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Abstract 

Nitinol superelasticity is a crucial property for collapsible/expandable cardiovascular implants. 

The high class of risk associated with these devices requires an accurate mechanical characterisation 

as starting point for a reliable design methodology.  Actual standards (ASTM-F2516) are based on 

standard metal testing and recommend the use of extensometers for the measurement of average 

nominal strains during tensile tests.  

However, measurement provided by classic extensometers may not be adequate to capture the 

strain evolution during the material phase transformation.  These limitations can be overcome by full-

field optical techniques such as Digital Image Correlation (DIC). 

This work presents a comprehensive comparison of various techniques for measuring strain on 

nitinol specimens.  These include crosshead position, single and averaging (applied on both sides of 

the specimen) measurements using physical extensometers, virtual extensometer and 1D and 2D DIC. 

Results are compared on the basis of the values determined for the upper/lower plateau stress, as 

defined by ASTM-F2516. 

Results shows that the extensometers use on nitinol strips subjected to tensile testing is inaccurate 

during phase transformation.  Physical extensometers also introduce spurious local concentrated 

pressures at the knives contact region, which may alter the material stress plateaus values.  DIC 

resulted more adequate to provide an accurate evaluation of strain localisation. 

Keywords: Nitinol; Shape memory alloy; Superelasticity; Strain measurement; Extensometer; 

Digital Image Correlation.  
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1. Introduction 

Nitinol is a near-equiatomic Ni-Ti alloy, characterised by the ability to recover levels of strain 

orders of magnitude larger than standard metals.  This unusual behaviour, known as “superelasticity”, 

is accomplished by the onset of regions with different crystal structures and mechanical properties 

(1,2).  These are the result of a stress-induced phase transformation between a parent phase, generally 

austenite, and a daughter phase, martensite.  

In tension, the stress-induced transformation of superelastic nitinol is a highly localised 

phenomenon occurring across multiple scales, featured by the presence of Lüders-like deformation 

bands (3–6).  The transformation from the parent austenitic phase to martensite initiates at localised 

regions, often at individual grain boundaries or defects (7,8).  As the transformation progresses, these 

bands propagate through the material, leading to a heterogeneous distribution of strain and, therefore, 

to the localisation of deformation (9–11) 

Nucleation bands form in weak zones characterised by the presence of micro-defects (12), or in 

regions of stress concentration such as holes and notches (13,14).  Furthermore, these are significantly 

dependant on a number of factors, including the loading rate (15–18), the test temperature (19–21), 

the number of cycles (22–26) and the geometry (27). 

 Nitinol superelastic behaviour, coupled with its excellent biocompatibility, makes it the material 

of choice for several high-risk medical devices, such as stents, stent grafts and transcatheter heart 

valves (1,28).  The criticality of these applications, which demands the highest level of safety, requires 

an accurate characterisation of the material mechanical behaviour.  This is an essential prerequisite 

to define reliable constitutive models to be used in modern design approaches (29). 

The material mechanical parameters are typically obtained from standard tension testing, as 

outlined in the ASTM E8 (2010) Tension Testing of Metallic Materials (30), integrated by the ASTM 

F2516 (2015) Nitinol Tension Testing (31).  While the guidelines in these standards recommend the 

use of physical extensometers for strain measurement, the validity of this method has been 

questioned, particularly for materials like nitinol that exhibit significant strain localisation  (32–34).  

In fact, as these instruments provide a strain value averaged over the gauge length spanned by the 

transducer knives, their ability to adequately capture and interpret the material mechanical 

characteristics is limited, potentially leading to inaccurate representations of the stress-strain 

behaviour. 

