about a variety of systants,many systems

which have been evaluatedeano longer used

Whilst expert opinions are useful, they appto have promoted certatonceptions

about CAD relating to accuracy and repeatability of systems.stdtementthat

CAD systems are more accurate and repeatable than traditional plaftariof
methods is based mainly apinions and clinical experiencand isnot backed by

scientific evidenceOther research relates to clinical trials of CAD systems the

quality of this research igmited in design. Many of the outcome measuremerds ar
ambiguous and based upon the qualitative estimations of the sookepfiat i ent 6 s

feedback rather than quantative measurements
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There is a lack of consensus on how best to capture the shape of a residual limb.
When one looks at the methodsailable the posthetist must choose between
severaldifferent combinations of shape capture and socket design. This is confused
by ambiguous and subjective prescription crite@@ansensus must be reached on
these important factors and research undertaken tafideritich methods offer the

best accuracy and repeatability of shape capture of the-tibgaisresidual limb

under the conditions most likely to promote good socket fit.

The real breaktlmugh in CAD development wilbccur when the concept of applying
the desired pressure distribution to siata the socket on the stump ashieved
using CAD in conjunction with some form pfessurising device. This witiffer a

direct method for shaping instead of an iterative process.

Accurate, repeatable and consisteapture of a residual shape removes inaccuracies
of different prosthetists. If it is possible to capture the slaapevolumeof a residual
limb so that the stiffest path is achieyeadctification of the cast should not be
required.Rectification will mnly decrease the scientific validity of the socket design

and introduce errors and inaccuracies.

There are no CAD systems currently available which allow integratith pressure
casting systemsMany CAD systemswhich are currently in useare without
independent evaluation. Independent evaluation is important to ensure that
inaccuraciesare understood and so that improvements may be madiiture
systems.The type of CAD systems and the extent to which these are in use in

prosthetic clinics is unclear.

If CAD is to be usedn conjunction with pressure castinge must agree on the best
method of shape capture and this should be affordable, consistent, and easy to use.
The method used must also be at leastae@surate,repeatable and reliable as
tradiional plaster of Paris method@A result is repeatablewhen, each time the
clinician measures the same patient usingsimae equipmenthe measurements are

the sameReliability is the extent to whichhe same measuremends individuals
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obtained undedifferent conditions yield similar results, for example, changing the

day or person doing the measurjng.

The importance of using accurate measentss vital. If the process begins with
inaccurate data, then thetfee chance that théinal socket willfit properlywill be

reduced(Accuracyis how close the measured value is to the actiak.)

Contacting methods may seem less alien to prosthetists and patients, but may
introduce dimensional errors due to deformation of the soft tissues, while non
contacting shape capture may enable measurement of grepéatability The use

of CAD will remove the possibility of material shrinkage and will also allow the
prosthetist to view measurements on screen this will hopefully allow a greater

understading ofhow a socket should fit.

If we are to evaluatsystens individually it is important to identify the systems
which are used. Once identified, the accuracy and repeatability of measurements
taken by such systems must be independently evaluatedentify errors of

measurement.
The following chapter consists of a survey of CAD use in the UK and provides
information regarding the methods and frequency by which CAD data is collected

and the perceptions of clinical staff within the UK.

Once systems are idéfied, independentevaluation and comparison tiie most

common systems will bearried out.
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Chapter 5

5 An Investigation into prosthetic CAD use in the UK

Provision of artificial limbs is divided into regional centres and each centre is
responsible fodeciding the manner in which prosthetic treatment r@hebilitation
are delivered tothe referred patient. Currently, the extent to which different

prosthetic CAD systems are used in clinics in the UK is unknown.

Steele (1994)conducted a survey oflinical CAD/CAM use inthe USA. He
ascertained whh systems were being usedow they were usedind provideda
usefulsummary otlinicians opinions about systeragailable at théime. This study
is now out of date and new systems are available and imuge UK. A new
survey based on the survey by Steele (1994) was preparecsbigatehe extent to
which differentCAD systemsare used in prosthetic cliniesxd useful to understand
the opinions of clinicians on these systeRasults of the invegation are discussed

in this section.

5.1 Methodology

A post al sAmvenverstitglaed o i nto Prosthet
was sent to one participant in every prosthetic centre in th¢Apkendix ). Each

participant was identified as Rroghetist Due to the limited number of prosthetic

centres in the UK (n=43) all centres were sent a questionAdlirespondents were

required tocomply with conditions of ethical approvaken separately by post

(Appendix 3.

No potential risks ospeci& considerations were identifielo payment was made.
Questions were designed to give an overall picture of the systems in use; what
categories of patients they are being used for and why? How prosthetists were

trained; and what effect this has on use wlas obtained from results. Opinions of
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prosthetic CAD specialists were also requested as these may provide further insight

and answers to the above questions.

The survey used in thisusty was an adapted versiontbé earlier survey bysteele
(1994). The adapted version underwent internal critical content analysis by an expert
group. Questions were addeatkleted and terms anglicised by the group. The final
survey differed notably from the earlier publication by Steele (1994) as only two of
the originalquestions asked remained unchanged. A further eleven questions were

adapted, and nine were entirely new.

The survey consted of 22 questions with regaim CAD/CAM use (type of use and
frequency). A balance of open and closed questions were askedui@ ¢hat the
guestionairre was not too time consuming for the respondent to complete. This also
enabled management and facilithteeaningful synthesis of data whilst allowing the
respondent to reflect and express opinions and feelings on important €4d3.is

Prosthetic centres using CAD/CAM were asked to answer all questions. Prosthetic
centres who do not use CAD/CAM were asked to answer only 7 questions of the

same survey.

Participants were asked to return the completed survey in a pre paid envelope.
reminder letter was sent to those who did not reply within two weeks. Surveys
returned without consent form were not entered into the data analysis and were

disregarded in compliance with ethical requirements.

Analysis of data was conducted at the biadl Centre for Prosthetics and Orthotics
(NCPO). Surveys were coded to ensure anonymity. Each code referred to a
prosthetic limb centre. The code was cross referenced to the prosthetic centre on a
separate document which was held in a locked filing edbi@onfidentiality,

anonymity, and data protectiovere ensuredt all times.
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5.2 The Pilot

In accordance with University regulatioridepartmental Ethical Committee (DEC)

approval was granted for the Pilot study.

The main aim of he pilot study was to ssess whetheguestions could be

misinterpreted by the participant and to avoid ambiguity or misunderstanding.

For this pilot a conveience sample of five external expentas used11.6% of final
survey population). These experts were excluded frorfirtaksurvey. Experts were

asked to complete the survey in the normal manner.

5.3 Pilot Results

Four out ofthe five pilot surveysvere returned. Participants noted two questions in
particular which required clarification, and eachthese gestiors involved was

changed as shown Appendix 3

A final questionnaire was created which veggprovedby the Departmental Ethical

Committee.

The survey and consent forwere then sent to a prosthetisall limb centres in the

UK. A partici pan(Appendix 4 &nd comsarit formnweralso e e t
supplied Subjects were asked to return the completed survey in a pre paid envelope
within two weeks. A reminder letter was sent to those who failed to reply within two

weeks.
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5.4 Results

’ Oreturned

surveys

Bl not returned

-

Figure 5-1 Survey response rate

29 of the original 43 surveys were returned (response rate G-i8tiré€ 5-1). The
prosthetistsr{ =162full time equivalen) employed at these centres weesponsible

for the management of approximately 43225 patients with amputation.

B Unknown
B No CAD
O CAD

Figure 5-2 Percentage of all UK centres who have a CAD system

Of completed surveys, 58.6% of centres used CAD (n =17) and 41.4% did not use
CAD (n=12) (Figure 5-3). Of all prosthetics centres, including those who did not
respond, 39% of centres used CAtgure5-2).
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B No CAD

BCAD

Figure 5-3 Percentage of centres who have a CAD system (completed surveys)

Different CAD systems were employed in different centfE#se most common,
TracerCAD was used i76.5% (n= 13) of centreJ 4blel).

Table 1 CAD systems used in UK centres

Percentage of centr¢ Percentage of all centrg
using CAD (n=17) responding to survey
(n=29)

Tracer CAD 35 (n=6) 21

Tracer CAD & T ring 29 (n=5) 17

ETS 18 (n=3) 10

Tracer CAD & ETS 12 (n=2) 7

Bio sculptor 6 (n=1) 3

A further centre was in the process of introducing Tracer CAD and T ring but was
awaiting training and was not counted in the taileve.The length of time centres

hadused a CAD systemat the time of the survay illustrated inFigure5-4.
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72<x<96

Figure 5-4 No of months using CAD.

Of those using a CAD systemmnly 41% (n=7) had evaluatedher systemm(Figure

5-5). This was surprising since systems are expensive and so further analysis was
performed to analyse figures by thmmamercial company providing the prosthetic
contract at each cent(€able2 & Table 3.

B No
EYes
ONot answered

Figure 5-5 Evaluation of other systems
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Table 2 Contractors using Tracer CAD

Limb centre Tracer CAD Evaluation of

contractor other systems
took place prior
to system
introduction.

Opcare 6/13limb centres | 1/6limb centres

Blatchfords 3/13limb centres | 2/3limb centres

RSLSteeper 2/13limb centres | 2/2limb centres

Otto bock 1/13limb centres | 0/1limb centres

NHS 1/13limb centres | 0/1limb centres

Note: Opcare is a sister company to OrthoEurope, who have sole distribution rights for Tracer
CAD in the UK.
Table 3 Contractors using Otto bock ETS

Limb centre ETS Evaluation of

contractor other systems
took place prior
to purchase.

Opcare 0/51limb centres

Blatchfords 1/5limb centres 1/11imb centres

RSLSteeper 0/5limb centres

Otto bock 4/5limb centres 0/4limb centres

NHS 0/5limb centres

Due to the very small numbers of centres using Bio sculptor system (n=1) and the
problems with integration of a suitable carver for use with this system at this centre,

this system was discounted froorther analysis.

The ratio of prosthetists employed at each centre to the number of patients was

comparedTable4) and illustratedRigure5-6).
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Figure 5-6 Mean ratio of patients to prosthetists

Table 4 Ratio of patients to prosthetists

Mean

Max

Min

SD

All  centres
(n=29)

263

454

150

70

Centres not
using CAD
(n=12)

278

454

150

92

Centres
using CAD
(n=17)

253

356

183

52

Centres
using Tracer
CAD (n=6)

272

325

217

38

Centres
using Tracer
CAD & T
ring (n=5)

233

283

183

43

Centres
using ETS
(n=3)

245

333

185

78

Centres

using Tracer
CAD and
ETS(n=2)

242

250

234

11
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Prosthetists were asked what in thgiinion were the clinical benefits associated
with CAD/CAM systems and were encouraged to give more than one arisabée (
5).

Table 5 Prosthetist opinion on the benefits of CAD/CAM

Time saving 20
Accuracyand repeatability 15
Data storage 15
Controlled modification 12

Less plaster mess / dust

Patient involvement in socket design

Duplication of sockets

More dignity for trandemoral patients

Portability

Quality
Cost efficiency

| P N W o1 N ©

Most centresusing a CAD systerfn=13) were satisfied or very satisfied when asked
about their level of satisfaction with the systelalfle § and with the level of
support (n=11) from the CAD suppliefgble7).

Table 6 Satisfaction with the CAD system(percentage)

Very Satisfied No opinion | Dissatisfied | Very
satisfied dissatisfied
Tracer CAD 17 66 17 0 0
Tracer CAD 20 60 20 0 0
& T ring
Tracer CAD 0 100 ETS 0 50 0
& ETS 50 Tracer
ETS 33 33 33 0 0
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Table 7 Level of support from CAD supplier (Percentage)

Very Satisfied | No opinion | Dissatisfied Very
satisfied dissatisfied

Tracer CAD 17 50 0 33 0

Tracer CAD 0 80 20 0 0
& T ring

Tracer CAD 50 0 0 50 0
& ETS

ETS 0 67 33 0 0

However, only 78.5% of all prosthetists who had access to CAD systems used them.
An additional 63.4% do not have access to a CAD system which means that overall

47% of all prosthetists surveyed used CAD on a regular basis.

Table 8displays thecategories of patients by level of amputation dmcl each

system wasused.The ETS systemwas almost exclusively used on capture trans

femoral shape whereas theacer CADand T ring systems were also used to capture

transtibial shape

Table 8 Categories of patients on which systems were used

TF TT KD Other
Tracer CAD 58 35 1
Tracer CAD& 54 38 4 4
T ring
Tracer CAD& 80 20 0 0
ETS
ETS 99 0 1 0

The mean number of patients supplied with a new socket created by CARllover
centres surveyed was 24%. This ranged widely between 1% and 80% of all sockets
delivered at different centresigure 5-7). It took between 2 diagnostic check
sockets to produce a satisfactory socket foh h@nsfemoral (mean 0.88) and trans

tibial (mean 0.77) levs of amputation regardless of the CAD system used.
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Figure 5-7 Mean percentageof patients supplied with a CAD soket at each centre (%)

The way in which theprosthetic socket for thBmb was manufactured including
carving of the final shape was also of interest and this is showingure 5-8 &
Figure5-9.

B Technicians on
site

O Prosthetists on
site

O Central
fabrication

Figure 5-8 Who provides carving?



site

site
O Central
fabrication

B Technicians on

OProsthetists on

Figure 5-9 Who provides manufacture?

Prosthetists were also asked to reflect on how to make the CAD learoicgsgr

easier and more efficient (Table 9).

Table 9 What would you change to make the learning process easier?

CAD training should be more structurec 17% (n=9

Software should be more fully explaine 11% (n=4)
Better distributors tutorials 22% (n=8)
Better distributors manuals 17% (n=6)
More time spent with a CAD specialist 19% (n=7)
More reliable hardware 8% (n=3)
No changes 3% (n=1)
Desire to try othesystems 3%(n=1)

A variety of different training strategies exist and these are detailEabie 10.

Table 10 Method of training

One prosthetist learned the package and taught others 20%
A professionafrom thedistributor instructed the prosthetists | 32%
No formal training 8%

A group of prosthetists learned the package and taught othe

32%

Other

8%

26% of limb centres (n=7) were considering purchase of a new CAD syfsigune

5-10). The reasons for purchase are displayerainle11
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Figure 5-10 Percentage 6centres consideringpurchaseof a CAD system

BYes

= e

B No

ONot answered

Table 11 Reasongo considerpurchase of a new CAD system

YES n=7
Centre does not have @AD system 3
Extension of current system (ETS) 2
Replacing previous system 2

NO n=15

No funding available

Alreadyhave a system

Happy with current data capturer

NN

No reason stated

Prosthetists were asked what advice would be given to a prosthetic unit currently in
the process of evaluating and implementing a CAD system.

Table 12 What to consider when implementing a CAD system

Training 25

Ensure system is easy and accurate in use 18

Review other systems

Consider methods of carving and manufacture

Select system that best reflects patient requirements

Consider cost of system

Consider accuracy of system

Use system frequently

Ensure that staff wish to use system before purchasi

Consider how system will be introduced

i e
wWhA(dO|OOI5I5

Use check sockets




5.5 Discussion of survey results

The survey of CAD use in the UK has indicatkdttdifferent systems are being used
in different ways or not at all in some clinical pracsi¢Eigure5-2 & Figure 5-3).
Different methods of shape capture are curremsgd in different clinics to a greater
or lesser extentT@ble1 & Figure5-7). The Tracer CAD and T ring measurement
systems are among the most commonly used and employ the same Sodivkaige.
Different limb centres se different CAD systems in their clinickablel). Some do
not offer CAD as anethod of shape capture at dlhere is no evidence however, to
suggest that using CAD offers sumerireatment to traditional methods.

The length of time CAD systems had been used varied from centre to centre
depending on when each system was introduced and vaosiadlfl to110 months

(mean 59.71 months). The numbers of centres in each categoriowéoe to allow
analysis of any effect of the length of use on the amount of system use at each centre
(Figure5-4).

Of those using a CAD system, only 41% (n=7) had evaluated another sisfene (

5-5). In some regions, prosthetic services are supplied by a private contractor or
prosthetic company who have contracts for the maintenanceuapty ©f artificial

limbs. Some of theseompanies also supply CAD systenieslts show that all
centres where the main contractor is Otto Bock have employed the usé ofithe

ETS system without evaluation of another syst@ab(e3). 46% of all Tracer CAD

and 100% of T ring use is in centres where thénnsantractor is Opcare, a sister
company to the main distributor dfracer CADin Europe, Ortho Europe. Other
CAD systems were only evaluated in one Opcare cenalal€?2).

In contrast, where the contractor diféd from the supplier of the CAD system, other
CAD systems were evaluated in 63% of centilesble2 & Table 3). However it is
not known what criteria were used to assess systems ahes# tiffered in each

case.
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Results show that introduction of CAD systems is influenced when the contractor
providing the prosthetic service to the NHS is either Opcare (Ortho Burofa#to
Bock who are the main distributors of current prosthetic CABtesys. These

companies appear to favour the systemhich they own or distribute.

Results indicate that there is a wide range of prosthetist to patient ratios at centres
regardless of whether a CAD system is used or not. The maximum number of

patients sen by a prosthetist was 454 (number of prosthetists 5.5) and the lowest was
150 patients (number of prosthetist{Rable 9.

Many variables may affect how many patients each prosthetist can manage at each
centre. This may include different prosthetissponsibilities from centre to centre

and the amount of administrative / managerial support available. For example
smaller centres that require fewéran two but more than one prosthetist, may
employ a second prosthetist to ensure holiday cover and citytof treatment for
patients. One prosthetist at each centre will have managerial responsibilities and so
the impact on the number of patients seen by each prosthetist will be higher at

smaller centres.

Survey results show that the mean number of patsgen by each prosthetist is
lower in centres using CAD (mean 254 patients) tlarcentres not using CAD

(mean 277 patientgFigure5-6 & Table 4. This result was unexpected since 69%
(n=20) of prosthetists ipulated that one of the main clinical benefits to CAD/CAM

was time savingTableb).

The sample size is small, and the overall number of patients treateshdhy
individual prosthetist variedut there is n@videncethat CAD systems allow fewer

prosthetists to be employed due to time saving they produce.
This finding appears to be supported by Andrews (2000) in an audit of initial use of

Tracer CAD in the first six months of clinical use. He stated thadadfih the system

saved time, the number of patient visits remained the same. If time is saved by each
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prosthetist in data capture, this time may be spent in consultation with patients or in

performing other duties which may facilitate a better quality Gépacare.

However, althoughout with the scope of this researcih,would be interesting to
investigate the individual roles of prosthetiat different centres to examine in more
detail why such a discrepancy exists between the numbers of patientbge
prosthetists at different centres.

Prosthetists expressed the opinion that a clinical benefit of CAD was system
accuracy and repeatabilitfrgble 5). Manufactures claim that the accuracy of the
Tracer CAD systemis within +/- 0.5mm and T ring +- 1.0mm. However,
evidence exists in literature to suggest that the Tracer CAD / T ring or ETS systems
have been proven more accurate or that results are more precise than traditional
methods. Prosthetists may base this judgeroerthe fact that more measurements
appear on screen making modification seem more controlled than traditional plaster
casts where the original shape is lost when modified. To assess the accuracy and

repeatability of systems independent tests are required.

One advantage may be in data stord@gble5). Note keeping is essential in modern
practiceand CAD systems offer a capabilityo st or e patientsd not
files. However it would be interesting to ascertain whethisr facility is used in all

limb centres employing CAD or if another separate electronic system is used for this

purpose.

Data storage is thought useful for storing or creating electronic shapes of prosthetic
sockets to enable duplication. However tla@ns result could be achieved using
traditional methods although this presents storage problems. The additional expense

of a CADsystem simply to solve this it justifiable. Additionally, the shape of the

patients residuum is likely to change over a qubrof time and prosthetic sockets

made from existing o6castsd (whether phy:
changes. Using old casts is not best practice sindesirable socket pressures could

result if changes in stump shape areaagtured.
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Arguably the best advantage of CAD systems may be the lack of plaster mess and
dust from the workplace. This is beneficial to both patient and practitioner. Patients
with more proximal levels of amputation (e.g. trdesioral level) will not require to

be wapped with wet plaster of Paris bandage and therefore CAD may afford a

greater degree of privacy and dignity to these patidiatisl€5).

Only 7% (n=2) rated system portability as an important factor although most systems
are dsigned for use in several different locatiomalfle5). Current practice does not
require systems to be portable and as a result this should not be considered
fundamental in the design of new systems. The sample size howe\ary ismvall

and further research is required in this area.

Most centres (n=13) were satisfied or very satisfied when asked about their level of
satisfaction with the systenTdble 6)and with the level of support (n=11) from the
CAD supplier Table 7). However results may be biased by the fact that many of
those using systems are employed by the companies who provide them. Only one
centre expressed dissatisfaction with a CAD system and three others were neither
satsfied nor unsatisfied with all systems. In all cases the supplier of the system was
different from the contractor providing prosthetic service

Three centres expressed dissatisfaction with the level of support provided by the
CAD supplier. In two cases ehprosthetidimb service contractodiffered from the
supplier of the system which wagacer CAD In the other case the prosthetic
service contactor had changed and was introducing the ETS system but had
previously used Tracer CAD and walsounsatisfie with the level of support from
theTracer CADdistributor Table7).

The mearpercentagef patients supplied with a new socket created by CAD over all
centres surveyed was 24% (range 1% to 8@Rigufe5-7). Over 98% of all patients
provided with a socket using CAD had trdesoral (58%); transibial (31%), or

knee disarticulation (9%) amputation. Each system was used differently with the

ETS system being used predoiamtly on trangemoral patientsTable8).
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The ETS system may be soldatsansfemoral system only or as a complete system
with specialist equipment required to capture the shape of thetitbaisesiduum.
Some centres mayehusing only the trarfemoral version which would explain the
difference in amputation levels on which both systems are used. This may also
explain why fewer patients are provided with sockets at centres employing ETS
(mean 10.75%, range 1 to 30%) tharentres using Tracer CAD (mean 28%, range

5 to 80%) Figure5-7).

Carving of blanks is usually provided by a central fabrication unit (72%) which may
possibly be due to the expense of specialised carving machkigese(5-8). On site
technicians (61%) still provide the majority of manufacture of the final prosthesis
(Figure5-9). Although prosthetist numbers appear unaffected by the introduction of
CAD, it would be interestip to examine the number of technicians employed at
centres using CAD compared to those not using CAD to ascertain whether the
number of technicians had reduced.

When asked to reflect on how the learning process coulddoe masier and more
efficient 396 stated that distributors should produce better manuals and tutorials for
their software package and hardware, 19% stated that more time should be spent with
a CAD/CAM experienced prosthetist, and 17% stated that the initial CAD/CAM

training approach useat each centre should be more structuiieble9).

Different training and implementation plans on the introduction of CAD at different
centres may explain why some prosthetists do not use systems even tleyuggvin
access to do sd@éble10). Poor training and support from CAD suppliers is likely to
result in poor results which could easily affect whether or not a system remains in
use. Responses from the survey indicate that thialimttitude of the prosthetist
towards CAD, and the training, time to learn, and support they are given appear to

affect the method and the frequency of system use.

In most cases training was given by a professional from a CAD/CAM distributor

who instricted a prosthetist or a select group of prosthetists how to use the CAD
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system. These prosthetists having learned the package then taught other prosthetists.
In 8% of centres (n=2) no formal training was given and prosthetists were required to
learn the pekage on their ownT@ble10).

Prosthetists were asked what advice they would give to a prosthetic centre when

evaluating a system prior to purchd$ablel1).

The initial and ongoing costs and cortipidity of CAM carvers was considered to be
important (10%) as was the ease of use and accuracy of the system (18%). Prosthetic
centres should also consider the type of patient on which they planned to use each
system (9%). Systems were believed to beasgful only when fit for the purpose
intended and detailed planning before purchase should consider the type of patient on

which the systems would be used

One in four responses stated the importance that prosthetists be given enough time
and training tdearn each system. (25%) Centres using CAD systems believed that
the aim should be to have one expert or experienced user who could support and
assist other staff, whilst others believed that the support of managers was important
to ensure successful use.

Consideration of the best methods of implataton and choice of system sva
important as seven limb centresreveonsilering purchase of a new systeReasons

for purchase includkthat the centre did not haaeCAD system, owished to update

or extendthe current system in use. The main reason why systemsoateing
purchased appears to be lack of available fumeblé11).

5.6 Survey limitations

A limitation of the survey design was in response to questidfrdn the way in
which the question was asked it was not clear if all centres that used Tracer CAD
also used the T ring. Further intigsition has determined that fidamb centres
where Ortho Europe is the main contractor use the T ring as well as tier TraD

measurement systems. Because these systems operate the same software, respondents
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did not separately answer each survey question twice and have considered the

combined effect of the Tracer and the T ring as one combined CAD system.

5.7 Summary

CAD systems are already in use in UK prosthetic centres. Different CAD systems are

employed, the main systerheing the Tracer CAD / T ring systems.

Systems may provide some advantages such as note keeping and lack of plaster mess
which may be beneficial for dth the prosthetist and patients. Socket shape
duplication does not justify the use of a CAD system. Using a previously recorded
shape should be considered poor practice as it can not be guaranteed that a patients
shape will not change over a period ofdim

The main advantage of CAD expressed by prosthetistdimassaving.Time saved

by CAD systems does not show an increase in patient to prosthetist ratio.

Thesecondmain advantage of CAD expressed by prosthetists was that data recorded
by CAD systemsvas repeatable and accurate. No evidence exists to support this
opinion. Systems are expensive, lack independent evaluation and are commercially

based.

