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ABSTRACT KEYWORDS
Aiming at two main problems of designing prosthetic sockets- time Prosthetic socket;
consuming and high cost, a digital design method of prosthetic sockets Above-knee amputee;
in mass customization for above-knee amputees is presented. Firstly, the Digital design;
numerical data representing the stump were obtained by the coordinate Master model;
measuring machine (CMM). Then, feature points of the sockets were got Master structure.

by intersecting a set of rays with triangle patches to establish the master
models of key modules. With these master models, the primary structure
of above-knee prosthetic socket was made up. Finally, corresponding
modul es can be selected and configured to get anew individual prosthetic
socket for an above-knee amputee according to user’s specific body
parametersinformation to meet different amputees’ requirements. Via this
way, traditional individual design can be transfer to modul arization design
and design time and cost can be saved apparently.
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INTRODUCTION ' \—(
\ ; Above-knee

A prosthetic socket isacavity partsthat connects \ prosthetic socket
the stump with prosthetic, wrapsthe stump and con- |
tactswith it directly. Asabiological interface of me-
chanica anaysisand computer-ai ded design systems ———> Connecting pipe

between human and mechanica prosthetic, it connects
amputees’ body with prosthetics directly. The force
between thebody and prosthetic ssumpistransmitted
through the contact surface of the stump and the pros-
thetic socket. So the prosthetic socket is one of the Figurel: typical structureof the above-kneeprosthesis
most important and crucid partsof artificid limb™, and
typical above-kneeprosthesisisshowninFigurel.  every amputeearedifferent, so prosthetic socket are
The stump shape, strength and other conditionsof ~ nNon-standard generally, anditsstructure, shapeandsize

Artificial feet
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isvaryingwith amputees and their specific conditiong?.
Currently prosthetic socket isusudly fabricated com-
plicatedly by hand. Figure 2 showsthetraditiona fabri-

cation process®.
Measurement Shape
The negative The positive | modification | The positive
Stump P
mold mold Measurement mold
Filling the mold
with plaster Below standard Fabrication

A
Stump
socket

The definitive
socket

The positive
mold

Up to standard g

Figure2: traditional fabrication processof prosthetic socket

1 Measuringthefeature sizeof thestump and using
thebrushtotick thefeatureregion onthelimb stump;
2 Production of the negative plaster mold by wrap-
ping the stump with plaster, and then making the
positiveplaster mold;
3 Modifyingthe positive plaster mold according to
theskilled prosthesis;
4 Production of thetest socket;
5 Loca modifications of uncomfortable place after
patients’ try on until the user was satisfied;
6 Production of thedefinitive prosthetic socket.
TheMinistry of Civil Affairsand the Institute of
Hebel University developed CAD/CAM prototype
system of prosthetic sockets by combining theoretical
design, thestandard port-ringsand theactua measure-
ment. Theproprietary softwarewas devel oped and the
prosthetic-ai ded design platform was established to
redlizetheintegration of the design and manufacturing
technology of prosthetic sockets* ¥, ChinaRehabilita-
tion Research Centre and Beijing University of Aero-
nauticsand Astronauti cs studied akind of method about
prosthetic surface modeling and mold repairing®®, and
devel oped arapid prototyping prosthetic devicewhich
isbeing further researched and appliedinclinical® 19,
However, the prosthetic socket made by these systems
or devicesistill high degreeof customization. Thede-
greeof wearing comfort isrel ated with the manufactur-
ers’ experience, techniques, skill and so on. Tradition-
aly, inorder to meet amputees’ individual needs, every
prosthetic socket need to be redesigned and remade
for severa or even dozensof timesin the production
process, and it requires experienced prosthetist to mea:
sureand repair themold constantly. So, the prosthetic
socket’s fabrication is a time-consuming, high cost la-
bor-intensive complicated work, and unableto meet
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thepatients’ economical, rapid and individual require-
ments.

Masscustomization (M C) integratestwo completely
different modes of mass production and customized
production to provide customized productswith low
cost, high quality and short lead time of mass produc-
tion¥, Digita design supportsinnovation design, prod-
uct data management (PDM), devel opment process
control and optimization. Generally, product modding
isthebasis, optimal designisthesubject and PDM is
thecore?, Prosthetic socketsdesignisdeeply degree
of customization. How to utilizedesgn method for MC
and digital designtechniquesto get acompleteand de-
tailed description of prosthetic economically becomes
critical. Thispaper studiesthedigital design of pros-
thetic socket for an above-knee amputee in MC, pro-
posesdesign framework and somekey techniques. Via
making full useof existing resources, overdl optimiza
tion and dynamic configuration, handmade prosthetic
sockets defects can be avoided furthest.

