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ABSTRACT

Various mobile devices can be used for amputees who lose a limb due to
congenital defects or bone deformities. Prosthetics is the rapidly changing
field involving orthopedic supportsand artificial limbs. The prosthetic limb
resembles ahuman leg in function and appearance. In recent years comput-
ers have been used to help fit amputees with prosthetic limbs. Prosthetic
facilities use Computer Aided Design of modeling the patient’sarm or leg.
For the design to be optimal, it should have lessweight at optimal strength.
Hence the materials with high strength that can be used for manufacture of
various parts of aprosthetic limb arealso studied in this paper. Various parts
of the prosthetic limb are designed and assembl ed. The design and devel op-
ment of a side clamp has been studied and its deflections when forces
applied are considered. Materials for different parts of the prosthetic limb
are studied. The analysis of a side clamp used in the design of a prosthetic
limb is undertaken and an optimal design for the side clamp is proposed.
Aluminum alloy and magnesium alloy and composite materials like glass
epoxy and boron epoxy are considered for analysis. The design and analy-
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sisis done using CATIA.

INTRODUCTION

Prostheticsand orthoticsaretherapidly changing
fieldsinvolving orthopedic supportsand artificia limbs.
Orthoticsisthedes gning, fitting and manufacturing of
orthopedic supportsfor individua swith disabling con-
ditionsof the spineand extremities. Prostheticsisthe
designing, fittingand manufacturing of artificia limbsfor
peoplewith limb loss. When someonelosesanarm or
aleg, or part of an arm or leg, the lost part can be
replaced with an artificial limb called prosthesis. Pros-
thesismakesit possible for the person to returnto a
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near normal lifestyle, doingjust about anything anor-
mal person can.

In prosthetic design following functionsaremain
components

o Evauate, design, fabricate, fit and dign prostheses
e Sdect materid sand components
e Makecads, measurements, modd modificationsand
layouts
o Paformfittings, dignmentsand adjustments
In recent years computers have been used to help
fit amputeeswith prosthetic limbs. Eighty-five percent
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of prostheticfacilitiesuse CAD/CAM todesignamodd
of theaffected limbto prepareamold for thenew limb.

Need for designingartificial limbs

Indevel oping countrieslikeIndia, road accidents
inflict grievousinjurieson people. Lossof alimb by
amputation can bevery traumatic. Other factorssuch
ascongenita defects, bonedeformitiesand congtricted
bonegrowth a so add to the number of physicaly chal-
lenged people.

InIndia, commonly used artificial legsare of ex-
oskeleton type made of high density polyethylene.
Though theimported endoskel eton types of limbsare
avalableinIndia, they arevery expensive. Asphysica
deformities aggravatethe economicwoesof victimsin
our country, it callsfor anindigenous development to
restorethefunctiona normalcy of physically chalenged
peopleat an affordable price.

Moder n methodsof designing artificial limbs

Modernindustria fabrication, particularly within-
jection molded plastics, can createlightwei ght, low cost
componentswith sufficient function. Designs can be
made moistureresistant aso. Thelower manufacturing
costsof such devices permit their usein developing
€CoNOMIES,

In recent yearsresearchers have devel oped avari-
ety of thicker gel materidsthat add ameasureof cush-
ioning and pressuredissi pation whileretaining theben-
efitsof theorigina liners(Figure1). Thesamege cush-
ioning technol ogy has a so been adapted to bicycle seat
coveringsand similar non-prosthetic applications.

Characteristicsof artificial limbs

e Asss asmoothand comfortablewalking for auni-
lateral amputee.

e Chemically powered, like natural muscle, and ex-

ceed theforce generation, contraction and speed of

their natural counterpart.