As Tracer CAD / T ring measurement systems are the most commonly used systems
the possible misperceph of prosthetists justifies an independent evaluation of both

systems foreliability, repeatabilityandacairacy

Over a decade ago, it was recommended that training should be more robust and
consistent in order to optimise the potential of CAD (Boane Burgess 1989,
Ellepolla and Sheredos 1993, Steele 1994). Despite this, very little seems to have
changed. Results appear to show that training is patchy, inconsistent and variable
between different prosthetic centres. A structured, planned approaetuised to

introduce, educate and train individuals as they develop their use with CAD systems.
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This will ensure appropriate use and understanding of systems and avoid repetition

of mistakes made by individuals in different centres.

Prior to educatiorand training, an accurate and precise system must be identified.

Ideally this should happen prior to system introduction to clinical use. However, as

systems are already in use and the Tracer CAD and T ring among the most
commonly used, an independent erion of the systemeeliability, repeatability

andacairacyis required.



Chapter 6

6 Evaluation of the Tracer CAD and T ring systens. Methodology

6.1 Overview of experimentation

The aim of experimentsdescribed inthis chapteris to assessthe accuacy,
repeatabilityand reliabilityof the Tracer CADand T Ringsystens and compare to

the traditional method of shape capture uglagter of Paris.

Fourdhar d 6 wecedpeepasd. The first was an accurately machined nylon
cylinder with a flat end; theesond, a larger cylindrical model with a domed end; the
third a tuncated cone; and the fourtnfranstibial plaster of Paris cast. Each model
was accurately measured so that redutism CAD systemsould be compared to a

6gol d étandard.

Diameter mesurements wereelectedand measuredat four specifc levels oneach

modelusing a comparator measuring device accurate to 10 mi¢muodel 1) or a
programmabl e CNC milling machine (Deckel
series 543 1DF Dynamic Indict or E) , both with an accur
(0.005mm)(model 5). The volume of each model was cdided in the
correspondingntervals between each level and verified using water displacement

technique.

Experimentswere conducted to allow individuanalysis of causational factors of
error such as different users and the effect of shape of the nik=l¢he initial
models wee hard, they represeonly some of the errors thare possibleduring
shape capturef the residual limblideally it would al® be preferable to condt

system tests on patierds residual limbs are deformable.
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However, measurement of residual limbs presents some difficulty as a reference grid
to identify the axis of the stump would have to be established to edsect
compaison. Failure to establish a reference grid would result in seriousseafor

measuremertieyond which each system could be tested.

No method of obtainingucha reference grid has been established. Theratoras
not feasible to evaluate the systemsvivo. The use of residual limbs in system
testingwould also presentlifficulty in asseswent of the source of error since the

unsupported residual limb could change in shape and valuardime.

To overcome these difficulties arafsess the effecf deformation of tissue during
shape capture, manikin in the shape of a tratibial residual limb vas created
(model 5) This was measurednd landmarks positioned allowirdjameters and

volumesto bedetermineca s t he 6g.ol d standar do

The repeatabily, accuracyand reliability of the Tracer CADand T ring systens
werethenassessd on all models ¢b) by repeated scans taken by four usansithe

results compared and discussed.

To place results in clinical context the repeatability and accuraplasfer of Paris
wrap casting was assessed on three ofrtbéels the cylindrical model with domed
end(model 3; thetranstibial model (model 4)and the deformable manikin (model

5). An overview of the entirexperimentaprocesss outlinedbelow(Table13).



Method of shape capture

Model Description Gold | Tracer Tring | Plaster of
standard CAD Paris
1 Hard cylinder 1 1 1
2 (Larger) hard cylinder q i i 1
with domel end
3 Hard truncated cone 1 1 1
4 Hard (Transtibial) i i i 1
shaped model
5 Deformable (Trans i i 1 1
tibial) shaped model

Table 13 Overview of experimental process

Mean and maximum values of diameters and volumes measured by Tracer CAD, T
Ring, and plaster of Paris are comgzhto means of Gold Standard to examine the
accuracy of each system. Theefficient of variation of all diameter and volume
measurements isompared to show the repeatability of each methiogr class
correlation is used teompare reliability of measement of each system by each

user.

Results are displayeds error bar plots of each level of diameter and volume
measurement by each system. These plots illustrate the mear+#alue timesthe
standarderror for each repeated measure. This allowsuemxy and repeatability to

be compared to the goffandard.

Significance of resultss determined usingtatistical analysisResultsare then
compared to those obtainading plaster of Paris &howif CAD systems are at least
as repeatable and as acate astraditional methodsResults are discussed with
reference to shape captumeethodand conclusions for futuresystem clinicaluse

determinedStatistical testing was set at 5% level of significance.
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To clarify how the Tracer CADand T Ringsystens areused routinely in clinics, a

detailed description adach system and how they opeiatdescribed initially.

6.2 The Tracer CAD system

The Tracer CAD system uses an electromagnetic contact scanner; (previously
described The accuracy of the Tracer CABhape capture is claimed by the

manufacturer to be+0.5mm.

During normal clinical usehe patient is seated in a chawhich should beof non
metallic construction, and the residual limb covered in a stockinette which is secured
using clamps. The stocieétte assists irffirming upd soft tissues and allows the
Tracer probe to glide over the surface of the residutihe outline of bony
landmarks may be added to the stockinéftethe traditional manner using an

indelible pencil to assist in identificatiarf areas using the probe.

A transmitter cube is positioned on the lateral aspect of the stump with the anterior
surface of the transmitter turned toward the stump and slightly toward the operator to
ensure that the limb is entirely within the transmitter e | d o f Ovisionbé
should be provided to ensure that the operator may scan the limb without interfering

with the transmitter during the trace process.

The patient sensor is then attached via a Velcro strap as low as possible on the
pat i thight ©he strap should be positioned so that no movement is allowed
between patient and sensor and to allow the tracing procedure to extend proximally

enough.
Disturbance of the sensor during tracing produces erroneous results. If the

relationship betweerhé sensor and the patient is changed, then the system will no

longer be able to determine the coordinates of the limb.
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A probe, (approximately 8cm in length and 2.5 cm widepnected to a control unit
is switched on and is self calibrating after 20 selso(the probenust bekept at least
onefoot away from the transmitter).

The probe consisteof a pointed end, used for identification of landmarks, s button
or switch which is depressed to click onto these landmarks. A flattened edge along
the length othe probe is used to in contact with the residuum to capture shape whilst
a round edge may be used in conjunction with the switchntooththe shape

captured.

Asuitabl e soft wa riseseldactedaby ithe gseviich gugledehe c e 6
clinician thraugh the process of shape capture. The probe is then swinhedtart

the process.

Theprosthetismust then identify what heonsiders to be the distahedial; anterigr
and lateral aspects of the limb. This is carried out with the limb in extesgitimat

the distance between the distal end and#&msor does not alter.

Unfortunately these landmarks are not easy to mark consistently on an irregular
residual limb. Ohio Willow Wood recommend careful placement of these landmarks
at the same levebtavoid the model beingff centredor tilted.

The most proximal level of the trace is then indicated by pointing the probe at the
mostproximal level and bglicking the button on the probe. This position should not
be placed too high to ensure that #smsor position may be disturbed making the

proximal trace difficult.

The Tracer probe is then clicked to advance to tracing mdten held by the
roundedsides;the flat side is placed in contact with thaeface of thgp a t i lenh.t 6 s
The probe is themoved lightly over the surface of the limb using overlapping
strokes as if painting.
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During tracing, a field of blue dots on the model shows areas about to be updated. A
field of red dots indicates that the user is tracing too quickly and that somealata m
not be captured. A small white square in the top left corner of the screen indicates

that there has been a change to the model which has not yet been updated.

A red Opied graphic with white indicatio
not been traced completely. The white indicators show the orientation of the missing

data. The user must continue to trace until all otitais inputted.

The trace is dependant on the pressymglied bythe user. If the prosthetist presses
harder, more defr mat i on of tissue wil/ resul t. T
the manufacturer claisnmimics the shaping a prosthetist produces by hand using

traditional plasteof Paris methods.

Landmarks may then be added to identify specific points on thel adlata. The
system automatically generates amnpostero (AP) diameters and medieral
(ML) diameters at each landmark level. Volumes are also automatically generated

using cloud data between the level of the landmark and the end of the traced object.

Once captured, the shape may then be smoothed and modifreyl a1 series of
available software tools. The final model is then carved for manufacture using a

CNC milling machine.

The aim of this study was to investigate only the scanning pro€ady. the shape

capture was assessed. No smoothing or modification of models took place.

Positioning of distal, medial, anterior, lateral and proximal landmasgssnarked on

each model prior to the tracing process. Each prosthetist then had an exact point to
Olci ckd® on us i ntyidentifyelandmarkstheswasgorbe suee that the
Tracer CAD model was traced in the best possible manner and that the best results
would be obtained'This differs from the clinical set up as these landmarks are added

by eyewhich mayreduce repeatability and accuracy of results further.
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6.3 The T Ring system

The T-ring is a hand held non contact optical scanner which utilises 8 digital cameras
to reconstruct the shape of the residu(figure 6-1). In order to extrapolate the
shape of the model, the T ring uses a sock which allows residual limb contour to be
identified. The ring is placed over the residual limb until the distal spacer makes
contact with the distal en@Figure6-2). The T ring is then held along the axis of the
centre of the residuum and a button pressed to capture shape inSardéy.the
system does not use a distal camera, the distal shape of the cast is extrapwigted

a mathematical algorithiftom the circumferential pictures takeBoftware uses the
information that is captured in combination with mathematics that is based on the T
Ringdbs calibration f il e shissdependseupon icanrectt h e
positioning of a distal spacer ®ach prosthetist which must make contact with the

centre ofthe distal end of the residuum.

In order to identify landmarks, prosthetists are asked to palpate through the sock and
add a black marker dot.

Liljla and Oberg (1995) thought that non contactopgical scanning would enable
measurement of a greater precision as prosthetists would be unable to deform soft
tissue However, a disadvantage of usitlgs method may be that the prosthetist does

not palpate théimb while capturing theshape. Thidiffers to traditional practice

where the prosthetist gains a sense of tissue consistency during the shape capture
process. The prosthetist may lose this feedback as he no longer needs to touch the
residuum to capture the shape (Ross 2004). However theie nsason why the
prosthetist should not carry out a separate physical examination before capturing

shape data.

The Tracer Pen is adversely affected by metal and magnetic fields, whereas the T
Ring is entirely optical and immune to metal and magneticditidt are often found
in a clinical setting, e.g. hospital beds, MRI machines, etc. The T ring however may

be adversely affected by different intensities of light which can cause surface
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reflections and shadows which may affect the detail of the shapereapy the

digital cameras

As a sock is pulled over the object scannettasurement error willso be
introducedsince the thickness of the sock will be addetht®oscanned shape. If the
thickness of the sock is known, compensation for increasi@meterand volume
measurementan bemadeduring the modification processHowever,as a sock is
pulled over a deformable residual limb with varying tissue characteristiesatms
the limh The deformationmay not berepeatablemaking compensation more
difficult.

It is debatable how easily the prosthetist can position the T ring and landmarks to
ensure repeatable shape capmmre how accurate the algori

dataactuallyis.

The effect onresults wasalso compared when variables weeintroduced such as
changing the angle of the T ring relative to the axis of the model and by purposefully
placing the distal probe in an incorrect position. These are two varihioleght to

be likelyin the clinical situation.
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Figure 6-1 The T ring system

Figure 6-2 Distal spacer contacting residual limb
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6.4 Methodology

Five models were created including a deformable manikie following sections
desribe each of the models in turn and how they were measydtie digital
indicator (gold standard) and the Tracer CAD and T Ring systeai®wing this,
the technique for plaster of Paris casting is described including the use of a water

tank to deternme plaster model volume.



6.4.1 Models

6.4.1.1Model 1 Cylindrical model with flat distal end

For ease of calculation of true diameters and volumes, a solid cylinder was
manufactured in natural Nylon material type @§Fdgure 6-3). The dimensionsof

each model were considered to be the mean value of the gold standard measurement
systemshownin Table14.
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Figure 6-3 lllustration of model 1: cylinder

Table 14 Model 1 dimensions

Model 1 AP (mm) ML (mm) Volume (mnf)
F 58.08 58.08 F-G 105.94
G 58.06 58.06 G-H 105.87
H 58.04 58.04 H-J 105.83
J 58.04 58.04 J-End 50.02
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6.4.1.2Model 2: Cylinder with domed end

A solid cylinder with a spherical end was manufactured in natural Nylon 6.6 as
illustrated Figure6-4). This model was larger in size than model 1 and had a domed
end to facilitate assessment of the effect of volwaygture of the distal end of the
model. The model was constructed with a central hexagonal proximal maidtil w

determined the model axis. Modéahansions are shown ifablel5.

medial §.. ] ¢ lateral
anterior -

e

proximal

Figure 6-4 lllustration of model 2: cylinder with domed end

Table 15Model 2 dimensions

Model 2 AP (mm) ML (mm) Volume (mnf)
F 99.94 100.29 F-G 319.74
G 100.10 100.19 G-H 310.38
H 99.60 99.85 H-J 314.67
J 99.61 99.59 J-End 262.72




6.4.1.3Model 3: Truncated cone

For ease of calculation of true diameters and volumes, a solid truncated cone was

manufactured in natural Nylon material type &&(re6-5). Model dimensions are

O

J@©
HE
G@

() medial F@

shown inTablel6.

Figure 6-5 lllustration of model 3: truncated cone

Table 16 Model 3 dimensions

Model 3 AP (mm) ML (mm) Volume (mnf)
F 71.97 72.04 F-G 77.00
G 68.4 68.04 G-H 68.53
H 64.04 64.04 H-J 60.48
J 60.04 60.04 J-End 52.94
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6.4.1.4Model 4: Shaped transtibial model

Accurate dimensional capture of the residuum is an important process in the
production of a prosthetic socket. Residual limbs are irregular in shegore it is

important to assess if shape has an effect on the accuracy of data collected when
using Tracer CAD.

A plaster of Paris cast replicating the dimensions of a rectified-tif@asstump was
produced Figure6-6). A hexagonal mandrel pole was used to ensure that alignment

could be reproduced as demonstrated by Convery et al. (2008l dimensions
are shown imablel7.
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Figure 6-6 lllustr ation of trans-tibial model showing landmark position

Table 17 Model 4 dimensions

Model 4 AP (mm) ML (mm) Volume (mnf)
F 105.49 103.49 F-G 382.47
G 95.42 86.78 G-H 321.16
H 97.15 87.09 H-J 292.46
J 75.35 70.95 J-End 41.66
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6.4.1.5Model 5: TT deformable manikin

Ideally a patientwould be used to test and compare the shape capture metineds.
objective of thisbeingto explore the effect of tissue compliance on CAD sensing
particularly as one system relies on a contact method pestapture. As a method

of obtaining a central axis on the residual limb has not been established, accurate
comparison of results on a patient is not possible. Additionally as volume changes in
the stump could occur it would be difficult to determine whetthe error was

caused by changes in residual limb volume or by shape capture systems.

To enable the effect of tissue deformation in shape capture an alternative approach
has been adopted to assess the Tracer CAD and T ring systems dsiogheble
marikin (Figure6-7, Figure6-14). Model dimensions are shownTrable18.

Figure 6-7 lllustration of trans -tibial manikin showing landmark position

Table 18 Model 5 dimensions

Model 5 AP (mm) ML (mm) Volume (mm)
F 104.63 103.56 F-G 362.29
G 95.13 86.12 G-H 323.66
H 96.58 86.43 H-J 297.17
J 74.55 70.77 J-End 43.76
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The manikin created was deformable andde with medical grad2-part silicone
rubber (RTV6166 General Electric co.) which has proven success in tissue
simulation whilst allowing aconstant voluméo be maintained(Kerdok AE et al
2001)

The manikin was a complex structure which was develg@sedar as possible to
simulate the properties of a residual limb.

A northplexformer was draped over model 4. Once draped, the model and former
were placed into the copying jig and a hexagonal mandrel post bonded distally. The
former was carefully remodefrom the model and bivalved so that it could be

mechanically fitted together.

To provide an outer 6éskind to the model ,
inside of the plastic former. This was done using Otto Bock siliq@i&H44
silicone gelshore hardness”) which was swilled around the plastic former in several

layers until the thickness of silicone was approximatedyrfin thick (Figure6-8).

Figure 6-8 Outer silicone 'skin' of model

An anatomical functional model of a Right knee joint was used to simulate the shape,
size and location of the bony structure within the model (Adam, Rouilly model

MEA43).This corresponded to the size of the former from madel 4
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Figure 6-9 Skeletal manikin structure

A Omusclebdé6 was added to the posterior
deformable nature of musculature (namely gastrocnemius) and fixed in position to
theinseit ons and origins of this muscle to
then placed in a polypropylene net to try to simulate the muscle fibres and consisted
of a condom filled with hydroscopic granules mixed with water. The muscle allowed
a constant iame to be obtained but was more deformable than the silicone which
surrounded itKigure6-10).

Figure 6-10 Skeleton of manikin with ‘muscle’ attached
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Theanatomical knee joint was fixed in 5 degrees flexion and bonded to a wooden top
plate with hexagonal mandrel post attachfeédyre6-11).

Figure 6-11 Attachment of proximal plate and alignment post

The former was then repositioned within the copying jig and the top plate to the
proximal end of the plastic former which then contained the bony model and muscle
(Figure 6-12). This left a void which was fgéd by injecting the part silicone
rubber (RTV6166 General Electric cothrough a hole in the top plate.
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Figure 6-12 Placement of the skeletal structure into the former

Once cured the manikin was reweal from the bivalved plastic formdfigure6-13).

Volumetric measures were taken and diameters were used from the mean value of

the casts produced from filling the plastic former.

Figure 6-13 Manikin removed from former
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Figure 6-14 Deformable manikin

6.4.2 Gold standard measurement

Model 1 was given to the Metrology aboratory Department of Design,
Manufacture, and Engineeringlanagement in the University of Strathclyfier
accurate placement of datum lines and reference points to allow the model to be

measured. All measurements were repeated ten times.

Threelongitudinal datum lines, (A, B, and C,) were marked at 90 degresvials
around the circumferend® be used as lateral, (A), anterior, (B) and medial, (C)
referene lines. Sixteen regular @0n intervals were accurately measured and
mariked onto the model, (pointTB). The diameter of theylinder was measured on

each ofthese intervals from point 1 to point 14 on datum lines A and B. As both
points 0 and 15 lay on the edge of the model, both were discounted to avoid possible

error.



The volume of the shape was then determinable between any two points between 1
and 14 onthe model (Figure 6-3. This was completed by the metrology laboratory
using a comparator measugiglevice accurate to 10 micronihe comparator was
routinely calibratecht regular stages throughout the measuriruggdure to ensure

accuracy

The distal, (D), and proximal, (E), landmarks were also precisely indicated.
further reference points, (F, G, H, J,) were also marked precisely to enable

comparison of data at these levels. These points were identifielbass:
Intersection of the 10mm line (1) and anterior line B

F

G Intersection of the 50mm line (5) and anterior line B
H Intersection of the 90mm line (9) and anterior e

J

Intersection of the 130mm line (13) and anterior line B

The ML diametersrad the AP diameters were-mneeasured to check that the model
was truly cylindrical. Diameter measurements were taken at the levels of F, G, H,
and J in both AP and ML planes using an electronic digital calliper with resolution
and accuracy as follows:

Meaguringrange  0-300mm  Resolution 0.01mm

Measuring range  300- 500mm Accuracy 0.05mm

No difference was noted between AP and ML dimensions.

All other models wereheld vertically in a Deckel CNC machine for accurate
placement of datum lines and referemeents to allow the model to be measured
(Figure6-15).
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Figure 6-15Model 2 in Deckel measurement system

Each model was placed into the Deckel CNC machine for atecymlacement of
datum lines and reference points to allow measurenmeatl¢l 2 and 4 shown as
examplesFigure 6-15, Figure 6-16). To facilitate orientation of #& model umg
Tracer CAD, landmarks were precisely marked using a Deckel CNC milling

machine.

Figure 6-16 Placement of reference marks by CNC milling machine (Deckel) and a displacement
tool, (Mitutoyo, series 5431DF dynamic Indicator and data acquisition software) (model 4)
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Figure 6-18 Transverse sections oflata plotted at individual landmark levels (model 4)

Four datum lines (A, B, C, and D) were marked along the length of each model from
the distal end to the proximal edge, af @@ervals to be uskas anterior (A), medial

(B), posterior (C) and lateral (D) reference lines. Four circumferential lines were
accurately measured and marked at regular intervals on each model (levels F, G, H
and J,) Figure 6-15). The diameter othe shape was measured on eatlihese
intervals from level F to level dn their intersection with the Datum lines A, and B
(Figure6-4, Figure6-5, Figure6-6 ).
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These thmeters are denoted as follows

1A to 1C = AP dimension at level J
1B to 1D = ML dimension at level J
2A to 2C = AP dimension at level H
2B to 2D = ML dimension at level H
3A to 3C = AP dimension at level G
3B to 3D = ML dimension at level G
4A to 4C = AP dimension at level F
4B to 4D = ML dimension at level F

The distal and proximalandmarks were precisely indicated on the modéle

diameters and circumferences of the shape were measured three times on each of
these intervals using programmale dataacquisition systemThe data acquisition
system included a programmabl e CNC mi |
di spl acement t ool (Mitutoyo, series 543

accuracy of five microns (0.005mm).

All measurements were peated three times. The coordinates of data were then
plotted and landmarks positioned to calculate AP, ML diameters, circumferences and
volumes betweenevels (Figure 6-17, Figure 6-18).The mean value of measures
taken by the dynamic indicator measurement system was calculated. The volume of
the shape was then determinable between any two circumferential lines between

levels F and the end of the model.

6.4.3 Volume determined bywater displacement

As well as the mathematical calculations from gold standard scans, water

displacement technique was also useascertairthe volume ofll models.
A water tank was built t@limensions suitable for water submersion of the largest

model. The tank was filled with deionised water. At the water level there was a spout

through which any displaced water was relea3ée. displacedvater was collected
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and weighed on a precision balance. Temperature and atmospheric pressure were

recorded irorder to have control ovemy undesirablalterationgFigure6-19).

Figure 6-19 Volume measurement by water displacement

A mechanism that allowed controlled descent of eachemodo the tank was
constructedA holding pin was screwed into the proximal end of the marmdrehch

modeland fixed tathe holding mechanism above the water tank.

Each model was then fully submerged to displace its entire volume. Once water was
fully displaced, a mark was placed on the arm of the lowering rig to indicate the
level. This was repeated three times before any volume measurements were taken to
ensure placement of the initial mark on the arm of the lowering jig was in the same
place. Oncehis line was established, datum lines corresponding to the distance
between the proximal end of the model and each landmarkaddesl Figure6-20)
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Figure 6-20 Scale applied to lowering jig
The tank was filled to the highest level and water allowed to run until it stopped. The

precision balance was then zeroed and each model lowed into the tank to the

corresponding level on the arm of the lowenmgchanismKigure6-21).

Figure 6-21 Volume determination by water displacement

The weight of the displaced water was recorded from thisthe volume of the
immersed objecwas calculated (The density of déonized water at 22° C is

0.997770 kg/dn)' Five repeated measurements were performed on each object.
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Due to the capillary forces (forces of surface tension and adhesive forces acting on
the test objectyenerated usinthe water immersiortechnique, theurface is curved

near he test object. Thigould introduce a small error of measurembuat was
considerecsmall enough to be discarded in the further calculatjibifig and Oberg
1995).

6.4.4 Tracer CAD measurement

Each model was then set up for measurement using Tracer CAD.

Figure 6-22 Vice constructed in wood

As metals in close proximity may have an adverse effect on measuremeicts, a

was constructeth wood to hold the model, receiver and the transnfiitiedly in the

desired positios to eliminate error due to the relative neowent of these items
during theprocedurgFigure6-22). The room was a large cloal area and all metal
objects were removed as far as was practical, to reduce the chance of interference.
Medial, anterior and lateral reference points were identified using the intersection of
the 40mm point and lines A, B, and C respectively. The detalmark was marked

on the model at the intersection of datum line B with the Omm circumferential line.
Each modelvas then scanned using the TraC&D system a total 0120 times(30

times by each of four prosthetist@and volume& diameters atevels F to J were

indicated and recorde&ach user was required to work through a sequence of events
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to allow scanning to be completed in a similar method to the way in which the

system is used clinically.

Each trace began with identification of landmarks gidime probe. This involved
touching the model (at the appropriate numbered landmark) with the probe and
clicking the button. Initially to set up the axis of the model, the proximal, distal,
medial, anterior and lateral landmarks were indicted. The useitrtheed the model
using the flat side of the prob&igure6-23). Once cloud data was established, the
level of measurement was obtained by indicating each landmarkK & do this, each

user was required to touch the model wiite pointed end of the probe and click the
probe button.

_—
Nl

Figure 6-23 Tracer CAD scanning using flat side of probe (model 3)

Although this sequence of events replicates the clinical method uldshe exyected

that identificationof axis and landmarks should be more accurate in the experimental
method. This is because the landmarks on the model have been added by the
dynamic indicator rather than by eye in the clinical situation. This means that the
userhas a definite | andmark o6targetd to ai

each landmark as in the clinical situation.
All tracings were carried out following a strict protocol to minimise the possibility of

error. Prosthetists were instructedvindo carry out each trace and were allowed to

practice tracing before these were recorded.
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6.4.5 T ring measurement

Once all users had completed tracings, a T ring sock was added to each model. Each
model was then moved to thée constructed in woodesigred tohold the model,

firmly in the desired position to eliminate error due to movement during the
procedurgFigure6-22). Models 15 were then scanned 30 times by four users of the
T-Ring. Lights were dimmed tansure no differential of intensity of light which may
affect the shape captured. Volume, circumferences & diameters at levels were
indicated and recorded at the same levels. All scans were taken sequentially without
moving the model or removing the T risgck to minimise the possibility of error.