Modern optical strain measurement techniques, such as DIC, overcome the limitations of 

traditional methods by enabling non-contact, full-field detection of the strain distribution across the 

specimen.  As a result, DIC has become a key tool for analysing the global and local mechanical 
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behaviour of nitinol, and is now widely used to investigate its complex thermo-mechanical response 

(6,13,14,16,18,21,25–27,35–40).  DIC has provided direct visualisation of the highly localised 

deformation and of the nucleation, propagation and regression of transformation bands during 

superelastic loading cycles (26).  It has also contributed to clarify the role of intersecting phase 

transformation fronts in relaxing in-plane bending moments (41), and has been employed to analyse 

the geometric influences on strain localisation, showing that the specimen aspect ratio governs the 

number and morphology of transformation bands (27,42,43).  Furthermore, DIC has contributed to 

understanding fatigue mechanisms, demonstrating that cracks frequently initiate the transition zone 

between austenite and martensite (6,38,44).  The rate-dependent nature of phase transformation and 

stress hysteresis has been systematically analysed using DIC (17,45), and combined DIC/infrared 

measurements have been used to investigate thermo-mechanical coupling at different loading rates 

(15).  Additional work has explored localised temperature–strain coupling, and the strain memory 

retained by martensite during cyclic loading (36). 

This work presents a critical analysis of the most common strain measurement approaches 

applied in tensile testing of nitinol, with the aim to identify the strength and limitation of the different 

methods.  Strain evaluated from crosshead position, single and averaged measurements employing 

physical extensometers, virtual extensometers, and 1D and 2D DIC were evaluated.  Comparison 

focuses on the accuracy and reproducibility in the measurement of the material parameters defined 

for nitinol mechanical characterisation in the ASTM F2516 (31), taking as a gold standard the 

measurement methodology described in (40). 

The study provides a comprehensive evaluation of each technique, outlining their strengths and 

limitations for specific purposes and guiding a more informed decision in tests setup. 

 

2. Materials and methods 

2.1. Sample preparation 

Three test specimens, 100.0 mm long, 10.0 mm wide and 0.4 mm thick, were obtained from the 

same nitinol plate (56% Ni, 44% Ti). 

To determine the phase composition at test temperature, a 38.6 mg sample from the plate was 

analysed by differential scanning calorimetry (DSC).  A sequence of cooling and heating ramps was 

applied in the range from -40 °C to 200 °C at a constant rate of 5 °C/min.  The heat flow was obtained 

as a function of the temperature (reported in Figure 1), allowing to identify the phase transformation 

temperatures, as described in the standard ASTM F2004-03 (46).  Analysis of the cooling curve 
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indicates that the start, peak and finish phase transformation temperatures were Ms = 3.3 °C, Mp = -

4.1 °C and Mf = -16.4 °C, respectively.  From the heating curve, the austenitic start, peak and finish 

phase transformation temperatures were As = -8.5 °C, Ap = -1.6 °C and Af = 5.1 °C, respectively. 

These temperatures confirm that the material is fully austenitic at room temperature and exhibits 

superelastic behaviour during testing, in accordance with ASTM F2516 (31). 

 
Figure 1. DSC heat flow curve. 

 The strips were cut via electrical discharge machining, in order to minimise the formation of 

residual stresses and heat affected zones at the cutting regions.  

To provide texture for DIC measurements, one of the surfaces in each specimen was prepared 

applying a uniform matte white base coat with an airbrush, followed by randomly distributed matte 

black speckles. 

2.2. Plan of experiments 

A sequence of tensile tests was performed on each sample.  Each tensile test was conducted under 

identical conditions on an Instron 3367 uniaxial electromechanical testing machine (Instron, 

Norwood, MA, USA) at room temperature, in displacement control, applying a quasi-static triangular 

load.  In particular, load was increased from zero to 2300 N, ensuring that the sample achieved a 

stress-induced martensitic transformation over the whole visible area of the specimen, and then 

unloaded to zero force.  Loading and unloading ramps were performed at a constant crosshead 

velocity of 1 mm/min.  

For each specimen, the first test (Test 1) was performed using only digital image correlation 

(DIC) to capture the undisturbed strain-field evolution, providing a baseline reference.  The second 

test (Test 2) combined DIC with measurements from two physical extensometers mounted on 

opposite sides of the specimen.  This configuration enabled simultaneous comparison of the 
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techniques and assessment of any influence exerted by the extensometers on the material response. 

Finally, a third test (Test 3) was carried out after removing the extensometers, again using DIC alone, 

to verify whether their temporary application had introduced any local effects or modifications in the 

strain behaviour.  No manipulation of the specimen occurred between the tests other than the 

mounting and removal of the extensometers.   