Help theamputeewak with normal gait

Give comfort to theamputee

Lightweight

Good cosmetic gppearance

Ease of operation

Raw materialsused for prostheticlimbs
Themateridsusedinatificid limbsincludewillow
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Figurel

wood, laminated fibersand plastics, variousmetalic
aloys, and carbon-fiber composites. Onemode of ar-
tificia legismadeof layersof stockinette cloth coated
with pladtic; it hasdurduminjointsat thekneeand ankle,
rubber soles onthefeet, and aleather cuff cushioning
thestump. Thecuff fitsaround thethigh likeacorset,
holdingtheartificial legfirmlyinplace, and connectsto
aleather belt around thewai st. Often, springjointsare
employed onfoot piecesto givenatural-looking move-
ments. Microprocessors and an array of sensorsare
used to operate the mechanica and hydraulic system of
someartificid legs, providing morenatura locomotion.
Artificia legsmay al so be secured by suction between
socket and stump.

A typical prosthetic device consistsof acustomfit-
ted socket, aninterna structure (also called apylon),
knee cuffs and belts that attach it to the body, pros-
thetic cushion at theareaof contact, andin somecases,
redlistic-looking skin.

A prostheticdeviceshould most of dl belightweight;
hence, much of it ismadefrom plastic. Thesocketis
usually madefrom polypropylene. Lightweight metals
such astitanium and a uminum have replaced much of
thested inthepylon. Alloysof thesematerialsaremost
frequently used. Thenewest development in prosthesis
manufacture has been theuse of carbon fibertoforma
lightweight pylon.

Certain partsof thelimb (for example, thefeet) have
traditionaly been made of wood (such asmaple, hickory
basswood, willow, poplar, and linden) and rubber. Even
today the feet are made from urethane foam with a
wooden inner keel construction. Other materialscom-
monly used are plastics such as pol yethylene, polypro-
pylene, acrylics, and polyurethane. Prosthetic socksare
made from anumber of soft yet strong fabrics. Earlier
sockswere made of wool, asare some modern ones,
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which can a so bemade of cotton or various synthetic
materias.

Physical appearance of the prosthetic limbisim-
portant to the amputee. The mgority of endoskel etal
prostheses (pylons) are covered with asoft polyure-
thanefoam cover that has been designed to match the
shape of the patient’s sound limb. Thisfoam cover is
then covered withasock or artificia skinthat ispainted
to match the patient’sskin color. Artificial arms, not
having to support theweight of the body, may bemade
of lighter metalsand plastics. They areusually strapped
and controlled by aharness. Prototypebionicarmshave
been devel oped that permit aperson to usethought to
control thelimited movementsof themotorized pros-
thesis. The commandsare transmitted through chest
musclethat has been surgically connected to there-
mai ning nervesassociated with thelost limb; el ectrodes
linked totheartificia arm convert the sensed electrical
sggnalsof themuscleinto arm movement.

L ower limb orthotics(Calipers)

Lower limb Orthoticsor Anklefoot orthoticsare
of threetypes:
1. Anklefoot orthosiswithlimited motion of Orthosis
(Figure2)
2. KneeAnkleFoot Orthosis(Figure3)
3. HipKneeAnkleFoot Orthosis(Figure4)
Design and assembly of prostheticlimb

Figure2

Figure3 Figure4

Componentsof prostheticlimb

Shoe, Bottom Foot Clamp, Top Foot Clamp, Foot
Clamp Plate, Plastic Clamp, Side Clamp, Upper
Clamp, Fasteners.
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Analysis

Figure 6 showsthepostion of thelegswhen aper-
soniswalking.The position of leg abovethered part
indicateswherethemaximumweight of thepersonfdls
onthelegi.e. thered colored portionindicatesthat a
personisabout to place hisleg on thefloor (first and
last positions) or the person stands on oneleg (second
position) and rai sesthe other in an attempt to step fur-
ther. In both these cases, maximum weight of the per-
sonfallsononeleg. Other positions (positions of leg
abovethegreen portion) indicatethat theweight of the
personisdistributed between thetwolegs. Theseposi-
tionsindicatethat thepersonisraisng hisleg.

