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Abstract. This paper consists in analyzing, through the teiritlement Method, the behavior of the Ti-35Nb-FZa
alloy when employed in a sprint prosthetic leg gesind comparing it with other one made in carbitverf It The
results were analyzed in a static stress analysisyo cases: in the first one the behavior was eibth materials
when applied a force relative to a person with asmaf approximately 100 kg. In the second casea# applied a
force until the design reaches its yield strengthfind the maximum mass that the prosthesis stppadthout strain.
It was also made the dynamic analysis, where thestpesis was induced to resonate and it was stuifiéd
compromises the design. Finally, it was made @tegtianalysis over the Ti-35Nb-7Zr-5Ta alloy, unther high cycle
fatigue analysis. It was concluded that the prostheleveloped in this paper when employing theSNE37Zr-5Ta
alloy is feasible.
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1. INTRODUCTION

Nowadays, it is very discussed about the questfathes accessibility of disabled people. In spoittss held the
Paralympics Games each four years, immediately #ftsir Olympics Games. Among their modalities,réhes the
sprint race.

For disabled people to run in this modality, iniscessary a specific prosthesis, developed to suppefforts.
These legs are produced currently on carbon fibéraae considered very efficient.

Carbon fibers are referred normally as graphiterfib however just the carbon fibers of
elevated elasticity modulus with tridimensional gjvéie structure can be denominated
properly graphite fiber. By virtue of the carbomefi have elevated values for ultimate
tensile strength, elasticity modulus extremely hégitd low specific mass, comparing with
other materials of the engineering, they are usedigminantly on critical applications
involving mass reduction. The carbon fibers comiadlsc available can duplicate their
elasticity modulus values in relation to other feinement fibers, as aramid and glass S,
and exceed the ultimate tensile strength in me¥ken using composite materials of
carbon fibers, their strength and elasticity modutan be oriented optimally to minimize
the final mass. Beyond the strength and stiffnéss,carbon fibers have excellent fatigue
strength, vibration damping characteristics, thérmaistance and dimensional stability.
The carbon fibers also have good electrical resigtand they are chemically inert, except
for the oxidation. (LebraapudCallister, 1997, p. 19).

One of the ways to develop prosthesis is usingraplier-Aided Design (CAD) software which allows tireation
of a virtual model, so that after this it can balsmed over a Computer-Aided Engineering (CAE)wafe. One of the
mathematical methods to simulate and obtain apprated values of real static and dynamic paramédettse Finite
Element Method.

In line with the carbon fiber, the Titanium allofigve been gaining highlight on the prosthesis caitipa, but
these more specifically in implants, due to manwysital and chemical properties, specially becauseheir
biocompatibility.

Titanium and its alloys are materials widely usedematerials and applied in biomedical
devices, due to their superior properties, as gtateompatibility, lower toxicity, grater
corrosion resistance and low elasticity modulus ganmg to other metals used in implants
as cobalt-chromium and stainless steels. The dorrassistance, one of the properties that
determine the success of a material as biomatesiatonferred by the formation of a
passive film and adhering to the surface, whichsigis mainly of amorphous Titanium
dioxide (TiO,), also responsible to the biocompatibility of thaterial. (Manhaboscet al,
2009, p. 1).
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The Titanium alloys that seem more advantageottseige types of characteristics are the ones ifi greup.

The beta titanium alloys is one of the most prongisgroups of the titanium alloys. This
fact is due to the good formability, mechanical gadies and potential applications;
moreover, these alloys present the highest levemethanical, fatigue and corrosion
resistance. (Taddei, 2004a, p. 683).

Among thep group alloy, the Ti-35Nb-7Zr-5Ta alloy is highligid, because it presents a lower Young modulus,
close to the human bone tissue.

Ti-35Nb-7Zr-5Ta (TNZT) presents the lowest elasfianodulus among the metal alloys
ever developed and it is composed just by elememtsidered biocompatible. This alloy
presents specific mass of 5,72 glaand it is classified as metastalflekts microstructure
after the solubilization consists of grains of yetallizedp. The mechanical properties of
this alloy can be improved by changing the contd#ninterstitial elements (O, C, N, H).
Increasing the oxygen content in the alloy TNZTulssin increased mechanical strength
and fatigue limit, with a small increase in esleistimodulus. (Taddest al, 2004b, p. 69).

