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ABSTRACf 

The mechanical properties of superclastic Nj-Ti wires and microtubes were characterized to deter
mine the criteria for buckling. Microrubcs with oono ratios from 1.09 to 1.80 were tested in uni
axial tension and three-point bending mode to large deflections. Since existing elasticity theories 
are inadequate to model bending and buckling of superelastie Ni-Ti, a finite element analysis model 
was developed. The calculated resul ts are in close agreement with the experimental data. The im
plications of this study are discussed in terms of designing with superelastic microtubing. 

INTRODUCfION 

Superelastic NiT! aJloys arc increasingly being used in medical applications because of their ability 
to survive large deflections at a constant stress without permanent plastic suain. Wire is the pre
dominant form of superelastic Nitinol, and is used for applications such as guidewires and ortho
dondic arches. Medical design engineers arc also interested in other forms of the material, espe
cially microtubing for use in components for endoscopic instruments, stents, and catheters. For 
these designers, it is crit ically important to characteri ze the bending behavior of the tubes as well as 
to predict the criteria for buckJing. 

The mechanical properties of superelastic wire have been studied in great detail; traditional uniaxial 
tensile Stress-strain curves have been well documented. However, there has been a long-lime quest 
to dcrive the constitutive relationships that govern the mechanical behavior of Ni-Tj under different 
modes of deformation. For example, Mellon [I] noted the differences in the streSS-strain curves of 
martensitic Ni-Ti-Cu under tensile, compressive and torsional deformation. He showed that at 
equivalent strain , streSS was lowest in torsion, highest in compression, with inlermediate values for 
tension. More recently, Adler, et al. (2] studied the mechanical behavior of binary Ni-li in tension, 
torsion and compression (unpublished) from -180 to 200·C. Thcy showed that the superelastie be
havior was similar in tension and torsion. Several other authors at this conference have also recog
nized the need to charactetize superelastie Ni-Ti in other deformation modes, such as 3-point, 4-
point andrurc bending to better simulate actual application environments [3,4]. There is. however, 
a lack 0 consensus on how to interpret and to analyze the resulting mechanical data. 
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Furthermore, there is a dearth of experi menlal and analytical data on superelaslic microtubes. 
Therefore. the focus of this ankle is 10 compare bending moment-curvature data from wire and 
microlUbcs with a fin ite element model, which is based on fundamental properties. Three-poim 
bendi ng was selected as the primary mode of deformation in order 10 present a worst-case 
scenario for lube buckling. 

EXPERIMENTAL PROCEDURE 

Superelaslic Ni-Ti wires and microtubes were tested in tens ion, compress ion and bending with an 
Instron mechanical tes lin g machine with tcnsion-compress ion SOOOlb and lOoog load cells. 
Sample denections were measured in tension with an exiensomclcr, and in compression and 
bend ing with an LVOT. Bendi ng data were obtained with bOlh 3-point and 4-poi nt loading, 
ahhough on ly 3-point bending resuhs are reported here. The bending apparatus had a variable 
span from <lOmm to >30mm to accommodate various sample diameters to achieve required 
s train s. 

RESULTS AND DISCUSSION 

A typical load-deflection curve from a 1.5mm diameter wire with a 20mm span is shown in Fig. L 
Note that the curve exhibi ts the key auributes of superelasticity for med ical applications, with 
well -defined upper and lower plateaus with essentially zero penn ane nt set. According to 
elas ticity theories {51, load can be converted into stress as MY/ I, where Y is the distance from 
the neutral axis; Y equals the wire radius. R. M , the bending moment, is W1I4 , where W is the 
applied load and I is the span length. I , which is the second momcnt of inerti a for the wire, is 
1t R4/4. Strain is calculated as RlC, where lC is the curvature of the neutral axis. 

The above traditional equations are applied to the load-deflection data from Fig. I and compared 
to a Strcss-strain curve from a tensile lest on the same wire as shown in Fig. 2. There are major 
di ffe rences between these two curves. The upper plateau stress for the wire defonned in un iaxial 
tension is approximately 550 MPa, which is typical for optimi zed supcreJastic wire. In bending, 
the apparent plateau s tress (measured at 4% strain) is nearly 1200 MPa. which is obviously too 
high. Berg (6} also observed such discrepancies in the s tress - s train curves between bending 
and tension modes of deformation. Therefore. he was unable to model the bending behavior of 
Nitinol wires from the tensile properties. Berg assumed that the tension and compression modes 
of deformation were identical, which is contrary to published data fo r bulk samples [1,2,7] . In 
order to obtain more realistic results for the present investigation, the tensile and compression 
data from 1.8mm diameter Nitinol wire are compared in Fig. 3. Th is fig ure demonstrates the 
differences in the propen ies of Nitinol wire in tens ion and compress ion. Si nce traditional 
"strength of materials" approaches 10 mechanical behavior are governed by tension - compression 
equivalence, it is clear that these methods are inappropriate for superelastic material. Therefore, 
a finite element model was developed to understand the experimental data more fully ; this model 
is described in the following section. 