Inthis paper, anays sisdonetaking the maximum
walking positionsof apersoni.e. positionswherethe
maximum weight of the person actson oneleg (posi-
tionsfirst, second and last in thefigure 6). The side
clamp of the prostheticlimbistaken for analysisasit
supportsthe prosthetic limb. Theentireweight of the
person fallson the two side clamps present on either
sideof theprostheticlimb. Thetota weight of the per-
sonisdistributed equally on thetwo side clampswhen
the personisin standing position. Thisweight of the
person is taken as the force acting on the two side
clamps. For example, if the weight of the personis
100kg, thetotal forceacting onthetwo sideclampsis
100* 10 (acceleration dueto gravity in m/s?). There-

Figure5
fore, thetotal force acting on thetwo side clampsis
1000N.Thisforceof 1000N isdistributed equally be-
tweenthetwo sdeclampswhen apersonisin standgtill
position. But when the person iswalking, the distribu-
tion of forcebetweenthetwo sideclampsvariesfroma
maximum of 1000N (whentheentireforceactsonone
clamp) toaminimum of ON (whennoforceactsonthe
clamp). Sincetherearetwo side clampspresent onthe

Design 1

Design 2 (1-section)
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Figure6: Walking position for onestep

either side of the prosthetic limb, half of theforceacts
on each Sdeclamp a themaximum condition. Assum-
ing the maximum wei ght of the person to be 100kg and
maximum force acting on both the side clampsto be
1000N,forceacting on each side clampisobtained as
1000/2i.e. 500N. So, aforce of 500N is applied on
thesideclamp, by applying constraintsat therequired
position (positionswherethe boltsarefixed).

Inorder to cd culaethe stressesacting on theclamp,
adigtributiveforceisapplied ontheclampintheverti-
cal directiontothebolt. So, vertical forceactsonthe
two bolts. While applying the force of 500N on the
sdeclamp, tota of S00N isapplied onthetwo boltsat
atime and acombination of forces, which amountsto
500N, isapplied at both boltsseparately. For example,
if aforceof 100N isapplied to the upper bolt, aforce
of 400N isapplied to thelower bolt thus making the
sum to be 500N.In thisway; adistribution of forceis
caused at both the bolts. By applying thisdistributive
force, we can know thevariationinthe maximum and
minimum stressesthat are generated in the clamp. But
inboththe casesi.e. in casewheretota forceisapplied
at both boltscombinely and in case where part of the
load isapplied to the upper bolt and theremaining part
isapplied tothelower bolt, the same val ues of maxi-
mum stressis generated. Changeisseen only in the
minimum valueof sressgenerated.

Sincethematerid of theexistingsideclampissted,
anaysisisdonefirst onthismetal and thepermissible
stresslimitsare obtained. These stresslimitsgivethe
maximum and minimumvauesof stressesthat aregen-
erated on the side clamp when aparticular forceisap-
plied onit. The maximum val ue of the Stressgenerated
isthen compared with the ultimate tensile strength of
steel. For asafedesign, thevalue of stressgenerated
during theanaysisshould belesser thantheactua ten-
slestrength of stedl.

Variousother metalsand compositeswhich have

weightin kgs

metal

Comparision of weight for theexisting design of sideclamp

lesser weight than sted aretakeninto account for andyss
sincethemagor aimisto reduce theweight of theside
clamp.

The above graph showsthe comparative weights
of different metal sapplied to the existing design of the
sideclamp. Fromthegraph, it can beobserved that the
weight of aluminum and magnesumismuch lesser than
steel and evenlesser than many other metalsthat are
taken into account. So, among the metal sthe prefer-
ablemateridstha aretakenintoandysisarealuminum
andmagnesum.