DIGITAL DESIGN
SYSTEM OF PROSTHETIC SOCKETS

Prosthetic socket designfor MCisbased onthree
principles, i.e. thesamilarity, reuseand overal principle.
By discovering the structural smilarity of different am-
putees, the standardi zed, modul ari zation methodsand
configuration design techniquesare used to minimize
thecustom part, to smplify thedesign, and toimprove
thereusability of thedigitized model of sockets, which
not only meets the actual needs of patients, but also
achievesthegod of low cogt, high qudity, short deliv-
ery time of prosthetic socketsto avoid the waste of
human and financia resources caused by repetitive de-
son.
The prosthetic socket digital designfor MC canbe
divided into threemain design processes, i.e. thede-
velopment, desgningand gait andys's. Thesocket main
structurethroughout the entire designing processises-
tablished based on modul ar design approach and para-
metric modeling technology. A quick responsedesign
of aprosthetic socket that meet the patient’s need is
achieved by using configuration design, variant design
and other methodsto product master modd.

Thedigitd designtechnol ogy system of human pros-
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thetic sockets showsin Figure3. Itincludesthreelay-
ers, i.e. thetheoretical layer, the devel opment and de-
signlayer, theapplicationand tool layer.

‘ three-dimensional | coordinate measuring he application
" machine land tool layer
Rapid design
| variant design | ) | configuration design |
‘ ‘ The
Prosthetic sockets modeling || development
prosthetic socket ‘ ﬂ‘ prosthetic socket ‘ prosthetic socket | || and design
modular master model master structure layer
Feature extraction of above-knee scanning data
coordinate Above-knee data Feature points
agjusment ™| “Smpiification ™| eearchi ng
digital design prosthetics and prosthetic || mass customization | [The theoretical
theory socket theory theory layer

Figure3: digital design system of prosthetic sockets

Thetheoretical layer involvesthetheory of digital
design, prostheticsand prosthetic sockets, MC and so
on. Itisthetheoretica basisto model prosthetic socket
and implement socketsdesignfor MC.

Thedevelopment and design layer isthekey and
coretechnology to achieve rapid design of prosthetic
sockets. It can be divided into three parts: thefeature
extraction of above-kneecanned data, prosthetic sock-
etsmodeling and rapid design, involving themodul ar
modeling, configuration design, variant design and other
key technol ogiesof thedigital design model of pros-
thetic sockets. Themain task of thisphaseisto build
prosthetic socket master model and themaster struc-
ture. Thequick design of customized prosthetic sock-
etsfor MC can berealized through configuration de-
sgnand variant design based on themain structureand
main model according to the patient’s specific condi-
tionsand needs.

Theapplication andtool layer istouse3D CAD
design softwareto redizerapid design of acustomized
socket’s based on the main structure and master mod-
elsby analyzing and processing the point cloud data of
an amputee’s stump obtained by CMM. Modeling fea-
ture points can be acquired after the processing of a
seriesof human above-knee point cloud data. Thenthe
master modelsof key modul esare created through the
designtableand 3D CAD system. New variant sock-
ets can be generated quickly by modifying thedatain
thetable.
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KEY TECHNOLOGIESOF
SOCKETSDESIGN

Featureextraction of above-knee scanning data

The human above-knee datacan berepresented in
theformof triangular facets. Thedatastoredinthetri-
angular mesh surface modd just showsthe coordinate
pointsof themodd and thetriangular mesh. Thesedata
haveno semanticinformation related tothemode itself
so that the specificlocation of acoordinate pointinthe
above-kneemodd can’t be known exactly. In this pa-
per, asampling a gorithmisproposed to obtain the con-
tour line of the above-knee modedl.

Pr etr eatment of above-knee mode

Firstly, themodel needsto be pre-treatment which
cong stsof two steps, coordinate adjustment and modd
simplification of theabove-kneemodel beforefeature
searchinginorder to easy post-processing and improve
search speed. Then these feature data can belocated
and cal culated quickly from the 3D model data. The
ca culation processshowsin Figure4.

r) Above-knee
data
simplification

| Coordinate

dimensional data adjustment

l Above-knee three-

Feature pomnts

1

Above-knee :
feature points <:_:—_"I

1

searching
— e

Figure4: Above-kneefeaturepointsextracting process

Coordinate adjustment: since 3D scanned datais
generaly expressed inthe Cartesian coordinate system
scanning equipment requires. These dataneed to be
convert into anew coordinate system by using PCA
(Principa Component Andysis)*3. Inthenew coordi-
nate system, the geometric center of origina scan data
wasdefined asthe origin point, and the maximum span
of theoriginal scan dataisdefined asY-axisdirection,
and minimum span of that isdefined asZ-axisdirec-
tion. Definethenew coordinatesystem X, Y, Z axisas
thewidth, height and thickness direction of theabove-
kneemodd.