This process was deemed to be similar to that of the use of the T ring in normal

clinical use.

Figure 6-24 T ring scanning (model 3)

To investigate the effect of angulation of the T ring, and misplacement of the distal
spacer, model 2 and 4 were placed vertically and tRéng clamped in a horizontal
position on the CNC milling machinéhese models were then scanned by thag

a total d thirty times.Volume, circumferences & diameters at levels were indicated
and recorded. All scans were taken sequentially without moving-tied or model

to minimise the possibility of error. The angle of the T ring was then changed, using
an angularadjustment on the Deckel CNC milling machine, By £, and & All

measurements were repeated (n=30) for each of these three orientations.
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6.4.6 Plaster of Parismeasurement

The shape of wdels 2, 4 and 5 were also captlusing plaster of Paris.

Landmarks(F-J) were highlighted on the original model using indelible pencil. The
model was placed in a vice and wrapped with 150mm plaster of Paris bandage
(Gypsona) [Figure 6-25). Each wrap cast used three rolls of fgadandage applied

in a similar manner as a prosthetist would apply bandage to a residual limb. The use
of indelible ink meant that landmarks transferred automatically to the plaster wrap
from the model surface. No intermediate stockinette was used giitlzouery small
amount of lubrication oil was applied to the model to ensure that the cast could be

removed.

Figure 6-25 Plaster of Paris casting model 2

The initial cast wageft to dry for ten minutesral was then fixed in a proximal vice
in a copying jig specifically designed to allow duplication of the alignment of each
cast Figure6-26).

Use of the copying jig allowed the negative plaster mould to be removed from the
modeland filled without alteration to the angle or length of the mandrel post. The
copying accuracy of this jig was previously validated and was considered to produce

reliable copying results (Convery et al. 2003)



The copying jig consisted of a proximal andtel vice which were perfectly aligned

such that if a long length of mandrel post was placed in the proximal vice, it would
run through the centre of the distal vice. The fact that each mandrel post was
hexagonal meant that the rotation of the model caldd be controlled. The vice

also contained two end stopschthat thedistancebetween the top of the proximal

vice and the bottom of the distal vice was fixed. This prevented any length
discrepancies between the end of the mandrel pole and the encthdfred model

which is important to ensure coordinates are matched when measuring each cast in

the gold standard measurement system.

Figure 6-26 Cast duplication jig

Once the cast was positioned in threximal vice, a length of hexagonal post was
placed in the distal vice. This had an additional T bar added to prevent rotation. The
distal mandrel post was then bonded to the distal end of the cast and additionally

wrapped in plaster of Paris to preveny aossibility of movementHigure6-27).
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Figure 6-27 Fixation of distal hexagonal alignment post

The entire model with distal mandrel post attached was removed from the jig and
placed in a viceKigure 6-28). The negative plaster mould was nhemoved from
themodel Figure6-29).

Figure 6-28 Removal of negative cast from model 2



Figure 6-29 Removal of negative cast from model 2

The negative mould with distal mandrel post was then reinserted into the distal vice
of the copying jig in the same angle of rotation as before the madetemoved. A

new mandrel post was positioned in the proximal vice and the cast filled with plaster
(Figure6-30).

Figure 6-30 Repositioning of negative cast of model 2 ready fdilling

The quantity of Plaster of Paris was mixed with water according to manufacturers
guidelines \www.bpbformula.con Quantities of water in relation to Plaster were
weighed prior to mixing to ensure no difference between céktsnegativenould

was then carefully cut and removed from the posithauld This entire procedure

was repeated four times to create four plaster of Paris casts of the model.
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The original model was then placed in the gold standard measurement system and the

coordinates of @ints FJ located and recordeBigure6-31).

Figure 6-31 Model 2 location of landmark coordinates

Each plaster of Paris meddwas then placed in the programmable Chdling

madine (Deckel™) and measured starting from the coordinate of the original
landmark. This ensured that the same points on each model were measured. AP and
ML diameters were recorded at each level. Measurements were repeated three times

and the mean valuelcalated Figure6-32).
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Figure 6-32 Plaster of Paris cast measurement

Following determination of diameters, the volume of each model was calculated
using the water displacement ¢anique. This is described in full ithe previous
section (Pdl41).

A shaped cast was then assessed. The accuracy and repeatability of plaster of Paris
shape capture may be affected by the shape of the model. It is impo@dasess this

asthe shape of a residual limb is not cylindricethe complex shape and material of
model 4 presented some challenges in how best to create a plaster of Paris cast. This
was becausefter a cast is taken over a plaster model, a residlyptaster is left on

the model which isiot possible to remove without risk of alteration to the model
shape This couldintrodue changes from cast to cast if the same plaster model was

used.

It was also extremely difficult to remove the plaster negatiwenfithe positive
plaster model without damage to the model and / or the cast. The negative cast could
be removed by cutting theast off, however this involvedutting directly onto the
positive model causing damage to the model thus changing the dimergiditgon

of a cutting strip would eliminate damage but introduces changes to the negative cast

dimensions.
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In clinical practice the transbial casting procedure does not include cast cutting and
therefore the above experiment was not considered aaybed representation of this
process.

A new trangtibial model was prepared to allow removal of the model from a plaster
cast without damage to the cast or moégjfre6-35). The new model was made of

a hard foam material, isections and contained a central core and was created from
the original former user to create the shaped ttiéred model (model 4)Kigure

6-36). Removal of the core allowed sections to be removed from the cast and
reassembledavoiding the need to cut off the plaster atge cast. The model
material wasealed allowing it to be easily cleaned without damage to avoid build up
of plaster residue.

Figure 6-33 Removal of central core

Figure 6-34 Removal of inner sections
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Figure 6-35 Shaped removable model

Figure 6-36 Shaped TT model; model former; Shaped removable model and manikin

To manufacture the removable model (model 4B) an orthogilage was created

over model 4 anthe model and socket placed in trensfer jig.

With the hexagonal mandrel post of model 4 held in the proximal vice, a distal
hexagonal mandrel post was bonded to the distal end of the draped model.
Landmarks were transferred though the transparent material and screw attachments

added © each side of the drape which was bivalved to allow model 4B to be
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removed. The plaster of Paris was then chipped D¢ addition of the distal

hexagonal post ensured that the alignment of the central axis of the cast did not alter.

A large tapered nmadrel with hexagonal post within was then manufactured to fill a
large central portion of the cast. Stiff foam was then poured and swilled around the
inside of the drape to create a wall thickness of approximately 5mm and thus
duplicating the dimensionsf the drape. The material was cured and lubricated so
that no further foam could bond to it. The partially duplicated drape with distal
mandrel attached was placed back into the transfer jig. The large tapered mandrel
(with hexagonal post within) was platen the upper vice and lowered into the
socket. Stiff foam material was then poured into the remaining void between the

outer and the mandrel and allowed to cure.
Once cured, the entire model and mandrel was removed from the bivalved drape. The
taperedmandrel was removed allowing the inner to be removed from the outer

section.

To facilitate easy removal of the inner from the outer the inner was then cut into

three sections to allow easy removal and asse(Rixyre6-35).
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Figure 6-37 Removable model
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Figure 6-38 Measurement of removable model

The new model (model 4B) was then measured by the dynamic indjaetoirate d
0.005mm) and diameters at each level & recorded(Figure 6-38). These were
compared to the model from which it was created (model 4). Due to the copying
process, inevitably some minor changes in measurement occlicceshsure best
interpretation of resultglaster of Paris measurementsreveompared to model 4B
whilst those otained by Tracer CAD and Tring weecompared to model #igure

6-39).

Figure 6-39 Plaster of Paris shape capture model 4B



The model was then cast four times using plaster of Paris. Once cast, each model was
placed in the specially constructed copying jig to ensure that the mandrel post was
positioned in the same plaeach time so that the angle of the model did not change
(Figure6-40, Figure 6-41).

Figure 6-40 Positioning of cast model 4B in duplication jig

Figure 6-41 Placement of distal hexagonal alignment post
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The removable model was then removed from the negative mould in sections,
allowing the negative cast with distal mandrel to be re inserted into the gamyin
(Figure6-42, Figure6-43). Once filled Figure6-44), each plaster cast was removed

and placed in the gold standard dynamic indicator measurement system to determine

diameers and allow comparison with Tracer CAD and T ring systems.

Figure 6-42 Negative cast of model 4 prior to removal
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Figure 6-44 Filling of negative cast in the duplication jig

The major concern about determining theusacy and repeatability of plaster of
Paris in this expément wa that a positie model was required to @i
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measurement. This introducead additional step and potential additional errors in the

filling process beyond which CAD systems are tested.

To validate the accuracy of the copying procedure anthimeawhat errors may be
introducedduring the filling procedure the original former was placed within the jig
and filled three times using plaster of Pafgy(re 6-45). Errors are displayed on
volume graphs in the results section and are discussed.

Figure 6-45 Validation of the copying procedure

Removal of the plaster of Paris negative mould from the manikin was
straightforward due to the deformation of the modide of a manikin allowea
central axido be established and landmarks positioned ensuring accurate comparison

of results.

To ensure it returned to its original shape following deformatimital photographs

of the manikin were taken from a camera mounted on a tafied each plaster cast
andevery §' Tracer CADand T ring scan. A scale was added to the manikin shape
prior to photography.Photographs ere imputed into Adobe Photoshop(CS3
extended edition) which allowed photographs tateverted ananeasuredo scale
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at each landmark pdion. No difference was observed in the measurement of
landmarks orphotographgaken at different times during shape captamcluding
that themanikinreturned to its original shape following measurement.

Figure 6-46 Checking manikin dimensions between casts/scans levels FGHJ

It is important to note that the manikin represents a deformable shape which
happened to be of dimensions similar to that of a it stump. It does not
attempt to reptate all residual limbs as the tissue consistency of stumps differs from
patient to patientCreation of a manikin permits the effect of deformation on CAD
sensingo be assesseparticularly as one system relies on a contact method of shape

capture. Ths fecilitates greater clinical fierence from results.

6.4.7 Additional experiments to determine cause of errors: Bending effect

As models were clamped at the distal end it was thought that it may be possible,
using theTracer CADpen to cause a bending effect the model.

If distal pressure is applied thigll result in an increasing bending moment on the
model. To examine the effect of bending and shifting of the model, a further
experiment was conducted. The model was placed in the wooderFigoes6-22),

and the dynamic indicator placed touching the model on the lateral distal model as
shown, 500mm above the level of the wooden viegure 6-47). Each of the
original four usersvasasked to simulateow they would trace the model a total of
twenty times each. This allowed the deflection of the model to be meaJiaiaie (

23). If the same force is applied distally it would cause greater discrepancy than
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proximally if bendingis the mechanism involved. Users were not given feedback on

the deflection they caused during each trace while they were carrying out the scans.

:

Figure 6-47 Experiment to examine he effect of bending of the model.

Results of all experiments are reported in the next section and discussed in chapter 8.
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Chapter 7

7 Results

7.1 Summary statistics

Summary statisticanean value and (standard deviatiang presented for diameter
and voume measurement at by each system at each level on each moelel.

number of times each model was scannedsisshown in italics.

Table 19 Summary statistics: meanAP diameter values (mm)

Level System Model
1 2 3 4 5

F Gold std. 58.08 99.% 71.97 105.49 104.63
(0.0) (<0.0) (0.09 (<0.0) (0.1

n=10 n=3 n=3 n=3 n=30

Tracer 57.70 99.52 71.51 107.19 103.95

CAD (0.24) (0.32 (0.49 (0.98 (2.0)

n=15 n=30 n=30 n=30 n=30

T ring 58.83 100.35 75.01 107.88 110.30

(0.65 (0.63 (059 (1.69 (2.0)

n=30 n=30 n=30 n=30 n=30

G Gold std. 58.06 100.10 68.04 95.42 95.13
(<0.0) (<0.0) (<0.0) (<0.0) (0.93

Tracer 57.46 99.52 68.40 97.97 96.44

CAD (0.24) (0.395 (0.48 (0.40 (1.89

T ring 60.05 100.28 71.72 97.94 100.53

(0.88) (0.7) (0.69) (0.7) (1.20

H Gold std. 58.04 99.60 64.04 97.15 96.58
(<0.01) (<0.0) (<0.0) (<0.0) (0.13

Tracer 57.44 99.43 65.36 98.86 97.02

CAD (0.2) (0.39 (0.49 (1.23 (2.40

T ring 59.63 100.09 68.48 97.63 96.95

(0.89 (0.79 (0.95 (0.39 (3.79

J Gold std. 58.04 99.61 60.04 75.35 74.55
(0.0 (<0.01 (<0.01 (<0.01 (0.20

Tracer 57.35 99.31 62.43 75.73 73.14

CAD (0.29 (0.6)) (0.44) (0.79 (2.58

T ring 54.56 99.26 64.67 73.11 58.52

(153 (0.5 (2.04 (4.83 (4.43
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Summary statistics list the mean diameter and volume results measured by each
system on each model at each levar example, the AP diameter of model 4 at
level G obtained bylracer CADwas 97.97mmTable19).

Table 20 Summary statistics: mean ML diameter values (mm)

Level | System Model
1 2 3 4 5
F Gold std. 58.08 100.29 72.04 103.49 103.56
(0.0) (<0.0) (<0.01 (<0.01 (0.19
n=10 n=3 n=3 n=3 n=3
Tracer 58.06 99.49 71.8 107.75 105.07
CAD (0.2) (0.33 (0.38 (0.6 (1.42
n=15 n=30 n=30 n=30 n=30
T ring 58.73 100.61 75.53 107.40 100.88
(0.60 (0.79 (0.49 (0.49 (2.4)
n=30 n=30 n=30 n=30 n=30
G Gold std. 58.06 100.19 68.04 86.78 86.12
(<0.0) (<0.0) (<0.0) (<0.0) (0.12
Tracer 57.82 99.36 68.68 88.24 82.63
CAD (0.27 (0.39 (0.4) (0.6)) (1.63
T ring 61.39 100.92 72.52 90.88 87.47
(0.90 (0.7) (0.60 (1.63) (1.29
H Gold std. 58.04 99.85 64.04 87.09 86.43
(<0.0) (<0.0) (<0.0) (<0.0) (0.1)
Tracer 57.72 99.20 65.59 88.53 80.59
CAD (0.295 (0.49 (0.39 (0.37 (1.52
T ring 61.01 100.80 69.64 89.85 87.79
(1.10 (0.69 (0.89 (1.395 (2.99
J Gold std. 58.04 99.59 60.04 70.95 70.77
(0.0) (<0.0) (<0.0) (<0.0) (0.09
Tracer 57.70 99.05 62.64 72.58 67.18
CAD (0.19) (0.7) (0.3) (0.63 (2.19
T ring 56.23 99.92 66.29 70.95 57.30
(2.16) (0.48 (2.08 (4.45 (5.19

>

Not e: 6ndé dat a i GHand &andtlerafere mobrepeateeé vel s F,
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Table 21 Summary statistics: mean Volume valuesnim?®)

Level | System Model
1 2 3 4 5

F | Gold sid. | 105.94 | 319.74 | 77.00 | 382.47 | 362.29
(0.01) (<0.09) (0.06 (0.92 (2.28

n=10 n=3 n=3 n=3 n=3
Tracer 105.66 317.77 77.38 389.84 357.07
CAD (1.89) (5.1 (2.39 (6.99 (12.49
n=15 n=30 n=30 n=30 n=30

T ring 11311 | 328.65 | 83.83 | 395.73 | 379.69
(3.79 (7.26 (5.03 (10.09 | (12.79

n=30 n=30 n=30 n=30 n=30

G Gold std. 105.87 310.38 68.53 321.16 323.66
(<0.0) (<0.0) (<0.0) (0.69 (1.18

Tracer 103.80 313.58 71.95 320.44 296.44

CAD (1.90) (7.12 (2.20 (8.97 (12.27

T ring 11570 | 332.04 | 7593 | 337.27 | 341.03
(4.03 (13.4]) (3.62 (10.35 | (11.23

H | Gold std.| 105.83 | 314.67 | 6048 | 29246 | 297.17
(<0.0) | (<0.0) | (<0.0) | (0.94 (3.66)

Tracer | 10593 | 31531 | 65.97 | 269.63 | 227.61
CAD (1.68) (6.94 (2.0 (5.80 (11.46
T ring 107.65 | 321.72 | 6849 | 271.86 | 258.19
(4.09 (14.29 (3.31) (16.18 | (23.99

J | Goldstd. | 50.02 | 26272 | 52.94 41.66 4376
0.0) | (<0.0) | (<0.0) | (0.73 (1.54
Tracer 51.35 | 257.24 | 66.16 90.71 75.37
CAD (1.82) (6.74 (1.81) (3.04) (7.29
T ring 3385 | 251.10 | 59.56 82.75 38.89
(3.01) (14.36 (9.45 (22.00 (7.92)

7.2 Accuracy results

The importance of using accurate measurements is vital. If the process begins with
inaccurate data, then there the chance that the final socket will fit properlyewill b
reduced.Accuracyis how close the measured value is to the actual value which in

thisthesisis considered to be theean value of thgold standard measurement.
Statistical significance of resulésd interactions causational of errors were analysed

using three factor balanced parametric analysis of variance for each measurement

(General linear model, Minitab 35
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Three different factors thought to have possible effect on the accuracy obtained by
each system were tested; the shape captured (the )mtuelmethod of shape

capture (the system used); and the level of capture (level F, G, H and J).

Each of the six hypotheses that were appropriate for testing for AP, ML and volume
results obtained are presented. The two hypotheses that relate spgdificdde
effect of the intervention (modslystem and systeiiavel) are highlighted in bold.

Ho: There is no model effect Ho: There is no system effect
Hi: There is a model effect Hi: There is a system effect
Ho: There is no level effect Ho: There isno modelsystem
Hi: There is a level effect interaction
Hi: There is a modelsystem
interaction
Ho: There is no moddevel Ho: There is no systerrevel
interaction interaction
Hi: There is a modelevel Hi: There is a systerrlevel
interaction interaction
Table 22 summarises the significance (p<0.05) or otherwise of each of these
hypotheses when each of the six factors was analy&igdificant pvalues are

highlightedin yellow.

Table 22 Summary of significant results

Model | System| Level
factor factor factor
Dimension Model*system| Model*level | System*level
(Models (Gold st, (levels
1-5) Tracer Cad, FJ)
T ring)
AP <0.001 | 0.528 | <0.001 0.584 <0.001 0.039
ML <0.001 | 0.163 | <0.001 0.023 <0.001 0.045
Volume | <0.001 | 0.238 | <0.001 0.688 <0.001 0.012




Results indicated a significant effect for both the model (p<0.001) and level of
measurement (p<0.001) as well as the interaction between model and level (p<0.001)
(Table22).

A significant effect was seen with the modilel interaction for diameter and
volumes measuredTéble 22). This was expected as the physical dimensions,
(diameters and volumes), of all models were not the saméheemodels were
significantly different. For example at level G, the AP diameter of model 4 was less
than the AP diameter on model 2, but the converse is true at level F. This explains

why such a significant result was obtaindelg(ire7-1).

More importantly, there was significant effect for systienel interaction (AP p =
0.039, ML p =0.045, Volume p=0.012)4ble22).

Even though a significant effect was not observed for megibem interaction fo
AP diameter and volume diameter, plots are also analysed to allow visual

comparison to the gold standard measurement.

Residual plots did notowever show normal distribution and despite several
attempts, a transformation was not forthcoming. Despite #malysis of variance is
known to be a robust method of analysis (Howell 1997, Rutherford 2001) and results
are displayed on interaction plofSigure 7-1 to Figure 7-7). Plots are presented for

AP andML diameter and volume measurement. For clarity, graphs are interpreted in

greater detail in this section.
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AP diameter

Interaction Plot for AP

Data Means
120 model
—— 1
A~ - . 2
100 + Sy ———— ~—n 3
g 2 ] \ —y = 4
'~ 5
801 by
~a
e
q
§ 60 1 . . T — °
401
204
0 T T T T
F G H 2
level

Figure 7-1 Interaction plot AP model*level

Interactionplots provide useful insight into the accuracy obtained by each system at
each level of measurement. For exampigure 7-1 illustrates a moddevel
interaction plot for AP diameters. Each line of the graph illustrates the reesenits

for each model (:b), at each level @). Whilst not of particular interest given that
models are different and shapes differ, this analysis does confirm that for models 1, 2
and 3 AP dimension varies little across leveld. ot surprisingly, gien the shape

of models 4 and 5 the AP diameter varies considerably at different levels measured

(Table22).



Interaction Plot for AP
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5
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o
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Figure 7-2 Interaction plot AP model*system

No significant effect was seen with the moedgétem interaction for AP diameters
measured (p=0.584)Téble22) (Figure7-2).

Analysis of the AP modeystem interaction plot showed good accuracy oh bot
Tracer CAD and T ring systems when recording AP diameter measurement of simple
cylindrical models. Good agreement between measurements of the gold standard and

CAD systems was seen on models 1 and 2.

The Tracer CAD system showed good accuracy whenuriegsghe AP diameter of
model 3. However, the T ring system tended to overestimate the AP diameter relative

to the gold standard.
Both systems, (and in particular the Tracer CAD system), tended to overestimate the

AP diameter of model 4 (non deformableaped trangibial cast), but appear to

show good accuracy in recording the diameters of model 5.
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The interaction systefievel plot of measurement of all models shows a distinct
pattern in the accuracy of AP diameter data collected by each sySigumne(7-3).

The Tracer CAD system showed good accuracy at all levels of measurement when
compared to the gold standard. The T ring system however had a tendency to
overestimate values at proximal levels but underestichéhe distal AP diameter

considerably at level Jable22).

Interaction Plot for AP
Data Means

90- syst

-\———‘-——.\. _._. o
801 \ T
T ring

704

60

S0+

Mean

40
30
20

10

level

Figure 7-3 Interaction plot AP system*level

ML diameter

Significant effect was observed withe modebkystem interaction for ML diameters
measured (p=0.023)Téble22)).

Good diameter accuracy was observed on simple cylindrical models (models 1 and
2). However both systems, (and in particular the T ring system)a addency to
overestimate values on more complex non deformable models (Models 3 and 4)
(Figure7-4).
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CAD system ML mean diameters at all levels were notably less than those obtained

by the gold standard on the deformable monedel 5).

Interaction Plot for ML
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Figure 7-4 Interaction plot ML model*system

Significant interaction was noted on ML dimensions captured by systems on all
models (p= 0.045) Table 22). Closer examination of the interaction plot and
statistics summaryHgure 7-5, Table 20) indicates an overestimation of the mean
ML value by the Tring at levels G and H, and underestimation of ML diameter at
level J. Slight underestimation of the ML diameter by the Tracer CAD system is also

evident at levels G and H
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Figure 7-6 Interaction plot volume model*system



No significant effect was seen with the maoedgstem interaction for volumes
measured (p=0.688)Téble22) Figure7-6).

Analysis of a modesystem interaction plot showed good accuracy of both Tracer
CAD and T ring systems when recording volume measurement of simple conical and
cylindrical models. Good agreement between measuremetite gbld standard and
CAD systems was seen on model 1 and 2, although a slight overestimation of

measurement was evident by the T ring on the latter mbdglre 7-6).

Model 3 again illustrates good accuracy of both systemseaording volume
measurement although both systems tended to show an overestiffafion {-6).

More complex models showed less volume accuracy. Both systems tended to

overestimate the volume of model 4 the solid tt@nsl cast Figure7-6).

In contrast, the volume of model 5, the deformable manikin, was underestimated by

the contact system (Tracer CAD).

As the shape of model 3, 4 and 5 are thought to be more like those experienced in the
clinical situation, (a residual limb will never be totally cylindrical,) the reduced
accuracy of diameter and volume capture is of concern since the prosthetic socket

would contain greater errors of measurement.
The deformability of model 5 when using the contagstem may also present

difficulties in the clinical setting since underestimation of volume could cause

detrimental results to the prosthetic socket fit.
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Figure 7-7 Interaction plot Volume system*level

A significant effect for systertevel interaction was olsved for volume
measurement (p9.012 (Table 22). The interaction system level plot of volume
measurement of all models shows a pattern in theacgwf data collected by each

system at each levdrigure7-7).

The Tracer CAD system showed best volume accuracy at the most proximal level of
measurement (F) when compared to the gold standard. The system did however show
poa accuracy and underestimated theuvmaé of models overall at level G and H

Overestimation of the volume was apparent at the distal end.

The T ring system again had a tendency to overestimate values at proximal levels but
underestimated volume at level Bletter accuracy was observed at the distal volume
level Jend (Table 16).

Interaction plots illustrate the overall effect of system, model and level interaction.

Analysis indicates significant effect for system level interaction when measuring AP,

ML and volume of models and also indicates significant effect for ML diameter
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model system interaction. This analysis only informs part of the story since model
system interaction does not show at what level the errors are most likely, and the
system level irdraction combines all models. As prosthetists in the clinical situation
would only trace the patientds residuum
traces could be inadvertently used to produce the final prosthetic socket. Individual

tests, (and not thmean of repeated tests,) maiso therefore be considered.

To examine the effects illustrated imteraction plotsn greaterdepth diameter and
volume resultsvere plotted for each model at each level of measurement for each
measurement systemue D the extent of of graphs generated, only graj$sussed

in the text are contained in the results section. All other graphsoatainedin
appendixb.

Each plot illustrates a simple error bar summary of separate variables and plots the
method of shag capture against the mean 2/times the standard error from the
mean value. Each measurement system is colour coded and labelled on the x axis. A
line corresponding to the mean value of the gold standard measurement has also been
added for ease of inferetation. The mean value of the gold standard measurement is
also labelled on the right hand side of the graph.