Boththemetdsduminumand magnesumareana
lyzed in the same way asthat of steel. The values of
maximum sressesthat aregenerated inboth thesemetd's
iscompared with that of sted .It isfound that the maxi-
mum stressgenerated ismorein steel when compared
withauminumand magnesium.
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MAGNESUM

Force 500N

Max Stress; 1.278e+008N/m?
Min Sress; 239543N/m?
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GLASSEPOXY
M ax Stress: 1.31e+008N/m?
Min Stress; 7207.67N/m?
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stress in N/inm"2
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Maximum stressin theexisting design sideclamp

Congdering theadvantagesof compostematerids
over puremetds, two materia snamely glassepoxy and
boron epoxy istaken for anadysis. Thevauesof stresses
that are generated in the analysis are compared with
thetenslestrength of the respective composite materi-
as.

Maximum stresses gener ated in the side clamp

Theabovevauesof stressesthat aregeneratedin
thesideclamp arelesser thanthat of thetensilestrength
of therespective materias. Hence, theabove materids
are safe materialsand can be chosen asmateria sfor
thesideclamp.

Analysisfor theproposed design (I-section)

Andlternativedesignfor thesideclampisthel-
sectionwherentherectangular section of thesdeclamp
isreplaced by thel-section of thesideclamp. Themo-
ment of inertiaand the bending moment of therectan-
gular section and thel-section areca culated. Itisfound
that the moment of inertiaobtained for thel-sectionis
lesser than that of the rectangular section. In case of
bending moment the load to be applied (w=1000N)
takenfor calculation. Thevalues obtained for both the
designsare samesincethelength of spanissamefor
both rectangular and | —section and the same force
1000N isapplied to both the sections.

Thereforethe I-section is considered as a better
cross section for the side clamp when compared with
therectangular sactionsinceitsmoment of inertiaismuch
lesser than the rectangular section.

Intheanalysisof I-section also different materials
aregppliedtothesideclamp and thematerid swithless
weight aretakenfor anaysis. Graph showsthat for du-
minum and magnes um lower valuesof weightsareob-
tained when compared with other metals.

gassepoy bamneoy
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Comparision of weightsfor theproposed design (I-section)
Calculation of moment of inertiafor therectangu-
lar and | -section
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Moment of inertiaof therectangular section:

_bd® _ (4.9)(48)°
==
Moment of inertiafor thel-section:

| = 45158.4mm* (1)

|_BD®_bd®

T 12 12

_(109(20°  (5.1)(12)°

T2 12 &)

= 6666.67 — 734.4=5932.27nm"*

Calculation of bendingmoment for rectangular and
[ -section

Thevaueof bending momentsfor therectangular
and |-sectionisgiven by theformulamaximum bending
moment, M =wil
Where,

w =load applied (1,000 N)

| =length of span (82.26mm)

Hence, themaxi mum bending moment,

M = 1,000 x 82.26 = 82,260 Nmm ©)

The above stressesthat are generated inthe side
clamp when that particular material isapplied tothe
side clamp arelesser than thetensile strength of the
respectivematerias. Hencethedesignfor I-sectionisa
safedesignfor al thesematerids.

Analysisfor design-1

For the Design-1 of the side clamp, the thickness
of therectangular sectionisdecreased. Analysisisdone
by decreasing the cross section of therectangular sec-
tion. But the deflectionsthat are obtained in thiscase

e, P pterioly Science
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MAGNESIUM
Max Sress: 1.161e+008N/m?
Min Stress: 382.54N/m?

GLASSEPOXY
Max Sress: 1.2304e+008N/m?
Mini Sress: 5580438 N/m?
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Deflectionsin theside clamp,
Material: steel, Maximum
gtress:6.63e+008N/m?, Mini-
mum stress; 21310.3N/m?

Design 1 of thesideclamp

(for stedl) exceeded thetensile strength of steel. This
showed that decreasing the thickness should not bethe
only criteriafor abetter design. Strength factor should
a so betakeninto consideration for getting abetter de-
son.