For each test and for each measurement method, engineering stress versus strain curves were 

evaluated during the whole cycles.  Engineering stress was calculated as the ratio of the force 

measured by the load cell to the initial cross section.  As described in the ASTM F2516 (31), stress-

strain curves were processed to calculate the reference parameters for nitinol characterisation:  

- upper plateau stress (UPS): stress measured at 3% of strain during loading;  

- lower plateau stress (LPS): stress measured at 2.5% of strain during unloading. 

These parameters were obtained from the different strain measurement methods and used for 

comparison.  Figure 2 describes the experimental setup and shows the position of the physical 

extensometers, the different regions analysed with DIC, and the reference used for the virtual 

extensometer. 

   

(a)                                                 (b) 

Figure 2 (a) experimental setup and (b) representation of: physical extensometer (EXT-L and EXT-R); virtual extensometer 
points (A1-A2) in black; 1D DIC line in light blue; phase map region in white; ROI 1 in yellow and ROI 2 in purple. 

2.3. Crosshead strain 

Crosshead strain was obtained for each test as the ratio between the crosshead displacement 

measured by the testing machine and the initial gauge length, whose measure was equal to 77.5 mm. 
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2.4. Physical extensometer 

Two HBM DD1 extensometers (Hottinger Baldwin Messtechnik GmbH, Wien, Austria) were 

used in Test 2 and mounted in an averaging axial setup, with each transducer on an opposite side of 

the specimen (EXT-L on the left and EXT-R on the right), through a DD1/ZE quick clamp kit (see 

Figure 2b).  The extensometers knives were positioned to define a nominal gauge length of 25 mm 

on both sides, with each extensometer connected to an independent Wheatstone-bridge channel.  This 

setup enables simultaneous, independent strain measurements on both sides of the specimen, allowing 

the detection of spurious flexural effects.  The instantaneous average of the two strain measurements 

provided by EXT-R and EXT-L, here abbreviated as EXT-AVG, was calculated at each point in time 

for all tests.  

The two extensometers were monitored on a D4 Wheatstone bridge from Vishay Micro-

Measurements (Toronto, Canada), allowing a sampling rate of 8 Hz.  A calibration rod was used to 

determine the initial gauge length and verify the nominal sensitivity of the gauges (1 mV/V×mm). 

2.5. Virtual extensometer 

Virtual extensometer strain was calculated tracking the relative displacement of two reference 

points selected on the specimen axis, covering the same gauge length of the physical extensometer 

(A1 and A2 in Figure 2b) (47,48).  Being this measurement line close to the neutral axis of the 

specimen, it is characterised by a stress level about correspondent to the stress estimated from the 

loadcell (40).  Hence, the relationship between the local stress and the local strain is less affected by 

the spurious bending moment caused by the inhomogeneous behaviour of the material.  The two 

reference points were selected at the same axial position where the extensometers knives in Test 2 

contact the specimen sides.  This approach essentially mimics the physical extensometer concept, but 

avoiding the presence of the mechanical contact forces on the specimen.  This allows to identify and 

analyse the alterations introduced by the presence of the physical extensometers. 

2.6. Digital image correlation analysis 

DIC analysis was performed during all tests, by monitoring the deformation of the speckle 

applied on the specimen surface through image processing algorithms.  DIC is an optical technique 

for the measurement of full-field displacements and strains distribution, based on the comparison of 

digital images of a component acquired at different loading stages (49).  The speckle pattern was 

applied to ensure a random, isotropic distribution with high contrast between the speckles and the 

background, aiming for an ideal surface-to-speckle coverage ratio of 50:50.  Acquisitions were taken 

at 0.2 Hz, using a digital reflex Nikon D5100 camera (Nikon Corporation, Tokyo, Japan), equipped 
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with a macro lens AF-S VR Micro-Nikkor 105 mm f/2.8G IF-ED (Nikon Corporation, Tokyo, Japan).  

The camera was placed on a tripod with a 4-ways rail slider for fine focus, and was operated remotely 

with the open-source software ‘digiCamControl’.  A LED macro ring light was mounted on the 

camera lens, to provide an optimal shadow-less illumination of the sample.  