When standard error bars overlap no significant difference between the two means
exists. However if two standard error bars do not overlapctrererse is not
necessarily true and does not necessarily mean that the difference between the two

means is significant.

A large standard error (relative to the sample mean) indicates increased variability
between means of different samples and so theples the effect of the
measurement system may introduce a systematic variation. A small SE indicates that

most sample means are similar to the population mean.
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Figure 7-8 AP diameter level F Accuracy andrepeatability of systems (model 1)
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Figure 7-9 AP diameter level G Accuracy and repeatability of systems (model 1)



Model 1 Cylinder
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Figure 7-10 AP diameter level J Accuray and repeatability of systems (model 1)
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Figure 7-11 ML diameter level H. Accuracy and repeatability of systems (model 1)
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Figure 7-12 ML diameter level J. Accuracy and repeatability of systems (model 1)
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Figure 7-13Volume level GH. Accuracy and repeatability of systems (model 1)
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Model 1 Cylinder
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Figure 7-14Volume level } model end. Accuracy and repeatability of systems (model 1)

Figure 7-15 AP diameter level FAccuracy and repeatability of systems (model 2)
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Figure 7-16 AP diameter level JAccuracy and repeatability of systems (model 2)

Figure 7-17 ML diameter level J. Accuracy and repeatability of systems (model 2)
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Figure 7-18 Volume between leel G-H. Accuracy and repeatability of systems (model 2)

Figure 7-19 Volume between level Imodel end. Accuracy & repeatability of systems (model 2)
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Figure 7-21 AP diameter level H. T ring held at specific angles (model 2)
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Figure 7-22 Volume level Jmodel end. T ring held at specific angles (model 2)

Figure 7-23 AP diameter level F T ring deliberately misplaced (model 2)
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Figure 7-24 AP diameter level G T ring deliberately misplaced (model 2)

Figure 7-25 AP diamete level J. T ring deliberately misplaced (model 2)
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Figure 7-26 ML diameter level F. T ring deliberately misplaced (model 2)

Figure 7-27 Volume levelF-G. T ring deliberately misplaced (model 2)
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Figure 7-28 Volume level J model end. T ring deliberately misplaced (model 2)

Figure 7-29 AP diameter leve J. Accuracy and repeatability of systems (model 3)



Figure 7-30 ML diameter level J. Accuracy and repeatability of systems (model 3)

Figure 7-31 Volume levelF-G. Accuracy and repeatability of systems (model 3)
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7.2.1 Results of bending moment experiment

Table 23 Deflection of model at the distal end (mm)

User 1 User 2 User 3 User 4
Distal | Proximal | Distal | Proximal| Distal | Proximal| Distal | Proximal
Min 0 0 0.02 0.007 0.006 0.003 0.002 0
Max 0.011 0.011 0.042 0.024 0.034 0.015 0.019 0.012
Mean | 0.0042 | 0.0024 | 0.0299 | 0.0142 | 0.0191 | 0.0084 | 0.0112 | 0.0052
SD 0.003 0.003 0.007 0.004 0.007 0.004 0.005 0.004

7.2.2 Validation of volume determined by water displacement

In addition to model volume measurement by the gold standard, volume measures
were calculated using water displacement. Results showed water displacement
volume measurement to be accurate as no statistical difference between volumes
calculated by water displacement and the mean of the goldasthat any level on

any model. An exaple is shown irFigure7-32.

Model 5 Trans-tibial deformable manikin
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Figure 7-32 Validation of the water displacement technique for determining volume (model 5)



The maximum difference between any mean volume by wasptadiement to the
gold standard mean was7.38mni (-2.46% of total volume). This was not
significantly different (p> 0.05).

Table 24 Volume determination by water displacement. Coefficient of variation (%)

Vol F-G | Vol G-H | Vol H-J | Vol J-end
Model 1 0.22 0.36 0.28 0.61
Model 2 0.33 1.00 0.42 0.29
Model 3 1.30 0.94 1.37 1.69
Model 4 0.24 0.20 0.32 1.75
Model 5 0.37 0.35 0.39 2.24

The coefficient of variation (CV) of volumetric determination by water displacement
was also caldated at all levels on all models. The level of repeatability of volume
measurement using water displacement was found to be less than 1% on models 1
and 2, andess than 2.5% on models of more complex shape, (models 3, 4, and
5)(0.93% <CV<2.24%)Table 24). Variation of measurement had a tendency to be
largest when the volume between the most distal landmark and the model end was
measured (CV max (model 4) = 1.75%.

As accuracy and good repeatability was shown (model 1 CV < Q.80del 3 CV
<1.75%) this method was accepted as being suitable for determination of model
volumes. Since the gold standard measurement system was unable to determine the
volume between the most distal landmark and the end of irregular-(itvaai}s

modek, water displacement was used to calculate tk&aldvolume (between
landmark Jand the model end) of Model 4 andFgure7-33).
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Figure 7-33 Distal end volume calculated by weger immersion technique
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Standard error bars continued
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Figure 7-34 AP diameter level FE Accuracy and repeatability of systems (model 4)
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Figure 7-35 AP diameter level G Accuracy and repeatability of systems (model 4)



Model 4 Trans-tibial cast
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Figure 7-36 AP diameter level H Accuracy and repeatability of systems (model 4)
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Figure 7-37 AP diameter level J Accuracy and repeatability of systems (model 4)



Model 4 Trans-tibial cast
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Figure 7-38 ML diameter level F. Accuracy and repeatability of systems (model 4)
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Figure 7-39 ML diameter level G. Accuracy and repeatability of systems (model 4)
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Model 4 Trans-tibial cast
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Figure 7-40 ML diameter level J. Accuracy and repeatability of systems (model 4)
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Figure 7-41Volume levelH-J. Accuracy and repeatability of systems (model 4)
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Figure 7-42 AP diameter level d T ring held at specific levels (model 4)

Figure 7-43Volume levelF-G. T ring held at specific levels (model 4)
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Model 5 Trans-tibial deformable manikin
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Figure 7-44 AP diameter level FE Accuracy and repeatability of systems (model 5)
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Figure 7-45 AP diameter level G Accuracy and repeatability of systems (model 5)



Model 5 Trans-tibial deformable manikin
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Figure 7-46 AP diameter level H Accuracy and repeatability of systems (model 5)
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Figure 7-47 AP diameter level J. Accuracy and repeatability of systems (model 5)
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Model 5 Trans-tibial deformable manikin
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Figure 7-48 ML diameter level F. Accuracy and repeatability of systems (model 5)
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Figure 7-49 ML diameter level G. Accuracy and repeatability of systems (model 5)



Model 5 Trans-tibial deformable manikin
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Figure 7-50 ML diameter level H. Accuracy and repeatability of systems (model 5)
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Figure 7-51 ML diameter level J. Accuracy and repeatability of systems (model 5)
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Model 5 Trans-tibial deformable manikin
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Figure 7-52 Volume levelF-G. Accuracy and repeatability of systems (model 5)

Model 5 Trans-tibial deformable manikin

Volume between level G-H

400

N
o
e}
e}
e}
¢
¢

Mean +- 2 SE(mm)
8
1

100

T T T T T T T T T T T
Goldstd TCADU1 TCADU2 TCADU3 TCADU4 TringU1 Tringu2 TringU3 Tringu4 POP  water
disp

measurement system

Figure 7-53 Volume levelG-H. Accuracy and repeatability of systems (model 5)
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Model 5 Trans-tibial deformable manikin

Volume between level H-J
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Figure 7-54 Volume levelH-J. Accuracy and repeatability of systems (model 5)
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Figure 7-55Volume level Jend. Accuracy and repeatability of systems (model 5)
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For ease of interpretation, all results obtained are summarised in a simplifie(I tdi}625).
Note: Accuracydiameter) <1lmm Saunders (2003), Accuracy (volume) <5% (Lilja and Oberg 1997, Fernie and Holliday 1982).

*accuracy is displayed as the mean of repeated measures. Individual measurements did not always provide adequate accuracy.

Table 25 Accuracy summary table

MEANS Tracer CAD T Ring Plaster of Paris
Model 1 AP ML Volume AP ML Volume
F Y Y
G Y Y
H Y Y
J Y Y
Model 2 AP ML AP ML Volume
F Y Y Y Y Y
G Y Y Y Y Y
H Y Y Y Y Y
J Y Y Y Y Y
Model 3 AP ML Volume AP ML Volume
F Y Y Y
G Y Y Y
H Y
J
Model 4 AP ML Volume AP ML Volume AP ML Volume
F Y Y Y Y Y
G Y Y Y Y
H Y Y Y Y
J Y Y Y
Model 5 AP ML Volume AP ML Volume AP ML Volume
F Y Y Y Y Y
G Y
H Y Y
J Y

20¢<



To ensure eliability of findings it is advsable to examinegesults usingtwo
approachedn addition to error bars,rgphs of the difference in measurement versus
the average difference in measurement for each systematgerplotted (AP, ML

and volume dimensions). These plots illustrate theatdiof agreement between
measures a lower and upper limit (mear2$D) (Bland and Altman 2005). The
mean value of the difference in measurement was also calculated and displayed
(Figure7-56to Figure7-61). Each model (:b) is labelled on each graply level (F

J). In a more formal systematic way, graphs should confirm what is already implied
in the more descriptive approach using errordraphs. Allgraphs are discued in

the next section.

Limits of agreement Tracer CAD v Gold Standard (GS) AP diameter (mm)
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Figure 7-56 Limits of agreement Tracer CAD v gold standard AP diameter
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Limits of agreement Tring v Gold Standard (GS) AP diameter (mm)
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Figure 7-57 Limits of agreement T ring and gold standard APdiameter

Limits of agreement Tracer CAD v Gold Standard (GS) ML diameter (mm)
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Limits of agreement T ring v Gold Standard (GS) ML diameter (mm)

154
£ 19 557
E
8
) L}
[N ﬂ ﬁ .E]
S g 2
p— L] E 5
£ i . g
E .E fl
20 f
2 1
o
2 0 .E
£
o -5
£
% 71
£
(= model
1
®:
. L_E]
4
151 ! o
) L I | | 1 1 )
a0 60 70 80 S0 100 110

Average measurement (CAD and Gold standard) (mm)

Figure 7-59 Limits of agreement T ring v gold standard ML diameter

Limits of agreement Tracer CAD v Gold Standard (GS) volume (mm3)
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Difference in measurement (CAD-GS)(mm3)

Limits of agreement T ring v Gold Standard (GS) volume (mm3)
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7.3 Repeatability Results

A resut is repeatablevhen, each time the clinician measures the same patient using
the same equipment, the measurements are the J&mmecoefficient of variation

(CV) of all diameter and volume measurements was used to compare the
repeatability of each metho@he coefficient of variationis the standard deviation
divided by the mean; and is used to summarise the amount of variation as a
percentage or proportion of the mdamitations of the usefulness of his technique
arise wien the mean value is near zex®the coefficient of variation becorse

sensitve to small changes in the mean

A summary table of the coefficient of variation is provided for each method of shape
capture(Table26). This allows repeatability of a particular pleacapture method to

be examined over models % at all levelsof measurementThe lower the value
obtained, the more repeatable the method (Stokes 188&)monly a CV of less
than 5% is deemed to show acceptable repeatabi{@®ampbell et al. 2007).
Measurements where good repeatability was not achieved are highl{Jlztielé 20.

In addition repeatability of landmark identificatiois also presented &ble27).
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Table 26 Coefficient of variation models1-5 (%)

Ccv % | Model 1 Model 2 Model 3 Model 4 Model 5
Tracer Tring Tracer Tring | Plaster of| Tracer Tring Tracer Tring | Plaster of| Tracer Tring | Plaster of
CAD CAD Paris CAD CAD Paris CAD Paris
APF 0.42 1.11 0.32 0.62 0.07 0.64 0.79 0.91 1.52 0.4 1.94 1.82 0.35
MLF 0.36 1.02 0.33 0.73 0.04 0.52 0.65 0.57 0.46 0.28 1.35 2.39 0.9
Vol F-G 1.79 3.32 1.63 2.21 0.79 3.05 5.99 0.73 2.55 0.84 35 3.35 2.05
APG 0.41 1.46 0.35 0.71 0.12 0.71 0.9 0.41 0.73 0.62 1.92 1.19 0.61
MLG 0.47 1.47 0.39 0.7 0.1 0.6 0.82 0.69 1.8 0.43 1.97 1.47 0.8
Vol G-H 1.83 3.48 2.27 4.04 0.8 3.06 4.76 1.23 3.08 0.56 4.14 3.29 1.38
APH 0.36 1.49 0.36 0.75 0.12 0.68 1.39 1.25 0.37 0.63 2.47 3.87 0.57
MLH 0.43 1.8 0.46 0.68 0.06 0.55 1.28 0.42 151 0.19 1.89 3.38 0.88
Vol H-J 1.59 3.77 2.2 4.44 0.57 3.06 4.83 1.61 5.97 0.51 5.03 9.29 0.78
APJ 0.43 2.8 0.62 0.51 0.11 0.7 3.16 0.99 6.62 0.33 3.53 7.57 0.4
MLJ 0.33 3.84 0.71 0.48 0.05 0.5 3.14 0.86 6.29 0.62 3.18 8.97 1.62
Vol J-e 3.54 8.88 2.62 5.72 0.97 2.74 15.86 3.35 2668 8.39 9.66 20.37 8.79
Table 27 Repeatability (COV) of landmark identification by CAD systems (%)
Tracer CAD | Model 1| Model 2 Model 3 Model 4 Model 5

F 0.79 0.41 0.58 0.39 0.86

G 1.01 0.54 0.85 0.67 1.28

H 1.66 0.81 1.16 1.19 2.30

J 4.84 1.53 2.71 3.74 11.13

T ring Model 1 | Model 2 Model 3 Model 4 Model 5

F 0.54 1.90 2.72 1.03 4.28

G 1.01 2.51 3.24 1.58 6.07

H 1.66 3.48 4.73 2.72 8.30

J 6.34 7.35 9.41 17.53 18.05

20¢




7.4 Reliability Results

Reliability is the extent to whiclthe same measurements of individuals obtained under different conditions yield similar results, for
example, changing the day or person doing the measuniteg.class correlations were calculated for all models for each user between
each system and the gathndard measuremesytstems at each level of measuremBesults are shown in tables. Measurements showing

good reliability are considered to be greater than 0.7 (Evers 2001).

Table 28 Inter class correlations for all models Reliability of individual users)

ICC Gold standard vs. Tracer CAD ICC Gold standard vs. Tring
AP TCADU1 | TCADU2 | TCADU3 | TCADU4 | TringU1 | TringU2 | TringU3 | TringU4
F 0.999 0.999 0.999 0.999 0.987 [0.991 |0.991 |0.989
G 0.997 0.998 0.997 0.998 0.985 |0.987 |0.987 |0.982
H 0.999 0.998 0.999 0.998 0.993 [0.995 |0.994 |0.994
J 0.997 0.997 0.995 0.997 0.925 |0.879 |0.925 |0.855
ML TCADU1 | TCADU2 | TCADU3 | TCADU4 | TringU1 | TringU2 | TringU3 | TringU4
F 0.995 0.994 0.995 0.995 0.993 |0.991 |0.993 |0.988
G 0.989 0.990 0.990 0.989 0.982 | 0.985 0.981 |0.972
H 0.988 0.986 0.986 0.986 0.980 |0.987 |0.982 |0.977
J 0.994 0.991 0.989 0.992 0.951 |0.897 |0.945 |0.877
Volume | TCADUL | TCADU2 | TCADU3 | TCADU4 | TringU1 | TringU2 | TringU3 | TringU4
F-G 1.000 1.000 1.000 0.998 0.996 |0.998 |0.996 |0.997
G-H 0.996 0.995 0.996 0.992 0.992 [0.995 |0.994 |0.990
H-J 0.961 0.964 0.954 0.955 0.984 |0.976 |0.990 |0.982
Jend | 0.955 0.951 0.956 0.950 0.973 |0.955 |0.960 |0.991
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The reliability of individual users was demonstrated to be high when assessing all

models using tracer CAD aridring systems Table28).

Table 29 Interclass correlation (users)

ICC Gold standard vs. Tracer | ICC Gold standard vs. Tring
CAD
AP ML Volume | AP ML Volume
1.000 1.000 0.999 0.999 |0.999 |0.999
1.000 1.000 0.999 1.000 ]0.998 |0.999
0.999 1.000 0.999 0.999 |0.998 |0.996
0.999 1.000 0.999 0.985 |0.980 |0.984

“II|oOm

The probability that diameter and volume measurements obtained by different users
were alike was confirmed by interclass correlation of usergagh level of
measurementl@able29). Results show good correlation (ICC > 0.7) between users in
measurement of diameters and volumes at each level on each model using either
system (Evers 2001Results of different users wereetiefore combined to allow a

balanced analysis of varianc@RSS statistics L7
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Chapter 8

8 Discussion

8.1 Introduction

Since data acquisition is the first step necessary oShape capturprocess, with
the consequent socket design depemdupon the da acquired, theeliability,
repeatability andccuracyof data acquisitions crucial to the final productf errors
are notidentified they may jepardisethe measurements in clinical practice as well

as in research

The following discussion evaluatdse repeatabilityandaccuracyof the Tracer CAD
and T ring systems onsampleof models(n=5). Each modeWwasdesigned to isolate
and introduce potential souscef error in acontrolled way The shape of theeof the
models(model 2, 4 and 5)yas alsccaptured in the traditional way using plaster of

Paris.

8.2  Repeatability of measurements

To assess the repeatability of measurement, the coefficient of variation (CV) of all
diameter and volume measurements of each method was comPasdficient of
variation less than 5% is considered to show good repeatafiiaynpbell et al.
2007). Repeatability results are summarised by model, system and level of
measuremenil@ble26).

8.2.1 Model 1 Cylinder

Initial tests involved the use ofd@hTracer CAD and T ring systems on a cylindrical

model with a flat endRigure6-3).

Gold standard measurements were completed by the metrology laboratory using a

comparator measuring device. The mean value of diameters and egolara
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considered to be the 6trued di ameters
gold standard measurement (GSM). Diameter and volume measurementbyaken
this method showed goadpeatability (CV<0.01%).

Tracer CAD
The Tracer CAD system showlegoodrepeatability of all AP and ML diameters (CV

< 0.43%). This did not appear to be affected by the level at which the measurement
was taker(Table30).

Table 30 Maximum and minimum coefficient of variation (%) Model 1

CvVv AP ML Volume
Tracer CAD | 0.36 (F,G)-0.43 (J) | 0.33 (J)-0.47 (G) | 1.59 (HJ)-3.54 (Jend)
T ring 1.11 (F)i 2.80 (J) | 1.02 (F)-3.84 (J) | 3.32 (FG)-8.88 (Jend)

Good repeatability of volume measurements was alserobd (CV < 3.54%)pn

model 1.Less repeatability of volume measurement was seen at the distal volume
measured ¢Jend of model) where CV=3.54%, than at proximal level&(FG-H
andH-J)where CV< 2% Table26).

Identificationof landmarks by uge of theTracer CADsystem was repeatable at all
levels (CV <5%) Table 27). Howeveralthough acceptablglacement of the distal

landmark(level J),was less repeatable thémat of proximal landmarks.

Repeatability of diametemeasurementvas not affected adverselyy bincorrect
landmark identification(as this was repeatab)e Howewer, even if landmark
identificationhad been variabldé, would be utikely to affect diametermeasurean
a cylindrical mode(since thesarevirtually the same at all levels).

Repeatability of volume measuremeam a cylindrical models more likely to be
affected ly incorrect landmark identificatiosince the volume is calculated between
landmarks. Volume will become smaller should the lan#sbe indicatedcloser

together and larger shialthey be placeturtherapart.
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Although repeatability (CV) of volume measurement \gasd (ess than 5% at all
levelg, least repeatability of volume measurement was observed at level J. This
corresponds towhere landmark identificationvaried mostand shows that less
repeatable identification of landmarks may affectrepeatability of volume

measuren@ on acylindrical model.

T ring

Diameter and volume measurements takgnthe T ring system showegreate
variation of measurement at all levels than the Tracer CAD systabie(30). The
system showed good repeatability of diameter measurement at all levels (CV<4%)

although variation tended to increase toward tetatlend of the modeTable30).

Repeatability of volume measuremetgnded to decrease with more distal
measurement. Measuremeapeatabilityat the distal end was poor (CV 8.88% level
Jimodel endl(Table26, Table30).

Repeatability of T ring landmaikientificationwas similar to that of the Tracer CAD
system on model 1 at levelsHr (Table 27). However, although good at proximal
levels repeatability of T ring landmaidentificationwas poor distally at level J (CV
6.34%). Again, as the model is cylindrical, diameter measurements are unlikely to be
affected. However, repeatability of distal volume measurement was poor at this level
demonstrating that landmark variation will have affect on the volume
measurej{Table26, Table30).

Summary for Model 1
Tracer CAD: Goodrepeatability of all diameters measured (CV<1%).
Good repeatbility of all volumes measured (CV<5%).

T ring: Good repeatability of all diameters measured (CV<5%).

Poor repeatability of distal end volume measurement (C\W8)88
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8.2.2 Model 2 Cylinder with domed end

Both the Tracer CAD and thEring systems showecdgd repeatability of diameter
measurement on model 2 (CV<]1% able 20)

Table 31 Maximum and minimum coefficient of variation (%) Model 2

CVv AP ML Volume
Tracer CAD 0.32.0.62% 0.339.0.71F | 1.637% .2 6279
T ring 0.519§ 0.75™ 0.489.0.73F | 2.21FC.5 7209
Plaster of Paris | 0.077 -0.12°) 0.047-0.1¢ 0.5777.0.977e9

(* Note: for convenience levels of measurement are denoted in superscript)
Tracer CAD

Repeatability of AP and Mdiameter measurement by Tracer CAD on m@efas
slightly less than on model (Table 31, Table 30, Table 27. Repeataitity in all

cases was good

Tracer CAD showed good repeatability of volume meament at all levels.
Repeatability of measurement tended to decrease towards the distal end (€9 1.63
CV 2.62.%®"91 This pattern was similar in model 1 where increased variation of
measurement was also noted toward the distal Raesability of landmark
identification(Table27) was god, but variationwas highest at the distal end (level
J). This may have had some effect on the repeatability of valneasurement at the
distal end Repeatability of Tracer CAD volume meaement was good at all levels
(1.637 -2.629 (Table 25 and compared favourably to those on model 1 (£'39
3.54¢" (Taple30)).

1 The level at which the error was measured is denoted in superscript for reference.
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T ring

T ring showedgood repeatability of diameter measurerhezn model 2. This
compared favourably to repeatability of diameters on model 1(M2 AP CV <0.75 ML
CV <0.73;M1 AP CV <2.80, ML <3.84%)Table30, Table Z)

T ring volume measurements also tended to become moablestowards the distal
end. Proximal measurements showed good repeatability (C\V"2.24.44% ),
howeverpoor repeatability of measurentevas agairobservecdat the distavolume
(CV 5.72 %7 B9 Although poor, this compared favourably tetdistal volume
measurement on model 1 (CV 8.88%%%"%).

Once again, repeatability of volume capture corresponds to the locations at which
repeatability of landmarkdentificationwas good (levels F, G, and H)dble 27).
Repeatability of landmarkdentificationwas poor at level J (7.35%) and may be a
cause of reduced repeatability of T ring distal end volume measurement (5.72%)
(Table26).

Plaster of Paris
Diameter and volumeaptureby plasterof Paris casts showed the least variation of
all three systems. Variation of measurement wasmal (<1%) and showed good

repeatability AP CV 0.07 0.12%; ML CV 0.04 0.1%, volume CV 0.5D.97%
(Table 20,Table 25.
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Summary for model 2

Plaster 6 Paris: Goodrepeatability of all diametemeasured (CV<b).
Goodrepeatabilityof all volumes measured (CV&d)

Tracer CAD: Goodrepeatability of all diametemrmeasured (CV<b).
Goodrepeatabilityof all volumes measured (CV<5%).

T ring: Godad repeatability of all diametemeasured (CV<5).
Good repeatabilityof proximalvolumes measuref® ¢ )
(CV<5%).
Poor repeatability of distal end volume measurement (CV
5.72%).

8.2.3 Model 3 Truncated cone

Table 32 Maximum and minimum coefficient of variation (%) Model 3

CVv AP ML Volume
Tracer CAD 0.64F9.0.710 059-0.6©@ 2.7419 3 pgend
T ring 0.79%7 3.16Y 0.651-3.14Y | 4.767%-15.86""
Tracer CAD

The Tracer CAD system once agaihowed good repeatability of diameter
measurement on model 3. Repeatability of AP diameter measurements was slightly
worse than those on models 1 and 2 although the difference was minimal. ML
diameter repeatability on model 3 was similar to that of modeut2worse than

model 1 (again minimal) (Table 26

Repeatability of Tracer CAD volume measurements on model 3 was Gabl&: 82)
and compared similarly to results obtained on modelTable 30), but less
favourably when compared to results on modglrable 25. Users of theTracer
CAD system also siwed repeatability when identifyg landmarks on this model.

This goes some way to showing that if landmarks are positionadepeatable way



then measurements will beepeatedly taken at the same level, increasing
repeatability of diameter and volume measurements. This does not mean that results
will be accurate however, aseasurementmay berepeatedlytaken in the wrong

place.
T ring

Repeatability of T ring diameter measurements was good although not as good as the
Tracer CAD system on this moddlable32).

T ring volume repeatability was poor at the two levels; the proximal {[@V 5.99™

© and once again as in all other models so far, the distal level (CV 15.88%¢
(Table 32). Identificationof landmarks by the T ring system was muagiable than

the Tracer CAD system affectig repeatability of volume measurenent
Repeatabilityof the distal landmark (dflentificationwas shown to be poofl éble

27), and corresponded to increased variation in AP and ML diameters measured (AP
CV 3.16%, ML CV 3.14%),and poor repeatability ofdistal end volume
measurement (CV 15.86%).