Ti—35Nb—-7Zr-5Ta has lower modulus of elasticity (68a) than other typically used metal
alloys, and its modulus is close to that of bofi@d(eiet al, 2004a, p. 684).

This paper proposes the development of a desigedb@s models already on the market and its analgsiploying
as material the Ti-35Nb-7Zr-5Ta alloy. The maingmsal is the study of the behavior of this alloyewlapplied in the
developed design. As secondary proposal, it is raaciemparison between the prosthesis using asitieidm alloy as
the carbon fiber.

In this work, the statics, dynamics and fatiguelysia responses are analyzed.

2. OBJECTIVES

Analyzing the behavior of Ti-35Nb-7Zr-5Ta alloy whepplied to a prosthesis model for sprint devedopad
compare its performance in a model composed ofbcefiber.

3. METHODOLOGICAL PROCEDURES
3.1 DESIGN
The design presented in this paper is based diestover existing designs in the market. The mdualfits to the

proposal and that is the basis of the studieshiercteation of design is the Flex-Run®©, of the gartee Ossur, which
can be seen in Fig. 1.

(b)

Build Height

Adult:
276mm (10 7/8")

Junior:
zogmm (8 1/4")

Figure 1. Flex-Run®, by Ossur. At (a), a photohef prosthesis. At (b), the design with the heigiotveed as in
millimeters as inches.
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The finished design is showed in Fig. 2. Some nicatibns around the model showed in Fig. 1 were arend
researches around the design are being made,heitbbjective of improvement of it.

(@) (b)

260.7:

Figure 2. Prosthesis design developed. At (a)ptbsthesis model and at (b), the design with itghteshowed in
millimeters

3.2 SIMULATION PROPERTIES

For the simulation, it was made the meshes for patkthesis and its properties and other, candriseTab. 1.
Figure 3 shows the meshed prosthesis.

Table 1. The simulation properties for both prosihe

Properties Ti-32Nb-7Zr-5T4 Carbon Fiber
Element type 8-node brick 8-node brick
Number of elements 12103 25774
Number of nodes 15993 39439
Final mesh size (mm 2.38 2.40
Material model Isotropic Quasi-isotropic
(a) (b)

Figure 3. The prosthesis meshes. In (a), the mieted’i-35Nb-7Zr-5Ta prosthesis and in (b), thesmef the
carbon fiber prosthesis
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As the prosthesis is composed by many plies witferdint orientations, it was adopted an approxiomabf the
material model to quasi-isotropic. The present warlan initial research of the use of carbon filrethis kind of
prosthesis and, in future works, this structurd kel simulated using a layered shell model, whighlies orientations
and an orthotropic material model for each laydk lvé considered.

3.3 STATIC ANALYSIS

The static analysis consists of applying staticésror moments, that don't vary over time, doirggdlsign reach a
stress and displacement proportional to the foaoglsmoments of force applied.

In this static analysis, four forces are appliedtmntop of the prosthesis, as can be seen from3F@nd after this,
the stress and displacement are analyzed in tvascas

» At the first case of the analysis, a total force98D N is applied, to simulate a person with a Weiof
approximately 100 kg.

» At the second case, a force is applied until th&giereaches its yield strength, to obtain the maxn
weight that the prosthesis supports without defdiona

(a) (b)

Figure 3. Detail from the top of the prosthesis(d) the top of the prosthesis with Ti-35Nb-7Zrabdnd in (b) in
carbon fiber

For the simulations, it is necessary the introductof some data concerning the mechanical progedfethe
materials, as the Young modulus, specific massarstrodulus, ultimate tensile strength and Poissaati®. Tab. 1
shows these properties of Ti-35Nb-7Zr-5Ta alloy.tAése data are obtained from references étial, 2004) (Taddei
et al, 2004b) (Oldani and Dominguegpud Niiomi, 2007)(Leeet al, 2006), except the shear modulus, which can be
obtained from the relation between the Young magluRoisson’s ratio and the shear modulus, as shiwegl. 1.