The open-source 2D DIC program Ncorr, operated in Matlab (MathWorks, Massachusetts USA), 

was used to correlate the acquired images (50).  The tracking is obtained by looking for a subset in 

the deformed image, called test subset, which has the distribution of light intensity closer to that of 

the subset in the undeformed image (called reference subset) within the region of interest (ROI). 

Displacement and strain maps were obtained by setting a millimetre to pixel ratio of 0.017 mm/px, 

subset radius of 15 px, a subset spacing equal to 50 % of the subset radius, and a virtual strain gauge 

of 3 subset spacings.  The resulting maps were then post-processed in Matlab. 

DIC analysis was initially applied to one dimension (1D DIC) (11), covering the same gauge 

length as the physical and virtual extensometers (A1 and A2 in Figure 2b) along the specimen axis, 

where the effect of lateral compression of the extensometer knives and the spurious bending moment 

caused by the inhomogeneous behaviour of the material are less influent.  

2D DIC analysis was then performed on the ROI indicated as ‘phase map region’ in Figure 2b 

(white rectangle).  The horizontal dimension of this area was taken slightly smaller than the physical 

sample boundaries, to avoid edge errors typically introduced when a deformed subset includes part 

of the background field of view (51). 

Full field strain maps were obtained from the phase map region as described in (40).  Maps are 

reported for the nine selected configurations of the testing cycle indicated in Figure 3:  

- Configuration 1: halfway between the upper and lower plateau, in the austenitic loading 

phase;  

- Configuration 2: along the upper plateau, at 10 % of the strain associated with the austenite 

to martensite transformation; 

- Configuration 3: along the upper plateau, at 50 % of the strain associated with the austenite 

to martensite transformation; 

- Configuration 4: along the upper plateau, at 90 % of the strain associated with the austenite 

to martensite transformation; 

- Configuration 5: in the martensitic unloading phase, halfway between the upper and lower 

plateau; 

- Configuration 6: along the lower plateau, at 90 % of the strain associated with the martensite 

to austenite transformation; 
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- Configuration 7: along the lower plateau, at 50 % of the strain associated with the martensite 

to austenite transformation; 

- Configuration 8: along the lower plateau, at 10 % of the strain associated with the martensite 

to austenite transformation. 

- Configuration 9: halfway along the unloading fully austenitic phase down to zero.  

 

Figure 3. Schematic representation of the stress versus strain curve with the selected configurations of the amplified strain 

maps. 

DIC mean strain values were obtained averaging the strain over two further ROIs of different 

dimensions: a rectangular region with height equal to 25 mm, covering the length between the 

extensometers knives (ROI 1, yellow rectangle in Figure 2b); and a square region covering 25 % of 

the specimen width and centred at the geometric axis of the specimen (ROI 2, purple square in Figure 

2b). The choice of size and position of ROI 2 is based on a previous work (40), where five square 

ROIs of identical dimensions were analysed at different axial locations along the specimen, from the 

central region up to a distance from the grips equal to the specimen width. The coexistence of 

austenite and martensite with substantially different Young’s moduli in the cross sections interested 

by the transformation front induces a local shift of the neutral axis. When the ROI becomes too small, 

this eccentricity introduces larger deviations between the local and nominal axial stress. The 25% 

specimen-width ROI was shown to minimise this effect, while smaller ROIs tend to introduce larger 

deviations from the nominal stress and would require a finer speckle pattern, incompatible with the 

DIC resolution needed for the full-field analyses conducted across all tests. Therefore, ROI 2 

represents an optimal compromise.  Moreover, the resulting estimates of the material parameters 

showed only minimal variability across ROI locations, indicating that the extracted parameters are 

robust and only marginally affected by the ROI position. Based on these findings, ROI 2 represents 
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a reliable and validated reference region for quantifying the local strain response associated with 

phase transformation.  

3. Results 

Strain localisation patterns over time at the specimen axis, evaluated through 1D DIC, are 

reported in Figure 4 for each test.  1D DIC offers the advantage to capture the localised effects 

associated with the phase transformation, such as the propagation and regression of martensitic 

transformation in time (reported in Figure 4). 

 

Figure 4. Strain localisation patterns over time evaluated by 1D DIC. 