Summary for model 3

Tracer CAD: Goodrepeatability of all diametemrmeasured (CV<5b).
Goodrepeatabilityof all volumes measured (CV<5%).

T ring: Goodrepeatability of all dimetes measured (CV<5).
Poorrepeatabilityof proximalvolume measurefi®
(CV<5%).
Poor repeatability of distal end volume measurement (CV
5.72% &),
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8.2.4 Model 4 Trans-tibial cast

Table 33 Maximum and minimum coefficient of variation (%) Model 4

Ccv AP ML Volume
Tracer CAD 0.41@7 125 | 0.42™.0.86" | 0.737%i3.357")
T ring 0.37"7 6.62Y | 0.4671 6.29Y | 2.557%.26.687"D
Plaster of Paris | 0.43”-0.63" 0.197-0.62” 0.51").g.3g**™
Tracer CAD

Of the two CAD systems, Tracer CAD showed better repeatability overall than the T
ring on the shaped traibial model. Tracer CAD showed good repeatability of
diameter and volume measurement at all levels (CV<B¥peatability of landmaér

positionwas also goodTable26, Table27).

Tracer CAD AP diameter measuremewms much lessrepeatableon the shaped
model (CV 0.4% - 1.25") than on the cylindrical and conicalodels 13 (almost
double that of variation on model)ATable33).

Repeatability of ML diameter measurement also reduced on this model (CY 0.42
0.86”) when compared to the previous cylindrical and cdninadels measured
(Table 33, Table 27).Tracer CAD showed good volume measurement repeatability
on the shaped modél(0.737® -3.35*"%) variation of volume repeatability on the
shad model4, although good, was greater than on model 2 {1%32.627¢")

and model 32.747%)1 3.087¢"),

T ring

The T ring system showed much poorer repeatability of measurement than Tracer
CAD system on the shaped transal model. Notall diameter results showed
adequate repeatability (CV<5%). In general, repeatability of measurements had a

tendency to reduce towards the distal end.



AP diameter repeatability on model 4 was much less favourablé{o@B2**")
than repeatability fomeasures on models3L(M1 AP cV 1.1f? - 2.8¢”, M2 ML
cv 0.517-0.789, M3 AP cv 0.747-3.167) (Table 33). T ring AP diameter
measurement repeatability was poor at distal landmark J (CV 6.G24lpe7)

For the T ring, repeatabilityof ML diameters also compared less favourably to
previous cylindrical and conical models and was poor at the distal landmark J (CV
6.29%).

Repeatability of volume measurements made by the Taystem also decreased
towards the distal end of the shaped model and was poor at distal levels velume H
(CV 5.97%) and particularly poor at the most distal levehddel end CV 26.68%).

This may in part be due to poor repeatability of ithentification of landmark J
(Table 27). Since the model was of complex shapeprpidentification of this
landmark would affect repeatability of diameters measured at this level. The position
of this landmark also determinése level at which diameters-Hand dmodel end

are takenMeasurements have been shown to be less repeatabése levelgTable

26).

Plaster of Paris

Plaster of Paris showedood repeatability of AP (0.40(F0.63(H)) and ML
(0.19(H)0.62(J)) dimensional measurementsalifle 33). Of the three shape capture
methods, this system showed best repeatability of diameter measurement.
Repeatattity, (although still googd) compred less favourably to that obtained by
plaster of Paris casting on a simple cylindrical shape (Model 2 AP CV001Q%0,
MLO0.04-0.1%(Table26)).

Repeatability of plaster of Pari@hme capture on the shaped model was sirtlar

that obtained on model & proximal levelymodel 4 Vol CV 0.51 0.84%. Shape

capture using plaster of Paris was variable at the distal end of the shaped model and
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was unsatisfactory (CV 8.38%). This means that repeatability of plaster of Paris

measurment on the shaped model (0.51{}8.39(3end)) compares less favourably

to plaster of Paris repeatability on a cylindrical model which gasd (0.57(HJ)
0.97(3end)) Table 31 Table27).

Although Tracer CAD showed less repahility of measurement amostlevelsthan

plaster of Parist is still the preferred systera&t this stage sinceepeatability of

measurement is below 5%that distal landmark

Summary for model 4

Tracer CAD:

Plaster of Paris:

T ring:

Good repeatability of all diameters megsii(CV<5%).

Good repeatability of all volumes measured (CV<5%).
Goodrepeatability of all diameters measured (CV<1%).

Good repeatability of volumes (&, GH, H-J) measured
(CV<1%).

Poor repeatability of distal end volume measurdmen
(CV 8.39%).

Poor repeatability of distal diameters (H, J) measured (CV
6.62%).

Poor repeatability of distal end volume measurements
(H-J, 3 end) (CV 26.68%).

221



8.2.5 Model 5 Trans-tibial deformable manikin

Table 34 Maximum and minimum coefficient of variation (%) Model 5

CVv AP ML Volume
Tracer CAD 1.92@7 3539 | 1350.318Y |350"%19.667"%
T ring 1.19@§ 7579 | 1.47©)y 8979 |3.29%7.20.3#°%
Plaster of Paris | 0.357-0.61" 0.97-1.627 0.78%"-g 7979
Tracer CAD

All diameter measurements showed good repeatability (£.92.53") (Table34).
However, epeatability of diameter measurement compared less favourably on a
deformable manikin than on any other model measui@blé 35). This was
somewhat expected due to the contact method of shape capture which would affect

repeatability of measurement on a deformable shape.

Table 35 Tracer CAD AP and ML diameter repeatability (models 1-5)

Model AP diameter ML diameter
Coefficient of variation Coefficient of variation
1 0.367%.0.43Y 0.339.0.47©
2 0.327.0.62% 0.339.0.71®
3 0.64F% 0,71V 0590690
4 0.41@7 1.25M 0.42® -0.86Y
> 1.92© 7 3,539 1.35 -3.18Y

Results suggest that diameter measurement repeatability of the Tracer CAD system
becomes worse with increasing complexity of shapeoana model with deformable
characteristics. Deformable characteristics appear to have the greatest effect on
repeatability of measurement using this system. At best (AP CV 1.92, ML CV
1.35%) repeatability was less than the largest coefficient of variafiall other
models (AP CV 1.28°%4H) M| cv 1.35 %M%Y (Table35).

Tracer CAD volume measurement repeatability weducedwhen compared to
repeatability of measuremerdn model 4 at all levels Por repeatability of

measurement was observed at volumé {CV 5.03%) and at the distal volume J
model end (CV 9.66%).
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For the very first time on any model, Tracer CAD recorded results with poor
repeatability (CV> 5%). Distal volumes were particularly pdae to the increased
deformation in this areal.ess repeatability of measurement may be due to the
contact nature of the Tracer CAD system. This would be expected to deform the

manikin resulting in less repeatability of measurement.

Greater variationn landmark identiftation was observedn the deformable shaped
model than on other models-4) (Table27). Repeatabilityof the distal landmarkJ)
identification was poor andchay affect repeatability of diamesemeasured at this
level since the model is irregular. AP and ML repeatability was less than other
models (CV 3.53% and 3.18% respectively). The position of this landmark also
determines the level at which diameters] Find dmodel end are taken. Volume

measurements were less repeatable at these |&adite6).

However, as in previous models, the Tracer CAD system showed better repeatability
of measurement than the T ring syst@ralle 34). This was somewhat surprising as
it was thought that less repeatability would be observed when scanning a deformable

model with a contact method of shape capture.

T ring

Proximal diameter T ring measurements showed good repeatability (Levels [, G, an
H, CV<5%). Poor repeatability of diameter measurement was observed again at the
distal landmark J (AP CV 7.57%, ML CV 8.97%piameter measurement
repeatability compared less favourably to all other models measured and was poor at
the distal landmark leal J (Table36).

22¢



Table 36 T ring AP and ML diameter repeatability (models 1-5)

Model AP diameter ML diameter
Coefficient of variation Coefficient of variation
1 1.1197 2.80V 1.020-3.84Y
2 0.5197 0.75® 0.489.0.73®
3 0.79%7 3.16Y 0.65" -3.14Y
4 0.37M7 6.62V 0.46P 1 6.29V
> 1.199y 7,57V 1.4797 8.97V

Results suggest thagpeatabilityof T ring system measurement is adversely aftecte

by the shape of the model and by the deformability of the model. Results do not
show as clear a definition between models 4 and 5 as observed using the Tracer CAD
system. This is thought to be due to the contact nature of the Tracer CAD probe to
achieveshape capture. The repeatability of results between model 4 and model 5,
however, is still reduced when using the T ring system. This is thought to be caused
by the distal spacer of the T ring which must make contact with the soft end of the
deformable moel. Failure to position the spacer in the correct orientation or with the
same pressure on the distal end will result in increased variafloot. these factors

are thought to have affected the repeatabilityaafimark identificatiorwhich was
shown tabe poor in all caseg @ble26, Table27).

T ring volume measurement showed poor repeatability at the distal volumes (CV
9.29"Y) and 20.37°"Y). Measurement repeatability compared less favourably to

cylindrical and conical models{3) but was similar to that of model 4.

Table 37 T ring volume repeatability (models 15)

Model Volume

Coefficient of variation

3.32(F¢).g ggtrend)
2.21FC.5 7pWrend)
4.7679-15.86"°"
2.557%).26. 687"
3.295M.20.37 )

g N W N H

Poor repeatability of distal end volume capture by the T ring was observed on all
models. The variability of results appears to increase with increasing complexity of

shape. Results are inadusive as to whether repeatability of volume shape capture
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is affected by deformable model characteristics. To prove this conclusively, a further

cylindrical model with deformable characteristics would be required.

Plaster of Paris

AP and ML diameter meatability on the deformable manikin usinggier of Paris
was goodat all levels measured. Repeatability of measurement using plaster of Paris
compares favourably to the repeatability of both CAD systems on the deformable

manikin(Table34, Table38 Table 58.

Table 38 Plaster of Paris AP and ML repeatability (model 5)
Model AP diameter ML diameter
Coefficient of variation Coefficient of variation

Plaster of Paris 0.35(F) i 0.61(J) 0.9 ") -1,62(‘])
Tracer CAD 1.92@ 1 3530 1.350 3,189
TR 1.19((;) i 7.57(J) 1_47(G) _8_97(3)

Variation of plaster of Paris measurement did increase slightly, however, on the
shaped, deformablenodel when compared to Plaster of Paris shape capture on
models 2 and 4Table 39). Good repeatability of diameter measurement was still
observed, but results suggest that diameter measurement repeatability may be
affected by theshape or the deformability of the model cast by plaster of Paris.

Table 39 Plaster of Paris AP and ML diameter repeatability (models 15)

Model AP diameter ML diameter
Coefficient of variation (%) | Coefficient of variation (%)
0.077-0.12% 0.047-0.1)
0.407-0.63" 0.19"-0.627
0.3587-0.61Y 0.99-1.62)

Repeatability of distal end volume measurement Wgstpr of Parison the
deformable shagal model was still poor (CV 8.99) and comparablto that show
on model 4(Table 40). Repeatability of measurement, although poor at the distal
volume was still much better than either the Tracer CAD or T ring systems at all

levels Table34).
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Table 40 Plaster of Paris volume repeatability (models b)
Model AP diameter

Coefficient of variation (%)

0.57™").0 9779
0.5177.8.39"
o ] 7gG-H)_8 ] 97J-end)

Summary for model 5

Plaster of Paris: Goodrepeatability of all diamtes measured (CV<5).
Goodrepeatabilityof volumes™® ™ H) measured (CV<®).
Poor repeatability of distal end volume measurement (CV
8.97%).

Tracer CAD: Goodrepeatability of all diametemrmeasured (CV<h).
Poorrepeatabilityof distalvolumest™' *" measured
(CV 9.66%).

T ring: Poorrepeatability oflistaldiametes ™ ¥ measured (CV
8.97%).
Poor repeatability of distal end volume measurenfgrtd"?
(CV 20.37%)
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8.3  Accuracy of measurements

The dimengns of each model {& were measured repeatedly using a comparator
measuring device accurate to 10 microns (n=10) (model 1Jata acquisition
system (programmable CNC milling machi
(Mitutoyo, series 543 1DF Dynamialdi cat or E) , both with
microns (0.005mm(n=3) (model 25)).

The mean value AP and ML diametemeasurementat four levels (F,G,H and J)

and the corresponding volumes between level&,(lG-H, H-J and J model end),
werethen used aa gold standard measurement on all models. These measures are
considered to be an accurate representation of the dimensions of all models and are
referred to as the O6gold standard meané

The mean value of repeated measuentgn=30)by 4 users of th@racer CADand
T ring systems oéach model was compared to the gold standard mean value at each

level.

Statistical significancef resultsand interactionsausational of errors were analysed
usng three factobalanced pametric analysis of variander eachmeasurement

(General linear model, Minitab 35

Interaction plots illustrate the overall effect of system, model and level interaction.
Analysis indicates significant effect for system level interaction when nmegsiiP,

ML and volume of models and also indicates significant effect for ML diameter
model system interaction. This analysis only informs part of the story since model
system interaction does not show at what level the errors are most likely, and the

sysem level interaction combines all modei&s prosthetists in the clinical situation

ne

ar

1

would only trace the patientds residuum

traces could be inadvertently used to produce the final prosthetic socket. Individual

tests,(and not the mean of repeatest$, mustalsothereforebe considered.



The level at which errors in diameter and volume measurement bediomelly
significant is also important. In other words, what level of error will be detrimental to
socket fit?Literature pertaining to this subject has already been rep@tts2ll). The
quality of evidence relating teocket fit criteriawas found to be limited in quantjty
generallypoorin designand without consensu$he magnitud of errorsthought to
cause detriment to socket fit meghereforebased orbestavailable publicationbut
should be interpreted with caution

Fernie and Holliday (1982) evaluated residual limb volume fluctuations of new and
mature amputees in order poedict the most appropriate time to fit a prosthesis. A
water displacement measurement system was used to measwgectus®l aga of
residual limbs. Bta was obtained and a large sample size of participants was used
(n=49). Theyestimated a maximurnmcrease for maintenance of acceptable fit of a
transtibial prosthesis was approximately 5¥his was based upon experiences with
patients where patients who had experienced an increase betv@8énn3socket
volume had difficulty in donning their prostie socketsThe study recognised that

5% was an approximation since stump measurement does not uniformly affect all
levels, is difficult to measure, and is linked to weight gain or loss of each patient.
Fernie and Holliday (1982) andlja and Oberg (1997also demonstratedhat the
volume of one terry sock used to compensate for differences between residual limb

and socket volumes is about 5% of the typical residual limb volume.

Saunders (2003) calculated that a uniform expanioproduce a 5% increasn

volume on a limb with 90mm diameter would mean a radial alteration of 2mm.

Diametererrorgreater than Imr{Saunders 2003) anablumeerrorsgreater than 5%
(Fernie and Holtlay 1982, Lilja and Oberg 1993re considered to be clinically
significant A system is considered to provide accurate clinical measurement if
measurements are within 1mm of the gold standard diameter, or 5% of the gold

standard volume measured.
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Becausescientific datawas limited, both CAD systems were compared to shape
captue usingplaster of Paris on three modd€ks described P@47). This was to
investigate if they were at least as accurate and repeatable as traditional methods.

Results aralisplayed(Pg177) to show error bar plots of each &\of diameter and
volume measurement by each syst{@RSS statistics L7These plots illustrate the
mean value and the standard er(BE) of each repeated measure. This allows
accuracy and repeatability to be compared to the gold staatiaeth leveby each
user of each system

To ensure reliability of findings, results were afdottedto illustrate the limits of
agreement between each CAD system and the gold standard measurement.

8.3.1 Model 1 Cylinder

To determine the accuracy of each system by eaeh omparisons of AP and ML
gold standardliametersand volumesvere madeo the Tracer CAD and T ringt
each of the reference points F, G, H, ahdThe corresponding volumevas
determinedand compared by each system at leve(s, B-H, H-JandJ to tke end of
the model

Results using the mean value obtained from repeated measures using Traaar CAD
a simple cylindrical shapshowed gooddiameter measuremeatcuracy(difference

<lmmcomparedo the gold standajd

AP mean diameters of repeatedasarements by the Tracer CAD system accuracy
were within 2mm, and did not significantly differ to the gold standard (maximum
difference-0.91mm“? Figure 7-10). Tracer CAD ML diameters also showed no
significant difference to #hgold standardralue at any level and exhibited accuracy

of measurement to within 0.5mm (maximum differenfe48mni’Figure 7-12).
Comparison of mean diameters of Tracer CAD measurements showed greater

accuracy to the gold staadi than mean values of T ring diameter measurements. No

2 The level at which the errevas measured is denoted in superscript for reference.



significant difference to the gold standanddiameter measuremewis recorded by
any Tracer CADuser at any level Hgure7-8, Figure7-9, Figure7-10, Figure7-11,
Figure7-12).

Measurementstaken by the Tracer CAD system did have a tendencyo
underestimate thgold standardvalue and he discrepancy appeared to rease
slightly with measurements at distal landmarks

Diameters recorded by all users of Tracer CAD at all levels, however, all
underestimated the mean value (maximum differen€e93mm level J user 3.)
(Figure 7-10) Differences in measuremenbetween Tracer CAD and the gold
standard had a tendency to increase as the user moved diStdilg 41). Such

errors may suggest bending of the model (discussed on Pg 242).

Table 41 Maximum mean difference between Tracer CAD and the gold standar@m)

Level Maximum AP Maximum ML
difference difference
between means| between means
(all users) (all users)
F -0.59mm -0.17 mm
G -0.77mm -0.40 mm
H -0.78mm -0.47mm
J -0.91 mm -0.48mm

Individual scans showed greater AP diameter error when compatieel tawe value
(maximum difference-1.48mm® “**" 3. Although the greatest individual error in
diameter measurement was observed at the distal end, all other levels of
measurement showed maximum individual differences were greater than 1mm.
Individual error on ML diameters showed good accuracy and was always within
1mm (max difference0.98mm® “s& 3,

Tracer CAD volume differences in measurement vebrgervedup to 2.&mnt Vel

model end (Figure7-14). Mean volume measurement was good at proximal levels F, G
and H (maximum difference.68 % '*® " (Figure7-13), but poor at the distal end
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(2.87mnf °'5.7199. Individual tracing showed maximum difference between volume
measurement to be poor at three levé2Q4, -7.35%, 8.33%)).

Less accuracy of volumes measured, particularly at the distal end coincide with less
repeatability of measurement. One cao$evariation in volume measurement has
been shown to be@hdmark identificationvhich was most variable at this level. Less
repeatability in landmarkdentificationis shown to have detrimental effect tre
repeatability and accuracy of volunmeasuremen{Table 26, Table 27, Figure

7-14).

Resultsmayalsobe explainedy the pressure applied by each user due to the contact
methodology of the tracing mechanisiihis was examinedin a subsequent

experiment to determine the bending, shifting effect on each model (Seectign

Manual tracing of the model may result in greater pressure being applied than
optimally preferred. This may also result israaller volume being recorded, as both

ML or/and AP diameters may be affected. This experiment was carried out using a
hard model that would be difficult to deflect or change shape by exerting pressure.
Changes in user pressurey have greater affect oneasurements of a deformable
shapesincethis would besusceptible taleformation when force is appliethis may

affect the volume measured. It might be expected that volume measurement would
always be underestimated wheAP and ML diameter measurement is
underestimated. While this is possible, it is not always the E#&pare8-1 shows a
hypothetical transverse section of model 1. The solid line represents the actual gold
standard dimension and the dotted line that ofhypotheical data gathered by the
Tracer CAD system. Whilst the AP and ML diameters appear to have been correctly
measured,diameters in ottr planes have not. The model in this example
overestimates the posterior diameters (except in the AP and ML planes),liketyi

to overestimate the volume. The opposite is true in the anterior portion of this
example. It is feasible that although diameter dimensions are correct, volumes could
be over or underestimated depending on the accuracy of data in between the AP and

ML planes. Therefore accuracy of diameter measurement does not necessarily mean
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accurate volume measurement. This scenario is thought even more likely in the more

complex deformable model 5.

Figure 8-1 Transverse section of model

The largestvolume differences in individual tracings were much higher than the
mean percentage differandndividual discrepancies are relevant since each patient
is measured only once. In the clinical aiion, measurement of stump volume is
important in determining the correct volume of the socket. If incorrect, this could
lead to a socket which is either too loose or tight. If volume measurement is
inconsistent, determining the optimum volume and theeefoleal fit of the

prosthesis, when using Tracer CA&dmade more difficult.

As illustrated by interaction plot$igure7-3) the Tring showed less accuracy than

the Tracer CAD system when measuring the cylinder and had @n@ndo
overestimate the Otrued gold standard me
differ significantly from the gold standard.

MeanAP T ring diameter accuracy wasor at the distal end (1.1mn»4.03mm’
(Figure7-10)).
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AP diameters at levels F, G, and H, all T ring users overestimated the mean value of
the gold standard (Maximum difference between means User 1 = 2.32mm level G
User 1 (Figure 7-9)) Significant differences in measurement wprebableat level

G in which the mean value was overestimatedividual measurements showed

greater inaccuracy{.78mm).

Mean ML accuracy was good at level F (0.73mm) but poor at all other levels, and
greatest at the distal end3@Imm Y)(Figure 7-8, Figure 7-10).The maximum
difference inML individual T ring scans of all usersvas -9.48nm. These errp
valuescorrespondo thoseillustrated ML diameter systetevel interaction plotfor

all models(Figure7-5).

All ML measures by all T ring users overestimated the mean value of the gold
standard at levels F, G and H. Significant differences in measurement may be likely
at level G (all users), Level H (User 3 & 4) (Maximum difference between ring

and GSM level G User 4 = 3.6mnBigure7-11).

One explanation for the over estimation of diameters measured may be due to the
addition of a sock which is necessary when using the T ring. Addition ofla so
however thin would have the effect of increasing diameters measured and would

have effect on increasing the volume of the model.

However, n contrast to other levels, diameter results obtained using T ring tended to
underestimate the true diameterlatel J. Significant difference in measurement
was likely by user 2 (Max diff=3.41mm) Figure7-12, Figure7-5).

T ring volume measurement was inaccurate. Poor accuracy was observed at proximal
levels (12.41mm, 11.72%) but was most apparent at distal levels where a mean
difference of-17.93mni was observed. Individual scans again showed even greater
discrepancies in measurement. Greatest inaccuracies were measured at the distal
landmark (Level J) andorrespond to gross under sizing of the model in this region.

Poor accuracy corresponded to poor régdahty of landmark identificatiomffecting
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the actual volumanmeasured (Table 26, Table 27, Figure 7-14).Error values are

aligned to thee illustrated in volume systelevel interaction plotsKigure7-7).

Overall, accuracy of T ring measurements was disappointing and better results were
expected sice the model was not of intricate shape. The reasons why this might be

the case are discussed in greater detail with reference to model 2 and 3.

8.3.2 Model 2 Cylinder with domed end

Model 2 was a simple cylindrical model manufactured in a hard nylon material
(Figure 6-4). The model was measured using Tracer CAD and T ring sysiachs

additionallywrapped with plaster of Paris.

Initially this model was scanned with the T ring held horizontally over the vertically
held model ina Deckel CNC milling machiné spirit level and laser line were used
and checked by two prosthetists to ensure the T ring was initially horizontal. This
allowed the cylindrical shape to be captured using the T ring whilst eliminating any

6erdbr craused by the human interaction of

To assess the accuracy of scans, the T Rimgdynamic indicatomean: AP, ML
meandiameters and volumes were then compaFegufe 7-23 Figure 7-26, Figure

7-27) (maximum difference between gold standard mean and T ring mean AP
0.998mm, ML 0.56mm, Volume 11.28mi{8.56%).

From results, it appears that the T ring system has a tendency tatiovateethe tne

value of the gold standarsblume measured. In this scenario this was not caused by
human interaction with the system since the system waésfrzontally,in place on

the model between scasddition of the sock required for T ring scans wouddu®
increase in diameter and volume measurenigm. only otherinteraction with the
system is the button pressed by the user to complete a scan. It is feasible that the
action of pressing this button could have some effect oartpke of the
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T ring, andthus affectrepeatability and accuracy of scans taken. Variation in
measurement must in some part be explained by surface reflection and shadows
caused by the effect of light on the scanned surface. If the intensity of light is not
constant then shadowsrcaccur which may affect the accuracy of dimensional
measurements on the model. However, prior to scanning, lights were dimmed to a
level thought to minimise the effect of shadows on the model. The model is also a
cylinder and is likely to produce feweratows than a complex shape such as a

transtibial shape.

It is unlikely that the T ring, due to its size and weight, would be held by the operator
in a perfectly level position. Even if this were possible, this may not correspond to
the central axis of #hresidual limb shape which &inically not possible to locate

(althoughit was possible in this experiment).

The largest dicrepancy of measurement wiaie most proximal volume.F{gure
7-27)

Table 42 M aximum mean volume difference betweeiiracer CAD and T ring and the gold

standard
Volume Difference between T rin¢  Percentage difference
mean and GSM between T ring mean an
(mm°) GSM (%)
F-G 11.28 3.56
G-H 7.8 2.51
H-J 2.6 0.8
J- modelend 1.1 -0.4

To assessvhat these errors mean in a clinical sensgrors were equated to the
number of additional socks required as sftiby Fernie and Holliday (1982) and
Lilja and Oberg (1997)A 3.56% difference, (volume-&, Table42) would equal an
increase in approximately over half a thickness of one sock at this Asveblume

variation between T ring and dynamic indicator measurements do not consistently
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affect each of the differing levels, addition of a sock at one lexmild have
potential tocause excessive loading at another |€f@l example volume-dnodel
end which is already underestimated). Tdvsild result in potentialljrigh pressures

and inadequate socket fit in the distal aspect of the residual limb.