Simplification of above-kneemodd: untrested scan
datausudly contains|ots of redundant verticesand tri-
angles. Meanwhile, lotsof operationsto strike section
of themode firstly are necessary during the search pro-
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cessing for feature points because excessivetriangles
would consume time and reduce the sampling rate.
Therefore, it isnecessary to simply model beforethe
search to reduce resources consumption.

Extraction of contour lineand featurepoints

Asthe shape of above-kneeissmple, equidistant
segmentation method is utilized to get the sampling
modd during extracting the above-knee’s contour lines
referring to traditional measuring method. A kind of a-
gorithmsshowsin theliterature™ wasadopted, which
defined thepoint O (X, Y, z) asthe center and generated
aray every 36° in the sampling plane. A series of point
information were obtai ned dueto theintersection of
those rays with the outer surface of the above-knee
mode whichisdesired sampling points.

Because the source data of above-kneemodel is
triangular mesh data, it needsto consider how to get
intersection pointswhen raysintersect with triangular
meshes. Intersection coordinateswere obtained by the
method inliterature?®. Thisagorithmisasfollows: a
point, U (k, t) on atriangleisdescribed by
UK, )=(1-K-) T KT HT, )
Where (k, t) isthetrianglerdative coordinates, which
must meetk €’ 0,te” 0,k +td” 1. The ray vector R
(v) of whichtheoriginisO and thedirection vector is
unit vector L isdefined as:

RV)=O+L @)

Cdculatingray R (v) thetriangular U (k, t) isequiva:
lent totheintersection R (v) = U (k, t), thenthefollow-
ing equation produced:

O+VL =(1-k-t) T +KT #HT, 3)
Rearrangingthetermsgives:

\'
[-LT,-T,T,-T,] |t< =0-T, @

Asseen above, thetrianglesrel ative coordinates
(k, t) and thedistance vthat radiation fromthe starting
point to theintersection can be obtained by solving the
linear equationsand get dl theintersection coordinate.

Modularization modeling of prosthetic sockets

Thebas cideaof modularizationisdevelopingsome
moduleswithindependent functions based on compre-
hensiveanaysisand research on the customer needs.
These modul es make up acomplete product family.

BioTechnology

Modularizationisthebasisto reuse product designre-
sourcesand thekey toredize configuration design and
variant design*- 19, Themiddlepart of prosthetic socket
can be divided into several moduleslogically. Each
moduleismutual reference either bottom-up or top-
down. Thismiddlepart cons sted of the shared module
whichisfunctiona independence can beconstructed a
variable prosthetic socket main structure. Themorea
modulecongtituted aproduct family isshared, thegreater
reduction of the cost of customized productd*”, and
themoreamputees’ customization needs are met.

A prosthetic socket model isintegration of al the
technical and dataand it managesavariety of informa-
tionanditsdynamiclinkageseffectively duringitsprod-
uct lifecycle®. Prosthetic socket modeling includes
thecresation of master modd and mainstructureof pros-
thetic sockets.

Prosthetic sockets master model

Themain model of partsiscomposed of its geo-
metrical model and the corresponding TLAC (tabular
layoutsof articlecharacteristics). INTLAC, aticlechar-
acteristicsand conduct characteristicsare used to de-
scribethelink between shape and size. When entering
aset of datain TLAC. A variant instancewill be de-
rived automeatical lyi*Y,

Asthe shape of the mouth-ring of the prosthetic
socket remainsthesame, just thecdiber varieswiththe
circumference of theischiatuberoseswhilethe change
of themiddlepart isregular. Different socketsof pros-
thetic amputeesjust change on appearanceand thege-
ometry size on the whole. Therefore, the prosthetic
socket islogically divided into three parts: the upper
section (mouth-ring), themiddle section (intermediate
regular change area) and thelower section, asshownin
Figure5. The prosthetist measured the above-kneecir-
cumference every 30/50mm on thetraditiona method
which lead to measurement error and require constant
resizing™. Inorder to overcometheselimitations, the
middlepartisdivided every 10mmduring designingthe
prosthetic socket here. The middle section can be seen
asthevirtud “component” composed by a number of
modulesfrom the design point of view. The upper, the
lower sectionsand every moduledivided fromthemiddle
canbeseen as*““part” The module 1 and its design table
formsthemiddle module master model, change of the
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The upper
section
(hatch section)

il

The middle section
(intermediate reqular
change area) )

The lower section
(terminal)

Figure5: Segment Description of prosthetic socketsin the
height

designdata inthetablecanderiveavariant of the
other modules.