The results from the DIC analysis conducted on the phase map region (white rectangle in Figure 

2b) were postprocessed as described in Figure 5 (40). The strain maps confirm the characteristic 

bipolar behaviour of nitinol: martensitic regions (red regions in the strain map) exhibit about 
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uniformly distributed strains around 0.07 mm/mm, while austenitic regions (blue regions in the strain 

map) remain below 0.01 mm/mm. The gradual strain transition between these two regions observed 

in the non-binarized strain map (green-yellow regions) is an artefact of the DIC method, as this cannot 

resolve sharp strain discontinuities occurring over dimensions smaller than the subset size. To address 

this limitation, a threshold-based binarization was adopted. In fact, challenges associated with 

inadequate spatial resolution of DIC shall be addressed when higher degrees of accuracy are required 

in the evaluation of phenomena connected with localisation of phase transformation (40). Regions of 

small axial strains associated with the austenitic phase (ε < 0.035 mm/mm) are represented in light 

grey, and regions of large axial strain associated with the martensitic phase (ε > 0.035 mm/mm) are 

represented in dark grey.  The threshold strain value of 0.035 mm/mm was chosen as approximately 

50% of axial transformation strain associated with the austenite to martensite transformation. To 

enhance visualisation of the lateral displacement, the original strain maps have been distorted by 

applying the local displacement vectors obtained from the DIC analysis to each pixel, amplifying the 

normal component of one order of magnitude (see right panel in Figure 5).  Horizontal displacements 

were amplified by a factor of 10, while the vertical scale was maintained.  This amplification allows 

for a clearer representation of the bending behaviour.  Moreover, in each strain maps, ROI 1 and ROI 

2 borders are indicated in black and in white, respectively.  The axial line on which the virtual 

extensometer points were selected and 1D DIC were evaluated is represented in black. 

 
Figure 5. DIC strain map (left), corresponding binarized map (grey scale strain map in the centre), and binarized strain map 

with horizontal displacement field amplified by a factor of 10 (amplified strain map in the right). 

The results for the three specimens are summarised in Figure 6-Figure 8, including the stress 

versus strain curves and the full field deformation maps at the nine selected configurations.   
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Figure 6. Stress versus strain curves and strain maps at 1-9 configurations for specimen 1. Strain reported in the curves and 
strain maps were calculated using the phase map region. Physical extensometers are represented in test 2 by means of black 

triangles. ROI 1 and ROI 2 borders are represented in black and white, respectively. Line on which virtual extensometer points are 
selected and 1D DIC are evaluated is indicated in black. 
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Figure 7.Stress versus strain curves and strain maps at 1-9 configurations for specimen 2. Strain reported in the curves and 
strain maps were calculated using the phase map region. Physical extensometers are represented in test 2 by means of black 

triangles. ROI 1 and ROI 2 borders are represented in black and white, respectively. Line on which virtual extensometer points are 
selected and 1D DIC are evaluated is indicated in black. 
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Figure 8. Stress versus strain curves and strain maps at 1-9 configurations for specimen 3. Strain reported in the curves and 
amplified strain maps were calculated using the phase map region.  Physical extensometers are represented in test 2 by means of 

black triangles. ROI 1 and ROI 2 borders are represented in black and white, respectively. Line on which virtual extensometer points 
are selected and 1D DIC are evaluated is indicated in black. 

In Test 1, the strain maps sequence reveals a progressive phase transformation process.  The 

initiation point for this transformation is observed at the gripped regions (see configurations 2-3 in 

Figure 6-Figure 8).  From these points, the transformation propagates along the gauge length, 

gradually moving towards the central regions (configurations 3-5 in Figure 6-Figure 8).  This 

behaviour is a typical characteristic of straight nitinol specimens subjected to tensile loading, 

associated with the presence of stress concentrations introduced by the grips clamping action (52). 