Discrepana@sin measurementay also be caused due to manual identificatioh
landmarks. If landmarks are indicated incorrectly, then measurement error would
result as the volume is derived from the diameters and the lengths between known
points. It is unlikely thathe landmark position would affedtametermeasurement

on this model since the SD was less than 1mm and the model was cylindrical.
However landmark identificatiordoes have potential to influence volumetric
calculation. Landmarks were marked preciselging the Deckel CNC milling

machine and under these conditions the T eixigibiteda high level of accuracy.

However, although the T ring does identify landmarks indicatedeach model,
indication of landmarksin the clinical setting musbe identifiedand positioned
manually by the prosthetist. Thiseans that landmark identificatiavill be subject
to potential error®f incorrect location and will be dependant upon the expeatise

skill of the individual clinician

In the above conditions the T grwas held perpendicular to the central axis with the
distal probe in contact with the distal end. However, since the T ring is used in a
hand held manner, and the trdimal shape is complex and not cylindrical, it may

be argued that these conditionshaughoptimal,are unlikely to occuin the clinical

situation
To investigate the effect of angular displacement measurements were repeated with
different orientations of T ring inclined af,2’and 6° relative to its initial position

and the resultsompared to those taken &t 0

Although significant difference wasot observed between any AP or ML T ring

diameters ad the gold standard mean valtige discrepancy between measures and
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the gold standard mean increased as the avagemade large(Figure7-20, Figure
7-23, Table43).

Table 43T ring compared to gold standardwhen held at different angles: Mean volume
difference (mnt)

o 0 20 &0

VolumeF-G -0.91 15.39 29.9 45.93

Volume GH -15.24 -15.04 17.55 -15.88
Volume HJ 9.11 26.37 39.82 58.13

Volume JEnd 20.08 39.13 52.33 69.04

Results showed decreasing volumetric accuracy as the angle between the T ring and
the model increased. Thisa& most evident at the distal end of the model where the

Omi ssingé6 datFmgura7®2.extrapol ated (

In the clinical situation the T ring is held by the prosthetist who attempts to simulate
conditions where the ring is held¥ degrees to the stump axis. The patient is asked

to extend the kneand hold the limb in extensioffhe hand held nature of this
process may result in the photograph being taken at an angle other than 90 degrees
relative to the central axis. This wouldvue an important effect on the accuracy and
repeatability of data collected and would also affect the final fit of the socket,

particularly in the distal region.

If a measure is not taken truly at®@® the central axis of the modiien elliptical
circumferences and unequal diameteit be recordedin acylindrical model This

results in greater values recorded. However, this may not be the case in the more
complex model where smaller or larger diameters and cienaméesnay result due

to complexiy of shape. This means that angular displacement may cause error that is

not easily recognised in the clinical situation.

Reduction in repeatability may also be caused by the effect of increased shadows on

one side of the model should it be angled awamfthe light source.



Angular displacement in these tests was thought to be relatively small compared to
the clinical setting (@°). Realistically the angle at which the T ring is held in
relation to the residual limb may be much larger in the clirs¢aktion due to the

hand held design of the T ring systeand this will depend on each individual
clinician. If the angle at which the scan is taken deviates further then the accuracy of
the scan may decrease further and could cause potentially larges #wan those
recorded in this experiment. These inaccuracies may not always be easily identified

on a complex residual limb shape.

The effect of migoositioning of the distal probe was also examined. The cylindrical
model was positioned vertically ingtDeckel CNC milling machine. The T ring was
then held horizontally in the system, and the distal probe held in contact with the
distal end of the model. The probe was then removed 5mm from the distah@&nd
scans taken. Once these scans were comglaed ring was thepushed 5mm onto

the distal end. For each of these settings the model was scanned thirty times.

Removal or pushing of the probe from the model by 5mm created the effect of
elongation or shortening of the model and had an adverse effettteovolumes
recorded at the distal enBigure7-28).

Results showed that removal of the probe from the distal aspect of the model resulted
in extrapolation of the cylindrical model which could be seen visually on screen.
This was easily seen as the model wgindrical but may not be so obvious when

used on a more complex model with irregular distal shidpesignificant difference

was observed in any diameter measurement although this may not be the case on a

more complex shze.

Volumes were compared and were specifically affected at the distal end where, as
expected, as much smaller volume was measured for the pushed situation and a
larger volume recorded for the pulled situatiokig(re 7-28). Mean volumes
increased by up to 5% at the distal end (\Moénd and3.11% at the next level (Vol.
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H-J). Other volumes on the model remained relatively unaffected compared to those

under normal conditions.

Incorrect placement of the distal end spacehaught likely in the clinical situation

as the system is applied by different users. Model 2 was not deformable and it is
expected that results may be more variable due to the deformable nature and less
regular siape of the distal aspect ofesidual limb If such results as those obtained
were used in the clinical settingndesirabledistal space and loss of total contact
(distal spacer removed from the model) or excessive pressure (distal spacer pushed

onto the model) would be likely within the prosiletocket

The model was then scanned a number of times using the T ring and Tracer CAD
systems in the same way in whittiey areused in the clinical settingResults of
these scans wereompared to Plaster of Paris castibgch usetheld theT ring
scamer by hand and was reminded to attempt to ensure that the T ring was level as

possible in each plane during each scan.

Plots showed thatmstatistical difference walikely between either CAD system
mean AP or ML diameters or the gold standard meamwatevel of measurement
(maximum difference between racer CAD mearand Gold standard =1.08nm

(ML diameter J user 3). Maximurdifference between Ting meanand Gold
standard mean = 1.68n AP diameterF user 2 (Figure 7-15, Figure 7-17). In
general, Tracer CAD diameters tended to underestimate the gold standard mean

whilst T ring overestimated these values.

Volume measurement for the T ring system by all users at all levels was
overestimated comparetb the gold standard meaand this was likely to be
significant (Maximum difference between Ting meanand Gold standard mean =
25.37Mm° level G user 4fFigure7-18).

The Tracer CADand T ringsystens showedsignificant diffeencesto be probable

between volume calculations between the most distakenaand the end of the



model (Jto end) (User 2 and 3 underestimation of the mean gold standard value)
(Figure7-19).

Inaccuracies in measment at thelistal end volumeoincide with less repé&ability
of landmark identificatiorat level J. Less repeatability in landmatkntificationis a
factor affecting repeatability and accuracy of volumeasurementT@able 26, Table
27, Figure7-14).

Although standard error graphs indicht® statistical difference to gold standard AP
or ML diameter measurements, Meafracer CAD and T ring diameter
measurements did vary from the trueuweaby more than 1mm (Maximum error :
Tracer CAD-1.08mn¥ T ring 1.64mm). This is below the accuracy requiréat

sockets in clinicalise Saunders 2003).

Additionally, the graphs compare thmeanvalues of all diameter and volume
measurements recordey dhfferent users of the Tracer CAD and therg systems.

As the prosthetist will only measure the model once, it is likely that a much larger
error will be produced. It is doubtful that the prosthetist will record the mean value of

measurements sincdratally he only takes one measure of the patient.

This was shown in individual tests of the experiment where individual scans
measured much greater differences between diameters and volumes when compared
to the gold standard mean (Maximum differencevie¢n Tracer CAD mean and

Gold standard mean: AP 1.8mm (U3 level 11), ML=2.49mm (U3 level 11),
volume=-21.62mn7 (-8.23%) (U3 vol 9-model end); Maximum difference between

T ring mean and Gold standard mean AP= 3.96mm (U2 level 12), ML=4.65mm (U2
level 10), volume =-54.13mni (U2 level Jend).In thesesituatiors, both systems

Tracer CADwould beunsuitableor clinical use.
The T ring system significantly overestimated the values of the volume measurement

at all levels except at the distal level whére volume was underestimated. Tracer

CAD users tended to underestimate the distal volume. Errors were considered to be
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clinically significant. T ring overestimation of volume would result in a socket that is
too large. Errors in shape capture at théatlisnd could cause high or low pressure
gradients on distal stump tissue likely to cause skin breakdown.

Compared to both CAD systems, plaster of Paris casting showed baiter
accuracyand when casting a non deformable model of simple cylindricgdesha
(maximumerror plaster of Parisiean AR 0.88mm" (Figure7-16) ML = 0.39mm,
volume =-4.68mnT (1.46%). This was even though the casting process involved a
number of additional steps such as cast filling and copying procechich may

contribute to the errors and variation of measurement recorded.

Plaster of Paris casting showed best repeatability and accuracy of any systems tested
and would be an acceptable method of capturing the shape of a cylinder with a

domed end.

A cylinder with domed end, of course is not the shape of a residualdimifurther
testing of systemsequired to assess whether errors become greater under these

circumstances.

8.3.3 Model 3 Truncated cone

AP and ML diameters recorded by Tracer CAD and T faligwed a similar pattern
on model 3To avoid repetition, both AP and ML diameters are analysed collectively

for this model

Tracer CAD diameter measurements were more accurate than T ring measurements
at all levels. Standard error plots indicate ttatistical difference between the gold
standard mean and Tracer CAD measurements is unlikely at the two most proximal
diameter measurement (F and )t was likely at the most distal level by all users.
Adequate clinical accuracy was observed at lekedsid G (<1mm) when compared

to gold standardralues However results became less accurate at distalmarks

(maximum differece between Tracer CAD mean andldg standard mean AP=
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2.51mm level 1 ML= 2.86 level 1)F{gure 7-29, Figure 7-30). The maximum
diameter error (2.86mm) on model 3, was much greater than the maximum

inaccuracy recorded on modet@@3mm).

Maximum inaccuracies of Tracer CAD mean and individual tracings occur at the
most distal diemeter measuredThe differences in mean measurements between
Tracer CAD and the gold standard had a tendency to increase as the user moved
distally even as the diameter of the model became smaller and may be in some part
due to pressure exerted by the uaerthe distal end is traceBigure 7-29, Figure

7-30).

Table 44 Mean difference between Tracer CAD and the gold standard

Level Gold Maximum Maximum
standard difference difference
between between means
means (all users) ML
(all users) AP
F 71.04mm -0.66mm -0.57mm
G 68.04mm 0.54mm 1.06mm
H 64.04mm 1.56mm 1.98mm
J 60.04mm 2.51mm 2.86mm

At the most proximal landmark (F) Tracer CAD volumes (of all users) were not
significantly different to the gold standard mean valMex diff User 3 =1.48mr).

All users of the T ring recorded volumes that significantly overestimated the true
value at this level (Max diff User 1 = 8.47mn(Figure7-31).

At all other levels users of both systems showed likelihood of significant
overestimation the value of the gold standard mean value at this level. Tracer CAD
generally showed better accuracy, but still significant difference (maximum
difference User 2 187 mn?) compared to the T ring mean value (maximum
difference User 4 12.67 nin
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Bending moment experimentation

In a similar manner to results of model 1, errors recorded byrdmer CADsystem

had a tendency to increase as the user moved distally.

As theTracer CADsystem depends on a contact method of shape capture, any force
applied by the probe will cause a bending mome&ntascertain the extent of this
error, four practitioners were asked to scan the same cylindrical model using the
Tracer CADpen in an additional experiment.

All users caused some bending and shifting of the model which was higher toward
the distal end. This indicates that some bending occurred and is responsible for part

of the overall error recorded during tracingsifle23).

Different users recorded different deflection of the model and this must be due to the
pressure applied by that user during each trace. The maximum deflection was caused
by User 2 (mean 0.03mm).

Bending and diplacement of the model does occur, however, the amount of
deflection was minute and was considered to account for only a very small part of

overall error in measurement.

(Model 3 continued)

Results from individual measurements of both systems showell lesg accuracy
(maximum AP error: Tracer CAD 3.86mm, T ring= -8.84mm. Maximum ML
error. Tracer CAD = 4.6mm, T ring=10.24mm). All maximum errors observed

(both systems) were recorded at distal landmark J.
All diameters recorded by the T ring systenistte distal landmark J showed

likelihood of significant overestimation of the gold standard mean value and

compared less favourably to tAeacer CADsystem (Tracer CAD max AP mean
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diff= 2.51mm (ML= 2.86mm), T ring max AP mean diff= 5.73mm (ML=7.08mm)
(Figure7-29,Figure7-30)).

The accuracy of T ring volume measurement over the entire model was poor and
showed significant overestimation of the mean value at all levels (minimum
overestimation 8.47mm°® (11%) maximum overestimation 12.6Am° (24%).

Individual measurements indicated a higher level of error.

In summary, the Tracer CAD system showed better accurady diameter
measurement at all levels compared to the T ring system. Standard error plots
indicated that significant difference oheasurements ahe three most proximal
levels (F, G, and H) was unlikely. However, although no statistical difference was
shown, the difference between the means may be clinically significant as a maximum
difference letween means of 1.98mM{- " was recorded. Results became
significantly less accurate towards the distal end (Max error 2.88mand much

worse on individual tracings.

T ring measurements overestimated the gold standard significamlycuracy of
measuresincreasedoward the distal end of the model scanaed coincidedvith

lack of repetability of landmark identificationAs volumes are derived from the
distance between landmarks, lack of landmark repeatability will affect the position of
measuremat. Diameters measured on a truncated cone will vary if taken at a higher
or lower level, and resulting volume accuracy may be affedial€26, Table27).

Of concernwas the distal end volume and dieters recorded with results obtained
with much less repeatabilityrhis was of particular concern since it was expected
that much less error would be experienced by the non contact sfBteng) on

simple models.

The addition of a sock necessary for ingr scanning may contribute to

overestimation of model size. However, in a solid model, a sock would add a
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uniform thickness which would be expected to increase diameters and volumes

uniformly at each level measured. This was the case.

A further cause othis may bedue tothe operating mechanism of the T ring system.
The ring is placed over the residual limb until the distal spacer makes contact with
the distal end. The T ring is then held along the axis of the centre of the residuum and
a button pressetb capture shape instantly. Since the system does not use a distal
camera, the distal shape of the cast is extrapolated from the circumferential pictures
taken. The position of the distal spacer is determined by each prosthetist. This must
make contact wit the centre of the distal end of the residuum and be aligned to the
centre axis of the model.

The centre of the distal end of a small model is difficult to locate accurately and
precisely when positioning a cumbersome (and relatively heavy) measurement
system such as the T ring. In addition there is no way to ascertain the true central

axis of the model, which must be followed in all planes.

Becausethe-Ri ngdés cameras can only see so far
see the distal end. TheRing uses information it can and can not physically see to
build the model. The software uses the information that is captured in combination
with a mathematical extrapolation templateinthRT ngés cal i br ati on
the individual cameras. This tg@hate is cylindrical tapering to a domed end and fills

in missing data between the lowest level of the photograph and the distal end spacer.
This could be acceptable if; the missing data is minimal; the placement of the distal
end spacer is correct; thegim of the system is neutrally aligned to the centre axis,

and if the radius between the lowest circumferential edge of the photographic data
and the distal spacer equates to that of the model or stump being scanned. The T ring
template expects the end tife model to taper to a point (in the same way as a
residual limb). However, Model &nd 3 werecylinder and cone with a flat end.
Therefore as the T ring tried to extrapolate the distal end to be of domed shape it
inaccurately recorded the distal diamstand volume.
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This was evident when scanning due to the shape on screen shape produced which
did not closely resemble models 1 or 3 at the distal end. However, this should not
affect the proximal measures (which were overestimated) and appear to show a

systematic error of measurement which in some casssignificant.

Residual limbs are not generally of cylindrical or conical shapedanibt have flat

ends. hese models perhaps presented a less than ideal model to test the T ring
system. Howevertestshighlight an important point about the mechanism by which
the distal end shape is extrapolated. Models 1 and 3 are entirely different from the
mathematical model used by the T ring system to eala#p the distal end. his
meantthat errorsvereeasy torecognise as the user could see that the correct shape
had not been captured. However, inaccuracies gtill result where the contour of

the end shapdiffers slightly when compared to the T ring mathematical model.
Such errorsnay not always be obviouse the clinician, and could cause potentially
unacceptablerrors in the creation @ prosthetic socket, particularly at the sensitive

distal end.

It seems unlikely that extrapolated data can reflect the varietglividual unknown
different shapesf the distalresidual limb Shape capture is especially important in

this area as the distal end of the stump is sensitive and prone to skin breakdown.

The T ring system is not truly a 6non co!
of a distal endspacer in contact with the residual limb/ model. The position of this

spacer appears to be crucial as incorrect placement of this or the angle at which the T

ring is held will have effect of shortening or lengthening the model captured and

altering the mesurements taken (as shownmandel 3.

As residual limbs are not generally of this shape (i.e. do not have a flat dtal en
may not matter clinicallyHowever, results of this expment indicate that T ring did
notmeasure simple cylindrical shapsith aflat endwith suitable diameter (<1mm)
or volume (<5%) accuraat all levels.
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8.3.4 Model 4 Trans-tibial model

Once results had been analysed on cylindricdl @mical models, the experiment
was repeated on a tratibial plaster model to analyse wher the shape of the
model ha any effect on shape capture using Tmacer CAD ofT ring systers. The

effect of angular displacement was also considered using the T ring.

All results were compared to Plaster of Paris casfihgs process is fully desbed

on page 153. This involveah extra stage in manufacture similar to that of carving a
model from aCAD file. The procedure includeduplication of alignment, and
careful filling of model withcorrect ratios of plaster. The fillingrocessvas thought

to havepotential to cause error and so was analysed for repeatability and accuracy in

which a model former was filled in the duplication jig three times.

Duplication of casts following the methodology described when using the
duplication jig was extrente accurate and repeatableigure 7-34) Maximum AP
diameter difference between the copying process and the GSMOW@&nm (ML
0.23mm). Most measurements underestimated the gold standard mean but graphs did
not indicate significat difference.

Responses to the survey carried out in this tH{g97) stated hat an important and

useful feature othe Tracer CAD was the ability to duplicate sockéiswever,
although more time consuming than the TraC&D process, results indicate that
plaster of Paris provides good accuracy for socket duplication and could be
considered as a much cheaper alternative.

It is important to note that the errors contained within this cast filling method,
although small, fom part of the error stipulated for plaster of Paris castinthis

extra stage could have been omitted, the minimal error may have been even smaller.
If on screen models were carved and then measured, it is likely that they would
exhibit greater errorsn measurement since an additional source of error has been

introduced (the carver.)



Plaster of Paris casting showed no significant difference to the gold standard mean
for either ML or AP diameter measurement. (Maximum means difference 0.8mm AP
level G)(Figure 7-35). Coefficient of variation of plaster of Paris measurement was
also below 1% for all diameter measurements (CV<0.63%) and was not affected by

the level of measurement.

This shows that the accuracy and repeatabilitdiaimeter dimensions is very high
using traditional method of Plaster of Paris. The accuracy and repeatability of this
process also includes productio the positive model which vgaeven more
impressive. Mean differences in diameters recorded were all@agsthan 1mm.
Differences in casting by individuals may possibly show greater variation. However

due to timeand costonstraints within this project, this was not measured.

As plaster is applied in a wet stage, it allows exact contour of shape ecitprr
applied. As the model was not deformable, very few errors resulted. If filled with the
correct ratio of plaster to water, (not alwayeighedin prosthetic clinis), and
appropriately sealed)aster of Paris has appropriate accuracy and repeatabilite

used as a method of casting hard shaped objects.

Plaster of Paris volume measurement did show errorshatdistal levelof
measuremeniGraphs indicate significant over estimation occurred at the distal end
of the cast (10.35mm3 or 24.6%Figure 7-33). Less repeatability of measurement

was also observed at this level than at all other landmark levels (CV 8.39%). The
variation in plaster of Paris shape capture corresponds to where the greatest variation
in the copying (o filling) process occurred and may be due to inaccuracies in

positive model production rather than in the wrap castaay.

In the clinical situation, this could present some difficulties since overestimation of
the distal volume would result in lack support or tissue contact at the distal end.
Lack of total contact at the stump socket interface is likely to reduce surface are over
which the weight can be spread and has potential to causeodidtaha.

24¢



Tracer CAD diameters were analysed for meas@nt accuracy and repeatability at

each landmark leveln the same trartibial model(Figure7-35).

Tracer CAD AP diameter measurement showed no significant inaccuracy at any
level although themaximum differerce at 3 levels (F,G,H) wagreater than
2mm(Maximum difference2.8311mG.)(Figure7—34, Figure7-35, Figure7-36).

Results from intvidual tracings showed thatrdensions on the traftgial model
varied bya maximumof 3.28nm. AP dimensional masurement repeatability for the
more complex shape of the traiisial cast(CV= 1.25%)was poorer than that of a
simple cylindrical mode{0.62%) and the truncated cone®).

Only one Tracer CAD ML mean diameter differed from the dynamic indicator ML
mean diametesignificantly (maximum of 4.5ém (U3 level F)jFigure 7-38). All
other measurements veenot significantly different althougall overestimated the
gold standard measuremégrtgure7-39). On individual tracings this range increased

to a maximum 06.22nm.

Differences between Tracer CAD diametervehancreased notably more on the
more detailed TT modeind repeatability of measurement redudeepeatability of
shape capture was poorest at dimension level H. This corresponds to concavity seen
in the medial and lateral tibial flares aaldo extreme anvexity at the ibular head.

This may be caused by a bridging effect of the Tracer CAD probe on the hard model
over the more complex shape or may be due to the pressure applied by thes user.
the probe is of fixed rectangular dimensions and is flat apshany areas where the
concave curvature of the model is less than the length or width pfdbemake it

very difficult to ensure that contours have been accurately followed. As the model is
non deformable, it is difficult to push the probe into thassas, leaving the area
bridged by the Tracer CAD scan. As some users will perform this task more easily

than others, increased variation is caused between scans.



Additionally, extrene convexities, such as thiedlar head or the anterior tibial distal
end, (ironically the most sensitive areas of the stump and prone to breakdown), may
be underestimated as the operator traces round the highest point of the curve.

This model is not deformable, and therefore bridging can occur, however
deformation of tissel adjacent to concavities on deformable models will also lead to
decreased repeatability and errors. If contact methods are to be used, perhaps the

probe should be shaped in a way that overcomes this problem.

Inaccuracies in the Tracer CAD AP and ML maasnents would result in the on
screen model having a different shape to the actual model, since diameters at levels
measured are different. On a simple cylindrical model, errors in the diameter
measurement cause the cross section of the digital modeldbigtical or irregular

in shape. Discrepancies may be less easily identified and corrected on more complex
shapes such as the stump.

However, such distortion may result in sockets which do not match the underlying
shape of the stump, which could aftfélse pressure distribution at the stump socket
interface. If the affected socket fit is compromised, this may undermine user
confidence and perhaps explain one reason why some prosthetists revert to the

original plaster of Paris cast method for shapeweptf the residuum.

In the clinical situation, agtientwould be scannednce, rather than take the mean
value of thirty traces, and therefore the individual peak value could be the one which
is utilised to make a prosthetic socket. Comparison showsrtti@ased accuracy
may be obtained by retracing the model a number of times which assists in
eliminating any spurious errors made in individual traces. Allowing the user to
sample multiple inputs of data and averaging results may have the effect afirxclu
outlying results and eliminate the possibility of these being used in the manufacture

of the final socket shape.
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On the trandibial shaped model the medmacer CADvolume differed by up to a
maximum of -24.95mm3 {8.4% U4 vol. H-J) (Figure 7-41). Repeatability of
measurement0(73<CV< 3.35% was also poorer than that of previous models
(model 2 CV 2.62%, model 3 3.0§%nd is thought to be caused byambination
of compoundingerrors previously describedAs for other models, variation of

measurement was much greater at the distal end than at other levels.

To illustrate the clinical relevance and complexity of incorrect volume capture, an
example is given of two individual trace$aple 45). The approximate number of

socks required based on approximately 5% volume per sock is also indicated.

Table 45 Example of clinical relevance of two individual traces (mr)
Gold

Tracer CAD standard| Percatage differencel Approx socks required

Trace 17 Trace 21 Mean Trace 17| Trace 21| Trace 17| Trace 21

Vol. J-end 258.29 275.53 292.46 -11.68 -5.79 -2.33 -1.15
Vol. H-J 335.14 317.66 321.16 4.35 -1.09 0.87 -0.21
Vol. G-H 393.83 390.89 382.47 2.97 2.20 0.59 0.44
Vol. F-G 540.62 544.85 539.13 0.28 1.06 0.05 0.21

This table illustrates the complexity of volume variation at each level. Clinically this
would be difficult to identify, and compensate for given that the percentage
difference is not constant ovéhe entire model. Both individual tracings also
illustrate that the model appears to have the largest difference in voluheerabst
distal part of the castMore consistent results are shown on the more proximal
volumes; however, sockets manufactureshg either trace may prove to be too tight
distally causing discomfort to the user, resulting in unsuccessfuigfinf the
prosthesis. Againall tests were carried out on a hard model. Logically one might
expect increased error from tissue deformatidren tracing a prosthetic residual

limb.
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Manual tracing of the model may result in greater pressure being applied than
optimally preferred. This may also result in an incorrect volume being recorded, as
both ML and AP diameters may be affected.

The repatability and accuracy of the T ring scanning technique was testetdima a
shaped trantibial model of determinable volume. Scans were taken with the T ring
clamped at various angles to each model and then by a number of users holding the
scanner by hah

The transtibial model wasinitially held vertically(0O degrees)n the Deckel CNC
milling machine with the T ring held horizontallgnd therat 2, 4°, 6’to the cenal

axis.