With above approach, the associated component
moduleor part modulewill changesaccordingly when

aparticular instance of master model changes.
Prosthetic socket main structure

Intheory, the main products structure describesthe
composition of amodular product that is order inde-
pendent, configurable andincludesal basic modules
and expansion modul es. Customized products struc-
tureisderived from the main structure according to
customers’ needs. Expansion modules typically include
mandatory modules and optional modules. The con-
straint and choicesamong various modulescan bede-
scribed by the configuration rules 8, Themain struc-
ture of aprosthetic socket can be seenin Figure6.

Above-knee
prosthetic socket

The upper section
(mouth-ring)

________________

The middle section
(intermediate
regular change areq)

The lower section
(terminal)

Module n

Figure6: Above-kneeprosthetic socket master structure

InFgure6, the solid-box meansamandatory mod-
uleand the dashed-box representsan optional module.
Moreover, thelinesamong themaster model sdescribe
their relationsat all levelsasthemain structure. The
upper segments, the lower segments, the middle of
modules 1 and n belong to mandatory modules, and

themodules2 to n-1 are optiona modules. The upper
segments’ size corresponds to the module 1. Similarly,
thelower section correspondsto the size of themodule
n. Themiddle segment of asatisfied prosthetic socket
iscomposed of optional modules by spliced to each
other based onthelength of patient’s residual limb am-
putation, namely usingthedesigntableof 3D CAD sys-
tem, configuration design and variant design are con-
ducted to produce a satisfied middleinstanceand to
configurethe corresponding upper and lower sections.
Thusrapid design of the prosthesissocket isachieved.

Variant design of prosthetic sockets

Onthebasisof the product devel opment process,
and combinationwith variant designtechnology for MC,
thetarget that reduces componentsvariety andimproves
using frequency of componentsfrom the methodol ogi-
cal level can be achieved. With the design table of
SolidWorks?, variant structure segment would begen-
erated, and thenthey are configured to beaprosthetic
socket that meetsthe amputees.

INSTANCEANALYSIS

Theabove-kneedataof a28-year-old, 178cm and
74kg maleamputeesis selected astheinstance. The
length of itsstumpis 270mm, theupper (mouth-ring) is
50mm and the lower segment (terminal) is50mm, so
themiddle (intermediate rule changearea) is170mm.
Different modul einstances are generated by changing
thesizein design tableof SolidWorksto realize con-
figuration designand variant design andto achieverapid
design of aabove-knee prosthetic socket.

Firstly, thenumber of optiona modulescan bede-
termined throughthemiddlelength, andtenfeaturepoints
coordinate datadeterminethelayersgirth (some pa-
rametersshownin TABLE 1), thusthe prosthetic socket
can be determined roughly with the use of these pa-
rameters. During actud variant design process, assign-
ing specific datato these parametersasseenin Figure
7, and combining the corresponding datain each row
inthetablewith themaster modd of each segment pros-
thetic, acustomized prosthetic socket for an amputee
can be designed quickly. The configuration processes
of the upper and middle and customized prosthetic
socket model areshowninFigure8.
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TABLE 1: Design tableof themiddlesection

Name D1 X10 Y10 X11 Y11 X12 Y12 X13 Y13 X14 Y14
Modulel 10 7143 41.24 65.38 37.75 33.39 57.83 47.70 82.62 27.15 47.03
Module2 10 6311 36.44 65.07 37.57 32.84 56.88 47.57 82.40 25.22 43.69
Module3 10 67.67 59.48 64.41 37.19 32.36 56.05 47.05 81.50 24.21 41.93
Module4 10 6436 57.48 63.64 36.74 31.98 55.39 46.28 80.16 24.17 41.86
Module5 10 6231 59.02 62.58 36.23 31.67 54.86 45.37 78.57 2464 4237

Enpeaidl e FETe
i AR LA®E, LatE. LaVE, LafR. LAFE. LaTE. LR, LmfR. LoVEL oS el
H < - .. = » = - - -

Figure7: Themiddlesection moduleinstanceof aprosthetic
socket

Figure8: Configuration processof themiddlesection and a
pr osthetic socket model

Duplication design apparently can bereducesvia
thismethod by transforming whol e prosthetic socket’s
designinto configuration and variant design of 3 struc-
ture segments. Compared with thetraditional methods,
it reducesdesigntime greatly, speedsup theddivery
and reduces production costssignificantly.

SUMMARY

To support digital design of the prosthetic socket
for MC, two conditions need to be met. Firstly, ac-
cording to themodular idea, master mode of the parts
supporting variant design need to bedevel oped to build
aproduct main structure. Secondly, 3D CAD systems
areneeded to support configuration design and variant
design of thedigital model of prosthetic sockets. Com-
pared with thetraditiona fabrication methods, thedigi-

tal design of prosthetic socketsfor M C overcomesthe
shortcomings of asingle customized way, reusesthe
existing designresourceseffectively, and shortensprod-
uct ddiverytimesgnificantly.
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