E=26(1+p) @
Where:

E = Young modulus;
G = Shear modulus;
| = Poisson’s ratio.

Manipulating Eq. 1:

E
G= 2(1+4) @)

Table 1. Mechanical properties of Ti-35Nb-7Zr-5Tay

Alloy properties Ti-35Nb-7Zr-5Ta| Carbon
Young modulus (GPa) 55 235
Specific mass (kg/m?3) 5720 1770
Shear modulus (GPa) 21 98
Yield strength (MPa) 530 -

Ultimate tensile strength (MPa 590 4400
Poisson’s ratio 0.33 0.20




Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

3.4 MODAL ANALYSIS

To make dynamics simulations with the softwarevas needed, at first, to realize the modal analysisfounding
the natural frequencies of the system.

The natural frequencies are frequencies at whiglystem tents to vibrate and they can be determived the
properties of the materials. When a system is edcih one of these, it comes in a phenomenon cedlsshance,
making the system reaches a larger displacementliigadesigned to operate and can compromise thie eystem.

Five natural frequencies were presented for eadieriabhand the lower one is employed to the dynaamalysis,
since the lower frequencies are the easier toythiems reach.

3.5 DYNAMIC ANALYSIS

In this paper, after the modal analysis, it was enadtransient stress analysis by modal superpositio the
software, the system was excited by a harmonicefdiat, according to Ripper (2007), is a speciasslof periodic
motion (the one that repeats in a constant intexi/ime), whose temporal functid(t) is a sinusoid represented in Eqg.
3.

F(t) = Fysen(wt + ¢) ()
Where:

Fo: Force amplitude (N);

w: Pulsation or circular frequency of the harmoniotion (rad/s). When this is given in Hertz (Hz),caén be
replaced by &f, where f is the frequency in Hertz;

¢: Phase angle introduced in the expression to acmatate non-homogeneous initial conditions of theiano

As the maximum displacement of the dynamic respomsiesired, the prosthesis was induced to respnatking
the frequencyv coincides the natural frequency. It was used apdagnfactor of 0.05. As to the loads, it was applée
total amplitude of 980 N, to simulate a person véafiproximately 100 kg. This force is distributeclialdy in four
nodes, as can be seen in Fig. 3.

About the time simulation, it was simulated 60 s&ts) with an interval of 0.1 second each step.

Table 2 presents the values for the harmonic eiaitéunction.

Table 2. Values required for the generation of aarimexcitation curve

Constraints Ti-35Nb-7Zr-5Tg  Carbon Fiber
Frequency (Hz) 107.18 314.96
Phase angle (rad 0 0

Because the harmonic force is dependant of nafiegliency and this one depends of the employedriakti is
necessary to generate two curves to induce théhasis to resonance, one for each material usgdrd-#4 shows both
curves generated.

() (b)
Ti-35Nb-7Zr-5Ta Carbon Fiber
Harmonic Force Harmonic Force
300 300
200 200
€ 100 € 100
[0} [}
R 7 2 0 A
S 100 10 14 S 100 0 10032
< <
-200 -200
-300 - -300 "
Time (s) Time (s)

Figure 4 — One cycle of the curve generated froarhdrmonic forces function for each material emgtbin the
prosthesis. At (a), the curve of harmonic forc8 885Nb-7Zr-5Ta alloy. At (b), the curve of carbiber
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3.6 FATIGUE ANALYSIS

The rupture of a material can be caused by theicgtion of its tensile strength (UTS) or by its welaie to cyclic
solicitations of stress or strain. This last pheaoan is called fatigue, and its study in biomateria very important,
according to Li (2004), because the implants alieited constantly.

According to Nicholas (2006) and Schijve (2001krthare two kinds of study of this behavior: thghhtycle
fatigue and the low cycle fatigue. In the studyhigh cycle fatigue, the analysis is done basedercontrol of stress, it
involves low amplitudes and the design analyzecksvonly on its elastic limit. In these conditiotise design reaches
a life greater than fOcycles. In the study of low cycle fatigue, the Ilgsis is based on strain, it involves high
amplitudes, the analyzed design works with itstidaea and its life is usually less tharf t9cles. The design studied
in this paper was framed at the analysis of higtiecfatigue. Only the behavior of Ti-35Nb-7Zr-5Baainalyzed.