The maximumdifference between mean T rid? and ML diametersand thegold
standard meamlid not always appear to increase when dingle was increased
between the T ring and the central axis of the mddehost graphs a fairly random
pattern resultedFHigure 7-42) which is explained by the irreguity of the model

itself. The model if tilted has a capacity to measure a larger diameter or a lower
diameter depending on the shape of that part of the moldisl.experiment shows

how difficult it is to understand and visualise when an error has occifoddme
measurement was also affected since the volume is measured with respect to the
central axs. If tilted fram this axis, it is possible that a volume will be larger or
smaller depending on the shape of the model at that part.

When the T ring syste was land held users showed maximudifference to the
meanAP diameterof -2.79mm (U1 level JjFigure7-37), and for ML diameters

was 2.63mm (U4 level J(Figure 7-40). No significant difference to thgold
standard meawasobservedat any level of AP diameter measuremdtdwever

T ring mean values had a tendency to overestimate gibld standard
measurementt three levels (maximum overestimation = 2.55ir(Figure

7-39). This may be due in part to the addition of a sock necessary for scanning
with the T ring.
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Such differences were much greater than those recorded by Tracer CAD or Plaster of
Paris measurement. Differences of up to 1mm are thought to be clinically significant
and so measurement errors of this magnitude are thought likely to cause detriment to

the prosthetic socket fit.

This is particularly important since the measurements overestimate the mean value in
the three proximal levels yet underestimate the distamhéter. This is likely to cause
high pressure on the distal end of a residual limb and could cause socket discomfort

or worse, tissue damage.

ML T ring diameters showedtkely statistical overestimation of the GSM at all
levels. The maximum difference beten mean values was 4.1mm overestimadion
level F (Figure7-38).

T ring volume measurement showed the greatest variation of all systems at all levels.
Measurement repeatability was poor (2.55 %< CV 26.68%) and as expectstdatvo

the distal end. The coefficient of variatiovas greaterin the hand held situation
(Table47) thanwhen the T ring was heldorizontally (Table46). This isthought to

be caused by the human in&éetion of the system and the user. As all other things
remain the same between the two experiments, it can be assumed that the human
interaction, either the angle at which the T ring is placed, or the pressure the user

exerts on the distal end must causeariation in results.

Table 46 Coefficient of variation T ring model hand held

Ccv Vol F-G | Vol G-H | Vol H-J | Vol J-end
User 1 2.52 3.24 7.49 21.57
User 2 2.58 2.68 5.99 17.8%6
User 3 2.70 2.80 3.97 12.61
User 4 2.3 2.01 2.75 10.91
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Table 47 Coefficient of variation T ring model held in Deckel at various angles

CcVv Vol F-G | Vol G-H | Vol H-J | Vol J-end
0 degreey 2.67 2.61 0.26 1.09
2 degreed{ 2.63 2.58 0.22 0.69
4 degreeq 2.18 0.26 1.62 5.19
6 degreeqd 1.55 0.16 1.48 4.47

Although the prosthetist will try to align the T ring perpendicular to the central axis
of the limb this is difficult to do since both the residuum and the T ring can move
independently. If the T ring was held mechanically in a sfafithis could minimise

error caused by the prosthetist inadvertently angling the T ring when scanning. This
could in theory allow the prosthetist to concentrate on control of the positioning of

the residual limb within the system.

The axis of the resiagl limb could be found by calculating the centrafl the
residual limb. The centroid could theoretically be located at a number of éntis

line positioned through these poindmd assumed to be the central axis of the
residuum Only when the T ringsi exactly at 90 degrees to this imaginary axiall
planescould a true representation of thesidual limb be gained without introduction

of angular error. So far a practical method of determining this axis for use in a
clinical situation has not beenetrmined.It is not possible to do this i@

satisfactory manner usingiman hand eye coordination.

Future research orystems couldlsotest the ideal contact pressure oa thstal end

of the residuum taensure that deformjtof tissue does not takglace, or use a
different non contact method of shape capture. This may perhaps involve the use of a
distal camerato captue the important distal endather than extrapolating this
important shape

To date, no reliable, practical method of location lué socket axis exists. This
requiresfuture research and could prove vital to the success of non contact systems
as well as defining the ultimate best relationship for positioning of the foot relative to

the socketUntil this can be achieved by a practicaliable method, inaccuracies
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caused by angular or distal probe +pasitioning will caise inaccuracies in

measurement.

8.3.5 Model 5 Trans-tibial deformable manikin

Three systems of shape capture were tested on the deformable manikin §inodel
Tracer CAD,T ring and plaster of Paris and compared to the gold standard (accuracy
0.05mm). Measurements were recorded at 4 predetermined levels on the Fnodel (
G, Hand J) Volumes were measured between levEl&( G-H, andH-J), and from

the level Xo the end othe model.

Minimal differencewas observa at proximal landmark levels F, G, or between
the mean AP TraceCAD diameters by allises Significant difference in diameter
measurement walkskely at the most distal landmark (leve) where Tracer CAD
underestimated the gold standard mean vakiguyre 7-47)(Maximum difference =
2.6mm (level ). This corresponds to where repeatability of landmdektification

and hence volume measurement was poofedti¢26, Table27).

Significant differences between the mean ML Tracer CAD diameters likehg at

all levels. Overestimation of the mean valwas seen by one user at level F
(2.27mm)(Figure 7-48). Sgnificant underestimation by all users of the Tracer CAD
system wadikely at all other ML diameters recorded. (Mdifference =-6.04mm
(levelH) (Figure7-50)

Differences recorded on individual tracings were much higher thaanmvalues
(Individual maximum difference to gold standard mean AP =9.15ARJ) ML=
8.07mm MLJ). Maximum diameter differences by all users were always recorded at

the distal most deformable level.
The Tracer CAD volume measurement underestimated the wélthe gold standard

mean volume at all levels. Underestimation of the mean value was observed by one

user at levelF (maximum difference13.65mni) (Figure 7-52). All users of the
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Tracer CAD system significantly underestimatbd gold standardralue at all other

levels of measurement.

Likelihood of sgnificant differences in Tracer CAD diameter measurement can be
explained by method of shape captwt@ch depends upon a contact method using a

plastic probe traced over therface of the model.

The manikin model was deformable but has been demonstrated to return to its
original shape following deformatiofiPg 132). The model was easily deformed and

so represented a residual limb with soft tissolescstency. Users of the Tracer CAD
who all had similar experience in using the syststatedthat tracing the manikin

was more difficult than models-4 which were not deformable. A slight increase in
pressure tended to reduce the size of the on scredelnif this was judged not to
represent the manikin shape, the participant was free at any time to begin again.
Several traces were abandoned and retraced.

Tracings were only restarted when the user observed what they considered to be an
obvious errorHowever, when small discrepancies are made on either side of the
model they may accumulate to show inaccuracy of measurement of the scale shown
with this model. This may not be obviots the system operatotJsers of each
system were asked to repeat tngs a total of thirty times. It is feasible that fatigue

during the tracing processuld affect the quality of tracings.

The manikin is of fixed volume. If deformation occurs, the volume should
theoretically stay much the same but the shape may beediffas the deformed
material will be pushed to another area within the manikim.illustration of this
effect is shown irFigure 8-2. Even if theshapeis deflectedduring plastercasting;

the volume should be captured as thitedted shape will bulge to adjacent areas.
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Figure 8-2 Transverse section of deformable model



Unlike traditional systems, deformation of material pushed to another area by the
Tracer CAD probe is notaptured.Because the shape is virtually capturédis
possible for the deformed material to have returned to its original position by the
time other areas of the model are tracBas means that a corresponding oversize
caused by deformation of matdriato other areas will not necessarily occlihis
meanghatshape and volume dimensionsl be underestimatealy Tracer CAD, but
captured by plaster of Paris (although the shape may be incoffemt) results
obtained by the Tracer AD system on modeb, this has caused significant

underestimation of volume measum@Emts.

Standard error ploténdicated significantdifferences in all ML measures which
underestimated the mean value. This may be due to the position of the model which
caused the user to ent slightly more error on each side of each model rather than on

the anterior and posterior aspects.

AP and ML diameters significantly differed from the meatue at the distal end

(level J (Figure 7-47, Figure 7-51). Greatest inaccuracy of measurement was
recorded at these levels. Repeatability of diameter measurement also deteriorated
towards the distal end where the model was more deformable. This was where the
bony structure of the model was dedpmsd where the model was most deformable.
Less difference was seen at the proximal level where the bony structure was more

superficial and therefore the model less deformable.

In summation, Tracer CAD AP values did not differ from the gold standard mean
measure at levels, G andH, but urderestimated the gold standatidmeter at the
distal end(level J)where least repeatability of measurement was demonstigted
model was most deformable at the distal end and most at riskdefornmationby

the conact tracing method. Although not significantly different, measurement errors
up to 1.93mm were observedlavelsF, G and H Errors of this magnituderould be
clinically significant as they auld cause variation in prosthetic socket shape which
could leadto tissue breakdown. Less accuracy was seendinidual Tracer CAD

scans.
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The Tracer CAD volume measurement underestimated the value of the gold standard

mean volume at afiroximallevels(Figure7-52, Figure7-53, Figure7-54,)

T ring

AP diameters at proximal levels were significantly overestimated by the T ring
system (Maximum difference 6.83mm lev€)l (Figure 7-44). Best @&curacy was
achieved alevel Hwhere the mean difference was 0.75ifffigure7-46).

Greater inaccuracy was seen when comparing individual scans with the gold standard
mean value (maximum differencel9.35mm U2 AP9.) Maximum differences in T

ring diameter measurement always occurred at the distal end (landmark 9). This
comparedessfavourably to the Tracer CAD individual scans where the maximum

difference in measurement was 9.15mm.)

Repeatability of measurement decreased dramatically at theadigtéCV 7.57%) to

a level which affected accuracy of measurement. Accuracy of measurement
comparing the mean values of theifig to the gold standard showed poor accuracy
of shape capturd #hedistal end.

In general MLdimensionshowed better accuratiyan AP measurementdowever,

ML measurement significantly undersized the maddivo landmark levels (level F
(max dfference =-4.68mm) and level max difference =17.56mn) (Figure 7-48,

Figure 7-51). Differences between individual scans and the gold standard mean value
became much larger, this is important as the patient is only scanned once in the
clinical situation. (Max ML difference =17.47mm U2 MLJ). Maximum differences
between tracings @ll users always occurred at the distal end.

Accuracy and repeatability of measurement at the distal end was extremely poor and
in conjunction with undersized AP diameter measurements would cause significant

under sizing of the model at this level.



Shoull a socket be made using AP and ML diameters withabdwye errorsit is
likely that a prosthetic socket of incorrect shape, loose at the proximal levels and

very tight at the distal level, will result.

This creates problems iprosthetic fitasthe paient will lack support in the pressure
tolerant proximal regions causing potential overloading of tissues at the distal end.
As the socket is not the correct shape due to over sizing and under sizing of
diameters, uniform loading cannot be guaranteed. i§hisupled with the fact that
distal end would be very tight, so tight in fact that the person will not be able to fully
enter the socket. If the person were able to don this socket, Id wause distal end
pressure frm a highly supported am¢o one bhat is not in total contact with the distal
end. It is likely that such a socket could not be tolerated for any length of time to

allow a walking trial in such an #itting design.

The T ring volume measurement falls into a similar pattern as thateobrtle

described by diameter measurement.

All volumes determined by the T ring system differed significantly from the mean.
Proximal volumes R-G and GH) were significantly overestimated (Maximum
difference between T ring mean agald standaranean 24.8 mm3 0r6.85% level F
Ul)(Figure7-52).

Significant underestimation of volumes occurred at the two distal volumes measured
(volumesH-J and J model end). (Maximum difference between T ring mean and
Gold standard mead5.51 mm3or -15.31% level 10 U4{Figure7-54, Figure7-55)

Of all systems, T ring showed the least accuracy and repeatability of measurement
which would cause differences in the shape and volwayatured. This was
significant in many areas of the model and would caused detriment to the socket fit.
Landmark identification was variable and may have affected the measurements
recordedTable26, Table27). From tests on the manikin, measurements taken by the

T ring system are variable and lack the accuracy required to capture the shape and

volume of a trangibial manikin.

26C



In addition to landmark positioning, the action of pulling the tight T ring sk

the deformable manikin magffect distal diameters and volumes measurksl.the

sock is pulled proximallyt seems likely thathat materialvould deform poximally.

This would causesmaller diameter and volumeeasurement, whilst increasing
proximal diameters and volume. It is also possible that as the model defioains
landmarksare displaced proximally. The action pélling a sock over a manikin

with different deformable properties at different levels would not cause a systematic
error that couldbe easily compensated for. Residual limbs with varying tissue
stiffness characteristics would respond differently and so deformation would be

difficult to predict.

Plaster of Paris diameter measurements showed diffesenf up to 12.29mm (ML

level J (Figure 7-51). All ML diameters were significantly underestimated and this

is thought to be caused by the wrapping action of the plaster of Paris bandage. This
would cause significant changes in shape of the model as the AP andhivikters

are affected. Inaccuracy in diameter measurement tended to increase with distal
measurements. F{gure 7-48, Figure 7-49, Figure 7-50, Figure 7-51). This
corresponds to the areas in which the model becomes more deformable due to the
position of the hard skeletal structure with(less deformable at level F, most

deformable at level)J

Volume measurements were significantly affected at onlyleved (levelH where

volume wa significantly underestimate&igure7-54)

Repeatability of plaster of Paris casting was also worse than when compared to
model 4 and 2. It was within acceptable standards for shape capture avetl sho
repeatability of diameter measurement to within I%b{e26). The repeatability of
volume measurements was poor again at the distal end and showed increased

variability when compared to model 4.
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8.4 Limits of agreement

To asgss agreement between the CAD and dbkl standard, results were also
plottedto illustrate the limits of agreement between each CAD system and the gold
standard measurement (Bland and Altman. 1986). Agreement of diameter and

volume measurement betweertle& AD system was assessed and compared.

Tracer CAD AP Diameter

The limits of agreement between the Tracer CAD system and the gold standard were
-1.94mm to 2.59mm with mean value of 0.33nfAg(re 7-56). In theory the mean
valueshould not differ from the zero value since differences in measurement should
be zero if systems show agreement. As the mean value was slightly above zero, this
suggests that for all models, the Tracer CAD system slightly overestimated the AP
gold standat diameter.

Required clinical accuracy of systems was defined by Sanders et al. (2003) to be

within +/-1mm of the gold standard measurement.

The Tracer CADsystem demonstrated suitable accuracy on simple cylindrical
models 1 and 2 as measurement erros wathin +/1mm of the gold standard.
Tracer CAD system measurements underestimated the AP dimension of both
cylindrical models in all measurements taken except the proximal diameter (level F)
of model 2. This may be due to the contact nature of the TG&Brsystem which

when pressed onto the model would cause a bending moment. The extent to which
bending or shifting of the model affects wheters measured has been discussed (Pg

217) although the above graph illustrates tha thay be minimal.

Model 3 appears to show increasing overestimation in measurement as the
measurement is taken more distally. Results became more inaccurate at distal levels
G, H and J. The shape of this model is conical and therefore the incorreicinougit

of landmarks would have serious effect on the dimensions measured as a much larger

measurement would be recorded.
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Accuracy is reduced in more complex models (4 and 5) and does not meet
requirements specified in the creation of prosthetic socketgppeshmodels (model

4) show much less accuracy of measurement than cylindrical models (model 1 and
2).

AP measurements recorded on model 5, which was the same shape as model 4 but
was deformable, were all of lower value. This illustrates that AP dimeaisiapture

on a deformable model is reduced by the contact method of shape capture.

Tracer CAD illustrated sufficient accuracy in the measurement of AP diameters of
models 1 and 2. Less agreement was shown between measurements taken on more

complex models

T ring AP Diameter

The limits of agreement between the T ring system and the gold standard were
-8.42mm to 10.09mm with mean value of 0.84nkig(re7-57). The T ring system
showed much less agreement (in excess of 18mm) thiéhgold standard AP
dimension than the Tracer CAD system (within 5mm). The mean value for all
models was 0.84mm. This suggests that the T ring system had a tendency to
overestimate the AP gold standard diameter and that the error was greater than that
of the Tracer CAD system. Agreement was poor on all models but particularly at
distal levels J. A particularly high discrepancy was observed on model 5 (the

deformable manikin) at level J.

Tracer CAD ML Diameter

The mean value of all measuremen&d9mm)appear to illustrate good agreement

to the gold standard. As this was slightly below zero, it suggests that for all models,
the Tracer CAD system slightly underestimated the ML gold standard diameter. The
limits of agreement between the Tracer CAD sysaewh the gold standard were
-4.64mm to 4.46mmHigure7-58).
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Results followed a similar pattern to that of AP Tracer CAD measurements when
compared to thegyold standard. The Tracer CABystem demonstrated suitable
accuracy on sinlp cylindrical models 1 and 2 as measurement error was within +/
1mm of the gold standard. Tracer CAD system measurements underestimated the
ML dimension of both cylindrical models in all measurements taken except the

proximal diameter (level F) of model 1

Model 3 appeared to show increasing overestimation in ML measurement as the
measurement is taken more distally. Results became more inaccurate at distal levels
G,Hand J.

Accuracy was reduced in more complex models (4 and 5). Shaped models (model 4)

show much less accuracy of measurement than cylindrical models (model 1 and 2).

ML measurements recorded on model 5, were all of lower value. This illustrates that
diameter measurement on a deformable model was reduced by the contact method of

shape caoire.

Tracer CAD illustrated sufficient accuracy in the measurement of AP and ML
diameters of models 1 and 2. Less agreement was shown between measurements

taken on more complex models.

T ring ML Diameter

The mean value for the difference in ML diametezasurement between the T ring

and the goldstandard for all models was #®m. This suggests that the T ring
system had a tendency to overestimate the ML gold standard diameter and that the
error was greater than that of the Tracer CAD syst&dnOgmm).The limits of
agreement between the T ring system and the gold standardAxderam to 9.57mm
(Figure7-59). The T ring system showed much less agreement (in excess of 16mm)
with the gold standard ML dimension than the Tracer GA&Btem (within 9mm).
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Good agreement between measurements was observed on model 2 regardless of the
level at which the measurement was taken. Agreement was poor on all other models
but particularly at distal levels J. A particularly high discrepancy wagrebd on

model 5 (the deformable manikin) at level J.

Tracer CAD Volume

The limits of agreement between the Tracer CAD system volume measurement and
the gold standard were47.0mn? to 45.52mm. The mean value 0f0.74mn{
suggests overall agreement wishight underestimation of the volume measured
(Figure7-60).

However, the plot indicates that agreement between volumes measured is less for the

irregular trandibial shaped models (4 and 5) than for those of cylindrical shape.

Model 4 is shown to overestimate proximal and distal volumes whilst
underestimating intermediate volumes (G and H). Measurements are not within the
5% difference specified by Fernie and Holliday (1982) and could cause problems in
prosthetic fit. The adtion of socks has also been discussed as a method of
accommodation of errors during the shape capture process. This would not be
possible should a system overestimate proximally and distally, whilst

underestimating at levels in between.

In a similar way ® diameter measurement, the difference in volume measurement of
model 5 appears to be of a more negative value at all levdlswRen compared to
model 4. Since the only difference between models is that model 5 is deformable, it
is likely that this hakeen caused by the contact method of the Tracer CAD system.

T ring Volume

The limits of agreement between the T ring system volume measurement and the

gold standard were28.96mni to 39.15mm.Overall the T ring system showed
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slightly better agreement ({thin 70mn?t) with the gold standard volume
measurement than the Tracer CAD system (in excess of 90tdowever the mean
value of 5.1mm suggests overall overestimation of the volume measured by the T
ring system Figure 7-61). This was much greater than differences recorded in

volume measurements on the same models by the Tracer CAD sy&{&mr).

Poor agreement is shown for volume measurement of all models particularly in

models 4 and 5 at distal levels.

In summary, plots fothe limits of agreement between systems confirm what has
already been implied by previous analysis. On the sample of models measured, the
Tracer CAD system showed better diameter and volume agreement with the gold
standard than the T ring system whichsvp@or. Tracer CAD diameters and volumes
showed better agreement with the gold standard on simple cylindrical models 1 and
2). Agreement was poorer on models of irregular shape and was affected by the

deformable properties of the model.
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8.5 Summary

The aims of this thesis were to evaluate the reliability, repeatability, and accuracy,
and of the most commonly used prosthetic CAD systems and compare results with
traditional methods of shape capture using plaster of Plakis. methods of shape
cgpture using CAD were evaluated on models of known dimensions: contact (Tracer
CAD) and non contact systems (T ring) and compared on three models to plaster of
Paris shape capture.

The probability that diameter and volume measurements obtained by useitweer

was shown to be high. The reliability between users when assessing all models using
both Tracer CAD and T ring systems was demonstrated to be high (ICC > 0.999
Tracer CAD and ICC > 0.984 T ringkKror! Reference source not found). (Evers

2007). The reliability of the Tracer CAD and T ring systems is adequate for clinical

use.

Repeatability of systems was analysed using the coefficient of variation and
compared to that of plaster of Paldeasurements werghown to be affecteby
variation in landmark identificationThe T ring system did not exhibit siuta
repeatability in identifyindhe distal landmark J on wmodel. Variation in landmark

identification using either systenncreased ortomplex deformble models Table

27).

The Tacer CAD system showed gooepeatability of diameter measurements on
cylindrical and conical models (CV<1%). Greater variation was seen when recording
more complex shapes such as the hard i model (model 4) or deformable
manikin (model 5) although repeatability was still considered to be good (CV<5%).
All volume measurements aron deformablenodels also were of good repeatability
(CV<5%).

However, variation in volume measurements incréase the deformable manikin
(CV 9.66%). Less repeatability in measurement by Tracer CAD corresponded to the
most deformable distal aspect of the manikin. Repeatability of shape capture using



the contact method was reduced in areas of the residual limbatbatnost
deformable. In the clinical setting, there is more possibility that this would occur
distally, greater soft tissue/ muscle bulk tends to be located at the distal end of the
residual limb. Less repeatability in these areas could cause clinidgilificant

errors of shape capture with detriment to the socket fit.

Accuracyof each dimensiowas analysed using a thriaetor parametric analysis of
variance (geeral linear model,)and was examined in detail by plotting standard
error bars. Resultwere also confirmed by plotting the limits of agreement of CAD

systems with the gold standard.

TheTracer CAD system showed good accuracy at all proximal levels of AP diameter
measurement when compared to the gold standard. Poorer accuracy was observed
with distal Tracer CAD AP measurement on more complex models (model 4 and 5).
Resultsare thoughto be caused byariation of landmark identificatiomodel §

Table 27), bridging of the contact probe over complex shapes (modebhr,

deformation of the model (model 5).

Good ML diameter accuracy was observed on simple cylindrical models. However
the Tracer CAD system had a tendency to overestimate ML measurements on more
complex non deformable models ddels 3 and 4)Underestimabn of the gold
standard ML mean diameters of all levels was notable on the deformable model by
each system.

Analysis of a model system interaction plot showed good accuracy of the Tracer
CAD system when recording volume measurement of simple conicalyéindrical
models (modal 1, and 2). More complex models showed less volume accuracy. The
system tended to overestimate the volume of ns®lahd 4. In contrast, the volume

of model 5 which was a deformable manikin was underestimated by the contact

systen (Tracer CAD).
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On these models the Tracer CAD system showed best volume accuracy at the most
proximal level of measurement when compared to the gold standard. The system did
however show poor accuracy and underestimated the volume of models overall at
level G and H. Overestimation of the volume by Tracer CAD was apparent at the

distal end.

As the shapeof modek 4 and 5 are thought to be more like those experienced in the
clinical situation, the reduced accuracy of diameter and volume capture iscefrtcon
since the prosthetic socket would contain greater errors of measurement. The
deformability of model 5 when using the contact system may also present difficulties
in the clinical setting since underestimation of volume could cause detrimental

results o the prosthetic socket fit.

To summarise, lacer CAD measurements showed less accuracy when the shape was
complex. Less accuracy and repeatability(\aflume) measurement was observed

when the shape was complex and deformable.

Repeatability of the T ropwas less thathat of the Tracer CAD system. Diameter
measurements on cylindrical and conical models showed good repeatability
(CV<5%). However, repeatability of diameter measurement on models of greater
complexity (models 4 and 5) was po®his was paicularly notable at more distal

levels.

Repeatability of volume measurement was poor on all models, particularly at the

distal end. Lack of repeatability, particularly in the distal aspect is thought to be
caused by the mechanism by which the scanistek T ring is not
contact systemO6 but relies upon the <corr
with the stump. Incorrect placement is likely to have effect on the repeatability of
results obtained. Due to the nature of T ring scanmnogall data of the object is

captured. The system relies on software to interpolate missing data in each scan.
Repeatability is reduced by this mechanism, the distal shape of the model, the angle

at which the T ring is held and the position of the distal spacer.



Results indicate that the accuracy of T ring AP diameter measurement on all models
at all levels was much poorer than the Tracer CAD system. The T ring system had a
tendency to overestimate values at proximal levels (F, G and H) but undetesti

the distal AP diameter considerably at level J.

T ring ML diameter accuracy was observed on simple cylindrical mp¢aisdels 1

& 2). Howeverthe systenhad a tendency to overestimate values on more complex
non defemable models, (models 3 and 4)nderestimationrelative tothe gold
standard ML mean diameters of all levels was notable on the deformable model
(model 5).

The T ring system had a tendency to overestimate volumes at proximal levels but

underestimated volume at level H.

The repeatahtly of plaster of Paris wrap casting was examined on three of the
models (model 2, 4, and 5).