During the unloading phase, the transformation follows a reverse path: the phase transformation 

reverts from the central region towards the gripped regions (configurations 6-9 in Figure 6-Figure 8), 

indicating a reversible nature of the phenomenon under the applied loading conditions.  The 

amplification of the horizontal displacements highlights the distortions that the specimen experiences 

to accommodate the uneven vertical elongations induced by the propagation of oblique phase 

transformation fronts.  This necessarily results into the presence of a spurious bending moment (40).  

c
) 
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Test 2 shows a spurious effect deriving from the presence of the physical extensometers, which 

appear to alter the propagation of the transformation, moving the propagation fronts towards the 

region encompassed by the knives.  The effect of the extensometers is especially evident in the 

deformation maps obtained for specimen 3, where additional Lüders bands appear to originate from 

the sites where the extensometers knives contact the specimen (see configuration 3 in Figure 8).  This 

behaviour is likely related to the local compression produced by the knives, which can increase the 

local effective stress and promotes the initiation of phase transformation.  A similar effect is observed 

in specimen 1 and 2, especially during reverse transformation: the last regions to return to austenite 

are those located near the extensometer knives (configurations 8-9 in  Figure 7 and Figure 8).  These 

effects appear to introduce irreversible changes in the transformation pattern, as they partially re-

emerge in Test 3, after removal of the extensometers. 

Extensometers nominal strain versus time curves, obtained from Test 2 for each specimen, are 

reported in Figure 10.  Diagrams show an initial strain increase relative to the homogeneous austenite 

elastic deformation, which suddenly plateaus as the material develops the first Lüders transformation 

band.  The deformation, then, starts increasing again only after a transformation front enters the 

extensometers gauge area.  As the transformation propagates within the gauge region, the strains 

measured on the right and left sides progress at different rates.  A substantial difference between 

EXT-R and EXT-L is observed for specimens 1 and 2 between configurations 6 and 9, as the 

propagation of the phase transformation fronts produces different axial elongations along the left and 

right sides of the specimen within the extensometer gauge region (see Figure 6 and Figure 7).  In fact, 

significant differences between the elongations measured on the right and left specimen edges (EXT-

R and EXT-L) arise when the phase distribution within the extensometer gauge region becomes 

asymmetric, as shown in Figure 9-A.  
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Figure 9. Schematic illustration of phase distribution within the extensometer gauge region: (A) asymmetric configuration 
leading to different elongations measured on the left and right edges; (B) symmetric configuration with equal phase fractions on both 

specimen edges. 

Since the strain levels within the martensitic and austenitic regions are approximately uniform, 

such asymmetry emerges when the cumulated axial lengths occupied by each phase along the left 

(hML, hAL) and right edges (hMR, hAR) within the extensometer gauge region differ. This condition 

typically occurs when the transformation front enters or exits the gauge area, producing a mismatch 

in the proportions of austenitic and martensitic material measured by each extensometer (hL > hR or 

hR > hL). please note that, in some configurations (Figure 9-B) the axial gauge lengths occupied by 

the martensitic and austenitic phases (hM and hA, respectively) are essentially identical on both sides 

of the specimen despite the presence of transformation fronts within the gauge length. Since, as 

observed above, the strain within each phase is nearly uniform, the resulting axial elongation 

measured by EXT-R and EXT-L remains similar, even in the presence of bending. Interestingly, when 

the whole specimen is in the martensitic state, the curves measured on the two sides maintain slightly 

different values, indicating the presence of residual bends in the specimen, also observed in 

configurations 5 of Figure 6-Figure 8.  This indicates that averaging extensometers setups are 

preferable to the standard single extensometer solution recommended by the relevant ASTM 

standards.  In fact, the average value of the measurements determined on the two sides (see black line 

in Figure 10) can minimise the effect of spurious bending loads and better represent the global strain 

state of the specimen. 
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Figure 10. Strain versus time curves associated with left (EXT-L), right (EXT-R) and average (EXT-AVG) extensometers for 
specimen 1, 2 and 3, respectively. 

Figure 11 reports a comparison between the strains estimated with crosshead displacement, 1D 

DIC, 2D DIC averaged over ROI 1 and ROI 2 (see Figure 2b), and the strain calculated from the 

virtual extensometers (see Section 2.5), for each test. To better identify ROI windows in each strain 

configuration in Figure 6-Figure 8, borders of each ROI are represented on the strain maps.  