This analysis was done through software and the mis¢ded to perform it can be seen in Tab. 3 (Nji2607).

Table 3. Alloy properties of Ti-35Nb-7Zr-5Ta neededhe analysis

Alloy Properties Ti-35Nb-7Zr-5Ta|
Young modulus (GPa) 55
Tensile strengh (MPa) 590

Poisson’s ratio 0.33
Fatigue strength (MPa 275
Number of cycles 10

The software executes the analysis from a statityais. In this case, the results obtained in tre¢ &nd second
case of the static analysis for Ti-35Nb-7Zr-5Taavased. It is also necessary the insertion of iccgarve that the
design is submitted. The curve used was the samerated by the harmonic force function appliedhie dynamic
analysis that can be seen in Fig. 4a, except th@itahe, which in this case is 1. It happens, beeaitiis a multiplier
curve.

4. RESULTS
4.1 STRESS

4.1.1 STATIC ANALYSIS

From the performed analysis, it was obtained tHaesin Tab. 4 detailing the data obtained in irs &nd second
case of the static analysis.

Table 4. Data obtained from the analysis

Case Analysis Properties Ti-35Nb-7Zr-5Ta  CarboreFib
Total applied force (N) 980 980

Case 1| Approximated mass applied (kq) 100 100
Maximum stress (MPa) 350.25 530.75
Total applied force (N) 1484 8138

Case 2| Approximated mass applied (kg) 151.43 830.41
Maximum stress (MPa) 530.38 4400.5

Figure 5 show the results of Tab. 4, representiegstmulations done at the first case.
4.1.2 DYNAMIC ANALYSIS
Table 5 and Fig. 6 show the stress that the des@rhes in dynamic analysis for both materials.

Table 5. Stress obtained through the dynamic aisalys

Analysis Properties Ti-35Nb-7Zr-5Ta  Carbon Fiber
Total force applied (N) 980 980
Maximum stress (MPa) 529.01 1939.4
Time of maximum displacement (g) 0.4 9.1
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(b)

Figure 5. Stress data from static analysis of tosthesis design when was applied 980 N. In (ayag employed
the Ti-35Nb-7Zr-5Ta allow while in (b) is utilizechrbon fiber
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Figure 6. Stress reached by the prosthesis in dignamalysis. In (a), Ti-35Nb-7Zr-5Ta was used arnilevin (b),
the carbon fiber was used

4.2 DISPLACEMENT

4.2.1 STATIC ANALYSIS

Parallel to the stress, it was founded the dispfec# that the design reaches in both cases andsbés can be

seen in Tab. 6. Figure 7 shows the simulation effiist case for both materials.

Table 6. Displacement obtained over the analysis

Case

Analysis Propertie

Case 1l

Case 2

Displacement (mm)

5 Ti-35Nb-7Zr-5Ta CarboreFib
17.93 8.08
27.15 66.98

4.2.2 MODAL ANALYSIS

The results from modal analysis can be seen in Tak.was shown the first five natural frequencéggountered
for each material. Figure 8 shows the behaviohefgrosthesis at the first natural frequency fodnaehich was used

for the dynamic analysis.
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Table 7. Natural frequencies obtained from modalyais

Natural Frequency, Ti-35Nb-7Zr-5Ta  Carbon Fiber
1 107.18 314.96
2 304.79 754.48
3 388.35 1114.43
4 610.09 1407.13
5 958.38 2411.59

(b)

Displacemant Displacement
Magnitude Magnitude
17,9206
1613745

8078290
7270424
482500
s854774
4848040
apanizd

143434
1265135
107883

8085240
7472190
5270190

35861
wwwwww

3231200
2423475
161505
0g07e298
0

Figure 7. Displacement data from the first steptafic analysis, when it was applied 980 N at tipedf the
prosthesis. In (a), it was employed the Ti-35Nb-3Za allow while in (b) it was utilized carbon fibe

(b)

Displacement
Magnitude
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036846068