Good repeatability of diameter and volume measurement was observed on the

cylindrical model using plaster of Paris. (CV<1%)

Plaster of Paris showed goodpeatbility of diameter shape capture on the shaped
transtibial cast (CV<1%) but less repeatability on diameter capture when the model
was deformable. Repeatability of all diameters of all models, however, was good
(model 5 CV <5%). Repeatability of proximablume measures was algoodwhen

the model was shaped and notatefable (model 4 < 1%), areformable (model 5

CV <5%).

However, repeatability of plaster of Paris distal end volume shape capture compared
less favourably on the shaped traitgal modd (CV= 8.39%) and transbial
manikin (8.97%). Results of plaster wrapping technique were based on a limited

number of repetitions by one clinician and involved an extra stage in manufacture
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than CAD results since each cast was filled with plaster cgeatipositive mould.
Although results should be interpreted with caution, they suggest less repeatability of
plaster of Paris shape capture at the distal end.

Plaster of Paris wrap casting showed the best accuracy of AP and ML diameter
measurement of allystems. Accuracy of mean measurements taken by plaster of
Paris were within 1mm of the gold standard on all hard (non deformable) models
(models 14).

Accuracy of Plaster of Paris diameter shape capture was however poorer on the
deformable manikin thanrdicer CAD measurements taken at corresponding levels.
Results indicate this to be caused by unintentional deformation applied to the
manikin when wrapping the plaster of Paris. As this is the model with most
similarities to the residual limb, it is highlkely that a similar effect would occur in

the clinical situation.

Plaster of Paris showed accuracy to within 5% of volumes measured on the simple
cylindrical model with the domed end (model 2). Accuracy of the most distal volume
measured on more comgleshaped models (model 4) and the deformable model
(model 5) showed decreased accuracy. Due to the limitations of the plaster of Paris
experimental method, results should be interpreted with caution. However, plaster of
Paris volume measurement showed kimaccuracy of volume measurement to the
Tracer CAD systems. Results of plaster wrapping technique also involved an extra
stage in manufacture than CAD results since each cast was filled with plaster

creating a positive mould-his in itself could contribte to the errors shown.
Tracer CAD and plaster of Paris errors increased on the shaped model and further on
the deformable manikin. Poor accuracy of shape capture was observed by both

systems particularly toward the distal end.

The amount of accuracyequired to capture the shape of a residual limb is still

debated as evidence is limited quantity and designOnly three publications
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identified required accuracy. Saunders et al. (2003) identified the require@@ccur
as 1mm diameter measurement, Ferand Holliday. (1982and Lilja and Oberg
(1997) identified 5% volume error as being detrimental to socket fit.

Based on these calculations, results indicate that none of the three systems are
accurate enough for prosthetic shape capture, although aloleepesults were
obtained for Tracer CAD and plaster of Paris on a simple cylindrical model.
However, results based tiis evidencemust be interpreted with cautias literature
pertaining tathe accuracy and repeatability required is limitath the &ctors which

contribute to an optimal fit of socket, poorly understood.

All systemsanalysed in this thes@realready in use in residual limb shagapture in
prostheticclinics. This may be made possible Inyodification of castswhich is
always normajl required to some extenin the clinical setting. Although
modification may be undesirablelapter of Paris castinghowed slightly better
repeatability of measurement than Tracer CADis means that errors using Plaster
of Paris may be more easily comgnsated for as they are more repeatable.
Prosthetistsnay becompensating for errors in a routine way, perhaps without full
understanding of the causermagnitude of complex errorshié would account for a

variety of different fitting successbetween sckets.

Plaster of Paris casting of the manikin was carried out in a similar manner to how a
cast would be applied in the clinic. However, no deformation was intentionally
applied. This means that only plaster of Paris as a shape capture medium was
assessd. Intentional deformation such as that applied during creation of a patellar
tendon bearing cast is likely to cause different errors to occur and would have some

effect on repeatability of casting (Buis et al. 2003).

Additionally, plaster of Paris mayffer different repeatability when subjected to
pressure (Buis et al. 2003). This may offer repeatability but would change the
dimensions of the stump or manikin shape. This is desirable in the clinical sense but

would produce inaccurate measurements coetptr the gold standarbh effect, the

27z



shape that s capturel was not necessarily the shape thatuld produceideal

socket fit.

Both CAD systems show inaccuracy and lack of repeatability, particularly towards
the distal end of the model. However, shibthe unloaded shape be captured,
modification of this shape would be reqdr Limited studiessuggestthat
modification of shape by different users is not repeatable (Convery et al. 2003) and
only has potential to increase awarracies further. If modiation of theshapeis to

be minimised, limited studies suggest that shetpmuld be captured under pressure

of water. No CAD system offers this possibility. Therefore the CAD systems being
used in this thesis are trying to capture the shape of the stndgv conditions less
likely to fulfil socket fitting criteria (P¢26). This shape, which is incorrect is also
captured with less accuracy than is required for clinical use, and is not repeatable,

particularly using the T ringystem.

Klasson (1985) was surprised that the concept of applying the desired pressure
distribution by means of some pressurising device when scanning the surface was not
applied when the CAD/CAM projects started. This method may offer a direct method
for shaping, has been shown to be more repeatable than hand casting (Buis et al.
2003), and may reduce the requirement for rectification which is subject to error
(Convery et al. 2003).

Kristinsson (1993) stated that although CAD/CAM may be the answer, more
research should be directed towards understanding the complex interaction between
socket and skeleton. Kristinsson did not agree with the way in which CAD systems
were being used. He perceived that systems had inherited the PTB concept and relied
on the shpe of the unsupported limb. He did not consider that CAD has anything
else to offer besides documentation and ease of fabrication but hoped this would

change in the future as the systems evolved.

Future systems could be developed to allow CAD to takardgdge of advances in

6non computerisedb6b shape capture. The
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coupling and hydrostatic concept using pressure or hydro casting and CAD has not

been established in any system commercially available.

Futureresearchcould examine ystems which practically combine the theories of
CAD and pressure casting. Shape capture of loaded stumps is desirable in the long
term to avoid the requirement for shape modification which has potential to
introduce increased error and ger variability of shape.

Ping et al. (1999) argue that since getting hold of data is the necessary first stage of
any CAD/CAM process, with the resulting socket depending upon the data acquired,
the accuracy and precision of the way we acquire the idatantral to the final
socket production. Development of systems such as ultrasound which allow internal
structures to be visualised and overlaid onto the external structure may be beneficial.
If the residuum was held in a specially designed pressurigio leasting chamber,

such systems could eliminate human interaction and provide an accurate, practical,
inexpensive and repeatable method of shape caf@oréar, no practical method of

such a system is available.

Whatever system is identified it must evaluated prior to use. Systems should offer
accuracy, repeatability of shape capture of the pressurised residual limb. A structured
education and training schedule should be implemented based on socket fit criteria
by educators to ensure appropriatedenstanding and use. The prosthetics and
orthotics industry must take advantage of new technology but also be aware of the

shortcomings and advantages of each method of shape capture.

Most systems, whether contact or non contact, pay little or no attdotithe angle
at which the limb is placed when scanned. The opportunity has not been taken to
combine other methods such as pressure, vacuum or hydro casting with CAD

systems, thus eliminating plaster of Paris from the process.

Many studies have blamgulosthetists for not engaging with systems or falling back

to more conventional methods of shape capture. This may be true in some cases, but

274



perhaps with just cause. Systems are inaccurate with variable results. Systems are
produced commercially andborrowdtechnology used from other industries without

real consideration to the underlying challenges in prosthetics. CAD systems appear
to have developed without consideration of the state under which the residuum is
held. CAD shape capture has ignored th&#aades made in traditional capture
through application of pressure. This means that the shape captured reghesents
unloaded residuum, which mawt be corducive to providingconditions for optimal

fit.

Further research could investigate the efficatythe different methods of shape
capture and clarify which method is most appropriate. Furthermore, the use of CAD
with the limb exposed to ideal conditions could alter the way in which future CAD

systems are used.
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Chapter 9

9 Limitations of study and Future research

Experimentation was conducted on five models with different characteristics to
determine the accuracy and repeatability of two commonly used prosthetic CAD

systems.

Given the number of models (n=5) this presents a limited sample size.rsleasis

were repeated on the same models and were not independently sampled. A larger
sample size of test objects may have given different results as these may represent
the population differently. Although a larger sample size would have been preferable,
this was not possible due to the time constraints of the researcher, the commitment of

other staff who scanned casts and the expense of producing and measuring models.

The manikin created represented only one deformable shape. Many different types of
resdual limbs exist with stiffer and less stiff properties. The manikin represented the
residual limb of only one patient. The results obtained are only applicable to the
manikin used. Different results may have been collected from manikins with

different prgerties of stiffness.

Plaster of Paris shape capture was carried out on only three of the five models. Each
plaster cast was repeated a limited number of times (n=4). This was due to the time
consuming process required to fill and measure each modede Thodels were
selected that were considered to best represent and isolate errors that may occur
during shape capture using this medium. To facilitate measurement, the plaster of
Paris cast was filled with plaster. This represented an additional prodsizgmsand
perhaps placed this technique at a disadvantage to CAD systems. Despite this, plaster
of Paris casting comparddvourablyto the T ring method, and at least as good, if

not better than the Tracer Cad system.
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Ideally, further study is requireith assess the accuracy, repeatability and reliability

of shape capture systems used on actual patients. This type of study would have to
overcome some considerable difficulties such as location of a central axis and
controlling volume fluctuations, but isuccessful could provide useful clinical
information in relation to data capture. Such information would be useful in

identifying potential sources of error in the creation of prosthetic sockets.



Chapter 10

10 Conclusions

The aims of this thesis were toaduate the accuracy, repeatability and reliability of
the most commonly used prosthetic CAD systems and compare results with

traditional methods of shape capture using plaster of Paris.

A survey showed that AD systems are not available in all prostbdimb centres.
Centres that do epioy CAD used different system3he most commonly used
systems are the Tracer CAD and T ring systems which use the same software but
different methods of shape captuise of systems varigtiom centre to centrg(1-

80% of all new sockets madeThis appears to be affected by the type of system

available the amputation level, and the training of each prosthetist

CAD has been introduced to different centres using a variety of different training
methods. Opinions of psthetists indicate that the initial attitude of the prosthetist
towards CAD, the training received, time to learn, and support they are given, as well

as the system design appear to affect the way in which the system is used.

The perception of theanajority of prosthetists surveyedas that the main clinical
benefits of CAD/CAM were time saving, accuracy and repeatability. However, the
mean number of patients seen by each prosthetist is greater in centres not using CAD

systemsand up to three diagnostic et fittings were required using CAD systems

No evidence existeth literature to suggest that the Tracer CADToring sysems
were more accurate or repeatabilart traditional plaster methods. This is in part due
to the fact that the accuracy requinedking a well fitting socket remains poorly

understood as well as limited available literature in this area.

The Tracer CADand T Ring systemsf shape capture were evaluhi@n models of

known dimensionsSystems were considered reliable when intersctamrelation
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was greater than 0.7(Evers 2007). Repeatability was assessed using the coefficient of

variation (CV) and deemed to be acceptable when CV < 5%.

The accuracy of diameter and volume measurement is important in shape capture of
the residual lirb since this can affect the shape and size of the resulting prosthetic
socket fit. Limited evidence suggeshat diametererror greater thaimm or a
volume errorgreater than 5% may compromise prosthsticket fit. Systems were
considered to be accuratghen measuring within this rangBue to the lack of
scientific evidence as to the accuracy required, systemsalggreompared on three

models to the traditional method of shape capture, plaster of Paris

The reliability between users was demonstrabelde high when assessing all models
using both Tracer CAD and T ring systems (Interclass correlation > 0.999 Tracer
CAD and ICC > 0.984 T ring). The probability was high that diameter and volume
measurements obtained by users were alike (Evers 2007)relifbility of the

Tracer CAD and T ring systems is adequate for clinical use.

Tracer CAD

The Tracer CAD system showed good repeatability of diameter mezsuiseon all
models (CV<5%)Diameter and volume measuremezpgatabilitytended taeduce

on modelks of tapered or complex shape&hen compared to cylieds scanned but
were repeatable on non deformable mod®&tacer CAD volume measurement was
not repeatablat the distal end of the deformable manik@V 9.66%). The most
variable volume measuremenby the contact method of shape capture, (Tracer
CAD) corresponded to the most deformable distal aspect of the manikin.

Repeatability of shape capture using the contact method is likely to be reduced in
areas of the residual limhat are most deformadl This is likely to be at the distal

end and would in some cases be clinically signifieamtwas thoughto be caused

by the contact nature including variation in landmark identificatiotinis method of

shape capture



The Tracer CAD system showed adegte accuracy in the shape capture of all
diameter measurements cylindrical shapes (<1mm). THeacer CADsystem was

not accurate in distal diameter measurement of the truncated cone. This may have
been caused by inaccurate landmark positioning or dimgreffect on the model
caused by the contact nature of the shape capture medooder accuracy was
observed with distal Tracer CAD diameter measurement on more complex models
(model 4 and 5). Results indicate this to be caused by incorrect landmark
identification, bending of the modelpridging of the contact probe over complex

shapes (model 4), and deformation of the model (model 5).

T ring

Repeatability okshape capture biye T ring was less than the Tracer CAD system.
Repeatability of landmark igdification was poor at distal levels on all models.

Diameter measurements on cylindrical and conical models showed good repeatability
(CV<5%). However, repeatability of diameter measurement on models of greater

complexity (models 4 and 5) was poor.

Repatability of volume measurement was poor on all mqddEBV>5%),

particularly at the distal end. Lack of repeatability, particularly in the distal aspect is
thought to be caused by the mechanism by which the scan is taken. T ring is not truly

a oOnont csoynsttaecmdé6 but relies upon the corr
contact with the stump. Incorrect placement is likely to have effect on the
repatability of results obtainedue to the nature of T ring scanning, not all data of

the object is captude The system relies on software to interpolate missing data in

each scan. Repeatability is reduced by this mechanism, the distal shape of the model,

the angle at which the T ring is held and the position of the distal end spacer.
The T ring system was ¢hleast accurate of the three methods employed and did not

show adequate accuracy of diameter or volume measurement at all levels on any

model. Measurement accuracy was reduced by the shape of the distal end of the
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model, the angle at which the T ring waald, the position of the distal spacer, and
the complexity of shape of the model.

Plaster of Paris

The repeatability of plaster of Paris wrap casting was examined on three of the
models (model 2, 4, and 5).

Good repeatability of diameter and volume asirement was observed on the
cylindrical model using plaster of Paris. (CV<1%)aster of Paris also showed good
repeatability of diameter shape capture on the shapedtiipgadscast (CV<1%) but
less repeatability on diameter capture when the modetefasmable. Repeatability

of all diameters of all models, however, was good (model 5 CV <5%).

Repeatability of proximal volume measures was also good when the model was
shaped and not deformable (model 4 < 1%), and good when deformable (model 5 CV
<5%).

However, repeatability of plaster of Paris distal end volume shape capture compared
less favourably on the shaped trasibial model (CV= 8.39%) and trasiiial
manikin (8.97%). Results of plaster wrapping technique were based on a limited
number of repgtions by one clinician and involved an extra stage in manufacture
than CAD results since each cast was filled with plaster creating a positive mould.
This in itself could contribute to the errors showkithough results should be
interpreted with cautignthey suggest less repeatability of plaster of Paris shape

capture at the distal end.

Plaster of Paris wrap casting showed the best accuracy of AP and ML diameter
measurement of all systems. Accuracy of mean measurements taken by plaster of
Paris were wthin 1mm of the gold standard on all hard (non deformable) models
(models 2 & 4).
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Accuracy of Plaster of Paris diameter shape capitas however poor (>1mm) on
the deformable manikinResults indicate this to be caused by unintentional
deformation appéd to the manikin when wrapping the plaster of Paris. As this is the
model with most similarities to the residual limb, it is highly likely that a similar

effect would occur in the clinical situation.

Plaster of Paris showed accuracy to within 5% of ma@s measured on the simple
cylindrical model with the domed end (model 2). Accuracy of the most distal volume
measured on more complex shaped models (model 4) and the deformable model
(model 5) showed decreased accuracy. Due to the limitations of ther m&$taris
experimental method, results should be interpreted with caution. However, plaster of
Paris volume measurement showed similar accuracy of volume measurement to the
Tracer CAD systems. Results of plaster wrapping technique also involved an extra
stage in manufacture than CAD results since each cast was filled with plaster
creating a positive mould.

In summary, results indicate that repeatability of shape capture of cylindrical models
was good by Tracer CAD and plaster of Paris. Tracer CAD aastd?lof Paris also
showed good repeatability of shape capture on shaped and deformablibiaans
models. However plaster of Paris showed higher variation in capture of distal end
volume of both shaped and deformable models, and Tracer CAD less rédipgaitab

the distal end of the deformable manikimhe T ring system showed poor
repeatability in capturing trasigoial shaped models and manikins.

The amount of accuracy required to capture the shape of a residual limb is still
debated as evidence isry limited. Based on available publications (Saunders et al.
2003, Fernie et al. 1984 and Lilja and Oberg 1997), results indicate that none of the
three systems are accurate enough for prosthetic shape capture, although acceptable
results were obtained rfal'racer CAD and plaster of Paris on a simple cylindrical

model.
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Tracer CAD and plaster of Paris errors increased on the shaped model and further on
the deformable manikin. Poor accuracy of shape capture was observed by both
systems particularly towardetdistal end.

Modification of casts iglways normally required to some exteflthough much of

the error is randomly caused, Plaster of Paris castingeshgrneater repeatability of
measurement thatte Tracer CADsystem This means thatrers using Rister of
Paris may benore easily compensated for as they amgenwepeatable. Prosthetists
may becompensating for errors in a routine way, perhaps without full understanding
of the cause or magnitude of complex errors. This would account for a variety of
different fitting Gsuccesaedbetween sockets.

Future research in theedelopment of systems such as ultrasound which allow
internal structures to be visualised and overlaid onto the external structure may be
beneficial. Whatever system is identifiedntust be evaluated prior to usgystems
should offer accuracy, repeatability of shape capture of the residual Funther
research could investigate the efficacy of the different methods of shape capture and
clarify which method is most appropriate. Faatmore, the use of CAD with the

limb exposed to ideal conditions could alter the way in which future CAD systems

are used.
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Appendices Appendix 1 survey

w The National Centre
for Prosthetics and Orthotics

WHO Collaborating Centre
for Research and Training in Prosthetics
Orthotics and Orthopaedic Technology

University of

Strathclyde

Glasgow

AN INVESTIGATION INTO PROSTHETIC CAD CAM USE IN THE UK

1 In total, approximately how many prosthetic patients attend your prosthetic centre?  (Please
include satellite clinics)
2 How many prosthetists are employed in your limb centre?
3. Do you use CAD CAM at your prosthetic centre? YES / NO
If you answer NO, please answer questions 19, 20, 21, and 22 only
4. What CAD CAM software are you currently using?
5. Approximately how many months have you been using your CAD CAM system?
6. Please indicate your level of satisfaction or dissatisfaction with the CAD CAM system
a. \Verysatisy e d
b. Satisyed
c. Neither satisyed or dissatisyed
d Dissatisyed
e. Very dissatisyed
7. Estimate what percentage of the total number of patients at your centre have sockets delivered using
CAD CAM?
8. Estimate by percentage, the distribution of CAD CAM use over the following levels of amputation.
Partial foot
Ankle disarticulation
Trans-tibial
Knee disarticulation
Trans-femoral
Hip disarticulation
Upper limb
TOTAL 100%
9. How many prosthetists in your centre use the CAD CAM system?
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P20 T®

10. How were prosthetists trained to use the system? (Please tick all
that apply.)

One prosthetist was required to learn the package and teach others

A professional from a CAD CAM distributor instructed the prosthetists.

Prosthetists were required to learn the package on their own without any formal training.
Initially a select group of prosthetists learned the package and then taught other prosthetists.
Other. (Please state)

11. Were all the prosthetists allowed to commence learning and using the CAD CAM system at the
same time? YES NO

12. On average, using CAD CAM, how many diagnostic sockets does it take to get an appropriate y t t
trans-tibial socket?
trans-femoral socket?

13. Who provides carving? (Please tick box)

Technicians only (on site)
Prosthetists only (on site)
Both (on site)

Central fabrication

Other (Please state)

Pon0T

14. Who manufactures the socket?

a. Technicians only (on site)
b. Prosthetists only (on site)
c. Both (on site)

d. Central fabrication

e. Other (Please state)

15.Looking back, what would you change that woul d

(Please tick all that apply)

a. The initial CAD CAM training approach used at a centre should be more structured.

b. CAD CAM software should be explained mare fully.

c. Distributors should produce better tutorials for their software package and hardware.

d. Distributors should produce better printed manuals for their software package and hardware.
e. More time should be spent with a CAD CAM experienced prosthetist/orthotist.

f. Distributors need to make the hardware more user friendly.

g. Distributors need to make the hardware more reliable

h. The prosthetic centre should be more selective in the patient it chooses initially for CAD CAM.
i. Other (Please state)
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16.

17.

18.

19.

20.

21.

22.

Did you evaluate other CAD CAM software packages? YES NO
If yes, which packages?

Please indicate your level of satisfaction or dissatisfaction with the CAD system support received from the

vendor.
Very satisfied
Satisyed
Neither satisyed
Di ssatisyed
Very dicdsatisye

P20 oY

Do you have any additional comments about CAD CAM in prosthetic
use?

Are you considering purchasing a system in the future? YES /NO

If you are not considering the purchase of a prosthetic CAD system, please state reasons in order of
perceived priority.

Pl ease |list up to yve pieces of advice that
evaluating and implementing a CAD CAM system?

I'n your opinion, |list the yve main clinic

Please return in the stamped addressed envelope supplied
Thank you for completing this survey
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Appendix 2 Consent form

Consent Form

An Investigation into Prosthet€AD/CAM use in the UK

NAME?Eé.

To be completed by the Person filling out the questionnaire

. Have you read the Participant Information Sheet?
Yes No

. Have you had an opportunity to ask questions and discuss this study?
Yes No

. Have you received satisfactory answers to all your questions?
Yes No

. Have you received enough information about the study?
Yes No

Who have you spoken to?
Dr/Mr/Ms

Do you understand that you are free to withdraw from the $tady

at any time
without having to give a reason
Yes No

Do you agree to take part in thagudy?
Yes No

Signedé. ... .............¢ww.Datee.

Name in Block
Lettersé.

Code: XX0000
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Appendx 3 Amendments to pilot study

Q11 Did you allow all of the prosthetists to commence learning and using the
CAD/CAM system at the same time?

Changed to:

Q11 Were all of the prosthetists allowed to commence learning and using the
CAD/CAM system at th same time?

Q12 On average, usifgAD/CAM, how many diagnostic sockets does it take to get
an appropriately fitting socket?

Changed to:

Q12 On average, usifgAD/CAM, how many diagnostic sockets does it take to get

an appropriately fitting transtibial socket?

transfemoral socket?



Appendix 4 Participant information sheet

Researcher: Tony McGarry, Principle Investigator
Tel: 0141 548 3396
E mail: anthony.mcgarry@stratic.uk

Researclsupervisors Dr Brendan Mc Hugh
Dr Arjan Buis
Tel: 0141 548 3693

Department The National Centre for Prosthetics and Orthotics.
Title of Project An Investigation into Prostheti€AD/CAM use in
the UK.

This document will givesome background information on the project, what it aims to

achieve, who it will be engaging with and what involvement will mean. Please take
the time to read the following information carefully and discuss with others if you
wish. Please contact us if tieeis anything that is not clear or if you would like

further information.

The purpose of the survey is to evaluate the useA@/CAM systems in prosthetic

clinics in the UK. We hope to find out what systems are currently being used, how
many participats have access to this technology, and how many prosthetic sockets
have been manufactured using this technique. We also wish to identify areas in
which this technology has not proved successful to identify possible improvements

for the future.

You have ben chosen to take part in a research study that will examine the use of
CAD/CAM systems in Prosthetic Centres in the UK. We wish you to complete the
survey whether you use a prosthé&@isD/CAM system or not since we wish to build

an accurate representationCAD/CAM use on all patients in the UK. If you are
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using a CAD system please complete all survey questions. If you are not using a

CAD system, please fill out questions8Tand 1922 only.

The survey will be sent to a prosthetist in every limb cemtrthe UK. This will
allow statistical analysis on important aspects of CAD use in the UK. Subjects will
be asked to return the completed survey in a pre paid envelope within two weeks of

receipt.

You are not required to participate in this study. Thasitat to do so is yours. If
you decide to take part in the study and then change your mind, you are free to
withdraw from the study at any time, and without giving a ceadf you decide to
take part, fease return the completed questionnaire and thedigansent form in

the pre paid envelope.

Surveys will be coded to allow a reminder letter to be sent to those who have not
replied. Each code will refer to a prosthetic limb centre. The code will be cross
referenced to the prosthetic centre on a sepprate of paper which will be held in

a locked filing cabinet. Confidentiality, anonymity, and data protection will be
adhered tat all times.

The data that we receive will be analysed and published in a peer reviewed journal,
and will form part of a PhRhesis. When we have finished writing up the project
findings and any associated journal articles, all raw data will be destroyed.

This project has been reviewed and approved by the Departmental Ethics Committee
of The National Centre for Prosthetics aBdhotics, University of Strathclyde. If

you have any concerns about the study or how it is being conducted, please do not
hesitate to contact us.

Many thanks if you do decide to take part.

Tony McGarry Brendan McHugh Arjan Bus
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Appendix 5 Error bar pl ots
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Figure 0-1 AP diameter level H Accuracy and repeatability of systems (model 1)
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Figure 0-2 ML diameter level F. Accuracy and repeatability of systemgmodel 1)



Figure 0-3 ML diameter level G. Accuracy and repeatability of systems (model 1)

Figure 0-4 Volume between levels FG. Accuracy andrepeatability of systems (model 1)
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