Finite E le ment An alysis 

These calculations arc a sim ple attempt at applying curren tly available com mercial stress 
analysis codes to the simulati on of deformation of tubing. The general purpose finite element 
program ABAQUS 18] was used in this instance. The material model used corresponds to a 
nonlinear elastic material, although it is recognized that this is a very crude approximation to the 
true behavior of supereiastic Nitinol. Hyperelasticity theory was used, in which the s train 
energy function is represented via the Ogden formulation. In such case, the strain energy function 
(energy per unit original volume) is as follows: 



where N is the order of the polynomial; Pi' (XI> D; arc material constants 

I i = J 'Ai with Ai principal strctches 
J is the Jacobian of the deformation gradient; J - I is the volumctrie strain 

The first tcons of the fu nction represent deviatoric behavior. and the last terms represent the volu
metric behavior. It was felt that we could model the material as incompressible. since the deforma
tion we are trying to model is predominantly uniaxial: errors in the volumetric representation would 
translate mainly into small changes in crossection dimensions. Therefore. volumetric strain energy 
terms are neglected. Special clements which impose an incompressibility conStant via Lagrangean 
multipliers were used throughout. 

The material constants are by no means obvious, nor do they have physical mean ing. ABAQUS 
will internally determine these conStants by doing a least squares fit of the strain energy function 
with respect to experimental results. A uniaxial curve made out of pairs of nominal slre..~s versus 
nominal strain values were provided to the code, and a best fi t is obtained for a given polynom ial 
order. This procedure allows for substantially different behavior in tension and in compression. 
provided that the uniaxial curve supplied has the results of both com pression and tension tCSts. Fig. 
3 represent the experimental curves supplied and a simulated reproduction of the uniaxial test. Note 
in this figure that the model simulates the tension data quile well , and the fi t to the compression data 
has slighlly greater deviations. Nevertheless. we fee l mat this material reprcsenuHion is quite ade
quate for the bending simulations we have carried oul. 

Bending, to the levels we have tcsted. translates mainly in local uniaxial behavior, whieh we secm 
to reproduce well. However. severe limitations of this mathematical model should be pointed out, 
and attempts at simulating other types of behavior should be carried out with cxtreme caution. 
First, if we wcre to unload the model, the behavior would fo llow exactly the loading path in reverse. 
This is a pure elastic model. without hysteresis effccts. Second, if behavior other than uniaxial is to 
be modeled, then more test data would be required. It is well known that these models do not ex
trapolate well from lests of one lype of behavior 10 analysis of another type of behavior. Nor can 
these analyses be extrapolated beyond the strai n range of the tests provided, cspecially for higher or
der polynomials. 

In the context of this study. the li mitations of the model discussed above arc minor. We are mai nly 
interested here in the stress- and strain-distributions of wire and micrOlubes and in loading and 
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Figure 1: Load-Deflection curve of 1.5mm 
wire in 3-point bending. 
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Figure 2: Comparison of stress-strain curves 
from 3-point bending and tension. 
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Figure 3: Stress-strain comparison of tension and 
compression deformation of wire. Superimposed 
are data from FEA model. 
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Figure 4: Comparison of ex.perimental and 
FEA model in 3-poinc bending. 

buckling behavior of microtubes. Fig. 4 shows the results of the model compared with the initial 
load - deflection data from the 1.5mm superelastic wire (Fig. I), The bending modulus 
predicted by the model is slightly lower than the experimental data. At larger deflections. however. 
the model fits the experimental data ex.tremely well . It should be also pointed out that the experi
mental tensile and compressive data were also fit to elastic-plastic models with substantially worse 
coefficient of fit 

Fig. 5 illustrates the Strai n distribution in a 1.5mm diameler wire at 2.7mm deflection in 3-point 
bending. It is immediately obvious from this figure that the neutral axis has moved toward the com
pression surface with respect to the initial position and that the maximum tensile suain in the outer 
fiber is approximately 8%. From Fig. 2. however. the strength of malerials calculations predicts 
only 5.5% strain at this defonnation. It is also apparent that there is strain localiz.a tion due to the na
ture of the non-unifonn loading. 