Figure 8. The behavior of displacement of the presis at the first natural frequency obtained ftbenmodal
analysis. In (a), the material is Ti-35Nb-7Zr-5Tralat reaches a maximum displacement of approxima&08 mm.
In (b), the material is carbon fiber and it reacaesaximum displacement of approximately 112.08 mm

4.2.3 DYNAMIC ANALYSIS
The results obtained in the dynamic analysis bygsiemt stress can be seen in Tab. 8. Figure 9 sttmwsoment
that the design reaches the time step of 0.4 sedond’i-35Nb-7Zr-5Ta and 9.1 seconds for the carfioer, when it

gets the maximum displacement for both materials.

Table 8. Displacement obtained in dynamic analysis

Analysis Properties Ti-35Nb-7Zr-5Ta  Carbon Fiber
Total force applied (N) 980 980
Maximum displacement (mm) 26.74 30.65
Time of maximum displacement (g) 0.4 9.1
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Figure 9. Maximum displacement reached by the hess$ in resonance. In (a), the material used wa5Nb-
7Zr-5Ta and in (b) was carbon fiber

4.2.4 FATIGUE ANALYSIS
The results from the first and second cases ajdatanalysis can be seen in Tab. 9.

Table 9. Values referring to the fatigue of Ti-35Kbr-5Ta alloy when applied on the design

Case Analysis Properties Ti-35Nb-7Zr-5Ta
Case 1 Total force applied (N) 980
Planned number of cycles 456935.5
Total force applied (N) 1484
Case 2 Planned number of cycles 1362.9

5. DISCUSSION OF RESULTS

Analyzing the first case of static analysis, botatenials keep quite distant of their yield strendtht the carbon
fiber shows more resistance than Ti-35Nb-7Zr-5Tlayalconsidering the first material remains appnexiely 8.29
times lower than its yield strength (in this caae,carbon fiber is a brittle material, it is comsill its ultimate tensile
strength), while the second remains only approxétyat.51 times lower. Still analyzing the situatidhe carbon fiber
shows higher stress than Ti-35Nb-7Zr-5Ta alloy. €idering the displacement from the case 1, thetipesss shows a
lower value with the carbon fiber, but, even a kighalue, the prosthesis with the Titanium allogwh an acceptable
behavior.

As to the maximum value of mass applied, both nielteshow applicable, since the Titanium alloy pres a value
higher than the conventional (100 kg). Once aghimcarbon fiber presents more resistance. It sdoeicause its value
of ultimate tensile strength is much higher thaa Titanium alloy.

When in resonance, the prosthesis shows an acéepliaplacement, which, according to its amplitutieloes not
compromise neither the prosthesis, nor its useis Bkhavior can be seen in both materials. Aboetdiness, the
prosthesis reaches a higher value in dynamic asatlyan in the static with both materials, as esgacDespite the
stress value reached the yield strength for thenitutm alloy, it can be considered a value thatptesthesis will not
reach in practice, because it will only happen wi&nited in its natural frequency of 107.18 Hz, buman step
frequency in running is close to 3 Hz (Cavagnd.etl97, p. 679).

Regarding fatigue, the analysis indicates a vegh hialue for the fatigue life of Ti-35Nb-7Zr-5Tal@} in the
developed design.

6. CONCLUSIONS

After these analyses, it is possible to say thet design supports high quantity of mass in thee cakich the
prosthetic leg is with its basis static, in other#s, without motions at its bottom.

In relation to the prosthesis mass, the one ofarafibber shows, approximately, the mass 40 peragimier than the
one with Ti-35Nb-7Zr-5Ta alloy. It can be very ned@t, since it increases the effort of its user.

In relation to the fatigue, the analysis indicatiest the application of Ti-35Nb-7Zr-5Ta alloy inetldeveloped
design is satisfactory because the value of cyslbigh for the first case of fatigue analysis.

From these analyses, it can be concluded that #3Nb-7Zr-5Ta alloy can be used for the productainthe
prosthesis developed in this paper, however it miglesent some mechanical limitations, like the snaghen
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comparing to the prosthesis that uses the carlben is material. New studies are being made arydpihi@t to a best
behavior of fatigue strength.
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