The aboveva uesof maximum stressthat isgener-
ated in the proposed Design -1 of the side clamp ex-
ceeded that of theultimatetensilestrengthvaueof sed,
which should be at the maximum of 5.5e+008N/m?.
Hence, by decreasing the thickness of therectangular
section, thereisachancethat that the side clamps may

Woterioly Stience  mm——"

1.55E+08

150E+08

1.45E+408

«~ L40E+08

1.36E+08

stressin N/m”»

1.30E+08

125E+408

1.20E+08

1156408

steel aluminum magnesium

nmeteid

Maximum stressin the proposed design (I-section)

dassepocy boron epoxy

TABLE 1: Showingthecomparison of weightswhen a par-
ticular metal isapplied tosideclamp

Metal Existing design(Kg) Proposed design(Kg)
Steel 0.612 0.495
Aluminum 0.211 0.171
Magnesium 0.14 0.113
Brass 0.64 0.518
Bronze 0.69 0.558
Chroma 0.56 0.453
Copper 0.693 0.561
Lead 0.883 0.715
Nickel 0.691 0.560
Silver 0.817 0.661
Titanium 0.347 0.281
Tungsten 1.313 1.063
Uranium 1.485 1.202
Y ellow Brass 0.659 0.534

TABLE 2: Propertiesapplied materials

STEEL Al Mg Glass epoxy Boron epoxy
Y oung’s Modulus 2e+011  7e+010 4.481e+010 3.86e+010 2.06e+011
Poisson ratio 0.266 0.346 0.35 0.26 0.23
Density - kg/m3 7860 2710 1798 1810 2000
Thermal expansion 0.0000117 0.0000236 0.0000288  0.00007 0.00006

Yield strength N/m2  2.5e+008 9.5e+007 2.75e+008 3.40e+008  15.2e+008

break when aman of 100kg isfitted with the prosthetic

limb having thisside clamp. Hence, thisdesignisnot

considered asasafedesign.
Percentagereductioninweight of theexistingside

clampwhen different materid sareapplied.

e Aluminum: 65.52%

e Magnesum: 77.12%

Au Tudian Yourual
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e Glassepoxy: 76.9%
e Boronepoxy: 74.5%

Percentageweight reduction that isobtainedinthe
side clamp (I-section) with respect to the existing de-
sign (ded sideclamp) isasfollows.

Aluminum: 72.05%
Magnesium: 81.53%
Boron epoxy: 79.41%
Glassepoxy: 81.37%

CONCLUSIONS

Theprostheticlimbdesignedin CATIA isalight-
weight model. Percentage reductioninweightisdueto
themodified design of theside clamp. Thel-sectionfor
the side clamp proved to be a better design than the
rectangular sectionintermsof itsweight and strength.
Metdslikeauminum and magnesum arethe dternate
materid sfor thesde damp wherecompositematerias
like glass epoxy and boron epoxy may al so be utilized.
For a0.612kg weight of actual sdeclamp, reductionin
weight of each side clamp dueto I-section achievedis
0.117kgresulting intotal reductioninweight for the
two side clamps of 0.234kg ie., percentage reduction
inweight of the sideclamp dueto I-sectionis19.11%.

It isdeducted from the experimental resultsthat
Magnesium asthemateria provideshighest percent-
age of saving in the weight compared to other three
materialsviz., Aluminum, Glass epoxy and Boron ep-
oxy. Among themetalsaluminum and magnesium, alu-
minum is soft when taken in pureform. Hence small
aloying dementscan beadded to makeit harder. Hence
both these metal s can be used as alternate metal sfor
theprostheticlimb.

Epoxy material scoresover other materialswhen
mass produced for thereliable performance. Among
the compositematerids, boron epoxy hashigh strength
when compared with glass epoxy. Boron epoxy and
glassepoxy, which aretaken for analysis, can be used
asdternate materia sfor theside clamp.

All thefour materid sthat aretakenfor anaysisgen-
erated the stressval ues, which arelesser than the ac-
tual tensle strength of therespectivematerials.
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