The diagram illustrates that strain measurements based on crosshead position provide limited 

accuracy compared to more sophisticated techniques.  In fact, this approach fails to capture the 

localised phase transformations, resulting in a simplified triangular strain profile that does not capture 

the complex deformation behaviour observed in the material.  Moreover, strain measurements based 

on crosshead displacement tend to overestimate the actual axial strain, owing to uncertainty in the 

effective gauge length, friction-induced sliding at the grips, and localised grip-affected deformation. 

As a result, the maximum strain measured from the crosshead (~0.08 mm/mm) consistently exceeds 

that obtained from the optical methods (~0.07 mm/mm). The relative impact of gauge-length 

uncertainty typically decreases for slender specimens with larger axial dimensions, improving the 

reliability of crosshead-based estimates in those cases. 

It is evident from the diagrams that the 1D DIC, ROI 1 and axial virtual extensometer curves 

exhibit a similar trend.  This is expected, as all these approaches are applied to the same axial length 

(as the physical extensometer).  

Curves associated with ROI 2 exhibit abrupt changes in deformation when a transformation front 

reaches the analysed region (e.g., configuration 4 of Test 1 of specimen 1 in Figure 11).  When the 

front originates outside the ROI, the response is preceded by a plateau, reflecting the progression of 

the transformation in regions not included in the ROI.  Conversely, when the transformation nucleates 

directly within the ROI, no plateau develops: the onset of the transformation immediately produces a 

sudden increase in the measured deformation, as observed in Test 3 of specimens 2 and 3.  These 
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curves better highlight the local phase transformation from austenite to martensite, and are therefore 

more independent on the test setup, resulting more representative of the material behaviour.  

The width of the bell shape described by the curves appears to substantially reduce from Test 1 

to Test 2, to re-expand to the largest value in Test 3 (with exception of specimen 1, that shows a 

consistent expansion in the bell shape at each cycle). 

Figure 11. Strain versus time curves considering for each test the strain measured by the axial virtual extensometer (dashed black 

curves), average strain on ROI 1 (dotted yellow curves) and ROI 2 (dotted purple curves), and the strain measured by 1D DIC (dash-

dot blue curves) and crosshead position (dash-dot orange curve). 

The values of the stress mechanical parameters, UPS and LPS, obtained with the different 

approaches, are summarised in Table 1. 
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Table 1. Nitinol stress mechanical parameters obtained by means of each strain measurement method, with respective 

percentage deviation compared to the reference ROI 2 in brackets. 

PARAMETER [MPa] 
Specimen 1 Specimen 2 Specimen 3 

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

UPS - Crosshead 
482.58 478.33 461.30 474.98 474.85 435.69 466.22 462.02 451.23 

(7%) (1%) (1%) (9%) (9%) (4%) (9%) (10%) (2%) 

UPS - EXT L 
 477.73   494.43   481.21  

 (1%)   (5%)   (7%)  

UPS - EXT R 
 478.45   487.76   485.75  

 (1%)   (6%)   (6%)  

UPS - EXT AVG 
 477.88   493.46   482.79  

 (1%)   (5%)   (6%)  

UPS - VIRT EXT 
503.22 478.45 462.34 500.80 499.53 435.81 508.53 481.33 449.17 

(3%) (1%) (1%) (4%) (4%) (4%) (1%) (7%) (2%) 

UPS – 1D DIC 
497.90 478.45 462.34 500.80 499.53 435.67 506.65 481.33 449.17 

(4%) (1%) (1%) (4%) (4%) (4%) (1%) (7%) (2%) 

UPS - ROI 1 
497.90 478.45 463.11 500.80 499.53 435.67 506.65 481.33 449.17 

(4%) (1%) (2%) (4%) (4%) (4%) (1%) (7%) (2%) 

UPS - ROI 2 521.27 475.13 456.26 519.13 519.69 456.09 513.69 515.28 440.51 

LPS - Crosshead 
151.07 163.60 153.96 170.30 181.18 170.95 149.22 156.80 154.95 

(4%) (12%) (1%) (6%) (0%) (3%) (3%) (6%) (3%) 

LPS - EXT L 
 151.17   178.94   156.79  

 (3%)   (1%)   (6%)  

LPS - EXT R 
 156.48   182.69   158.85  

 (7%)   (1%)   (4%)  