Similar testing was done on a fam ily of superelastic Nitinol microtubing; Fig. 6 shows a load
deflection curve of a tube with OOIID ratio of 1.42 (0 0 = O.9Omm. wall thickness = O.l 3mm) with 
a 20mm span and maximum deflection of 3mm. The curve may be compared with Fig. 1. and dem
onstrates the expccted characteristics of an optimized superelastic materia1. The loading portion 
from a series of load-deflection curves from lUbes with cJjfferent oono ratios and with constant ID 
(O.635mm) are compared in Fig. 7. ru expected. the thickest wall tubing has the highest apparent 
loading plateau and modulus. 
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Figure 5: FEA model of 1.5mm diameter wire at 2.7mm deflection under 3-point bending. 
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Fig. 7: Family of load-deflection curves 
microtubing wilh ID = O.635mm 

The Ihinner wall tubes (OOnO = 1.18, 1.13) from this series were also tested with lOmm span in or
der to increase the strain for equivalent deflections. Fig. 8 shows the load-deflection curve of the 
1.18 lube (00 = O.7Smm, wall thickness = a. tlmm). In contrast to the results shown in Fig. 7. the 
loading curve shows a small ponion of constant plateau up to approximately 1.75mm deflection. 
There is a s light increase in the load up to a maximum at 2.5mm deflection and then a decrease to 
the unloading deflection of approximately 3.3mm. Note also thai mere is a large pennanent sel 
upon unloading to zero load. Visual inspection of the tube during the tests showed that the tube be
gan 10 become oval between 1.0 and 1.5mm deflection, with buckling at about 2.5 - 2.75mm. 
Tubes that were unloaded after l.Smm deflection fu lly returned to circular crossection with no per
manent set. 

FEA was used to characterize this macroscopic bending and buckling behavior of the above tubes. 
As with the wire, tubes were tested in tension to provide the model with a framework for analysis. 
However, due to the difficuhies with testing microtubing in compression, data from the wires were 
used in the FEA model; there was a s imilar qualilY of fi l. According to the model for the results 
shown in Fig. 8, tube ovalization began locally at about l.Omm deflection, with corresponding mal(
imum outer-fiber strains of approximately 3-4%. After 2.0mm deflection, the tube is severely oval 
with outer fiber strains of over 8% in compression and nearly 8% in tension, as iIIuSLrated in Fig. 9. 
In contrast, elasticity calculations predict less than 6% strain at 2mm deflection. The model demon
strates that there is a large strain gradient across the wall thickness, from high compression on the 
loading surface to high tension on the inncr surface. It is also apparent that the neutral axis has 
moved toward the loading surface. Funhennore, the high J;uain gradients are very localized with 
maximum extent of about t .2Smm along the tube axis fro m the point of loading. 
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A possible explanation for the macroscopic toad
deflection behavior and microscopic strain distribu
tion from FEA modeling can now be considered. As 
mentioned above, 3-point bending provides a worst 
case mode of defonnation for tubing because of local 
Stress concentrations. Thin-wall tubes begin buck
ling initially by tube ovalization, although this 
change in cross section geometry was not apparent 
on the macroscopic load-deflection curves. At 
rugher defl ections, there are regions of extreme 
strain concentration, that can exceed the Iimil of 

Figure 8: Load-defleclion curve of tubing with ID 
= O.635mm and span = lOmm. 
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Fig. 9: FEA model of microlubing at 2.0mm deflection under 3-point bending; see Fig. 8. 

superelasticity (i.e., greater than about 8%). As the local Strain increases, strain hardening can oc
cur in the affected region. When sufficient volume of the material has been over strained, there will 
be a higher resistance to loading, which can lead to an apparent ultimate tensile load and impending 
failure . In Fig. 8, the apparent VTS occurs at approximately 2.5mm deflection, which is followed 
by a load drop. This scenario was tested with several thin-wall tubes (00110 = 1.26. 1.18. 1.13, 
and 1.09) by strain cycling to increasingly higher deflections and then unloading and inspecting at 
lOx magnification. As long as the deflection was below the strain-hardening range, there was no 
permanent set upon unloading and the tube returned to a circular crossection. This is also in agree
ment with the FEA model that shows that at 2.0mm deflection, regions of the tube are near the su
perelastic limit of 8% strain. 

Collectively, these results suggest that thin-waH Ni-Ti tubes can be used in bending as long as care 
is laken to prevent point loading. Preliminary results from "pure" and four-point bending tests indi
cate that buckling is less like ly due to more unifonn strain distributions. Therefore, with proper de
sign, superelastic tubes can be employed in environments required for medical devices. 

CONCLUSIONS 

The mechanical properties of superelastic Ni-Ti wire and microtubes were studied systematically to 
understand their bending behavior. Conventional "strength of materials" fonnulations were inade
quate to model the stress and strain response of wire in bending. Therefore, a model was developed 
with finite element analysis that incorporates both uniaxial tension and compression data. The 
model fi ls the experimental bending data within 10% rms. FEA was then used to characterize the 
bending and buckling behavior of microtubes. The model accurately predicts the localization of 
strain in thin-wall tubes in 3-point bending. Based on these results , correlations were made between 
the macroscopic load-deflection curves and microscopic strai n dis tri butions in microtubes. 
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