LPS – EXT AVG 
 152.82   179.78   156.79  

 (5%)   (1%)   (6%)  

LPS – VIRT EXT 
151.40 160.50 153.76 156.33 184.49 171.87 149.58 157.59 149.71 

(4%) (10%) (0%) (3%) (2%) (3%) (3%) (5%) (7%) 

LPS – 1D DIC 
151.11 160.50 153.16 156.33 184.76 171.98 149.58 157.59 149.71 

(4%) (10%) (0%) (3%) (2%) (3%) (3%) (5%) (7%) 

LPS – ROI 1 
151.77 160.50 153.16 156.33 184.76 171.98 148.73 157.59 149.71 

(4%) (10%) (0%) (3%) (2%) (3%) (4%) (5%) (7%) 

LPS – ROI 2 157.52 146.10 153.16 161.18 181.61 177.04 154.18 166.07 160.52 
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The parameters in Table 1 reveal that UPS has a gradual but significant decrease from Test 1 to 

Test 2 to Test 3.  Instead, LPS generally shows an increase in Test 2, where the extensometers are 

present, followed by a decrease in Test 3, where the transducers are removed.  

Cycling of nitinol is commonly associated with changes in the UPS and LPS values, which 

progressively tend to reduce.  In fact, it is well-established that the material exhibits a mixture of 

phases at the conclusion of each loading cycle, due to the presence of residual martensite in the 

unloaded configuration.  This phenomenon, that can be attributed to the accumulation of residual 

strains in the material, causes a progressive reduction in the energy required to reactivate the phase 

transformations with increasing cycle numbers (17,22,24,25).  

It is interesting to observe that, when the physical extensometer is present, this trend is inverted 

and the LPS value consistently increases from Test 1 to Test 2, recovering the expected tendency 

once the transducers are removed (in Test 3).  This can be justified by the actions associated with the 

presence of the extensometers.  In fact, their knives introduce localised compressive lateral forces, 

discontinuity in the normal force and an out of plane bending moment, due to the quick clamps and 

to the additional weight of the system (comprising the extensometers and their holding rig) (34).  

These actions appear to be able to trigger the onset of new Lüders bands at the knives locations, 

altering the mechanical response of the specimen.  

4. Discussion 

Different measurement methods for the determination of strain in tensile testing were applied to 

superelastic nitinol specimens and compared in terms of performance. 

Crosshead strain measurement offers a very simple method for estimating deformation, which 

requires minimum equipment and processing.  However, it provides global average strain results 

inadequate to capture complex strain localisations typical of nitinol.  Moreover, the accuracy of the 

strain measurements is influenced by factors such as the assumption in the gauge length value (the 

appropriate value is difficult to estimate due to the inhomogeneous behaviours), friction between the 

specimen and the grips causing sliding and readjustment during the test, frame stiffness, specimen 

alignment and the specimen volume affected by the tightening of the grips.  These factors become 

less influent or negligible for highly slender specimens such as long wires, for which the use of the 

cross-head displacement is, in fact, more appropriate and very common. 

 Hence, despite crosshead strain measurement being a simple and widely used technique, it may 

not be suitable for materials that exhibit complex deformation behaviours, especially when high levels 

of accuracy are required.  Specifically, as demonstrated in Table 1, deviations larger than 10 % in the 
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estimation of material parameters (UPS and LPS) were observed in the presented tests, compared to 

the gold standard 2D DIC measurements on ROI 2.  It needs to be said that these approximations are 

expected to reduce for slender specimens of larger axial lengths.  

Physical extensometers provide a direct measurement of the strain between two points of the 

specimen, bypassing the limitations associated with estimating the gauge length and friction between 

the specimen and the grips.  However, the contact force exerted by the extensometer knives induces 

additional local stresses which may alter the nucleation and propagation behaviour of martensitic 

bands.  Additionally, these methods are affected by low spatial resolution associated with the distance 

between the knives.  This, in fact, reduces their ability to capture strains during the complex phase 

transformation process of nitinol, as the transformation front produces significant differences in 

elongation on opposite sides of the specimen.  Hence, extensometer readings can be influenced by 

the specific location of the measurement.  

Using averaging extensometers can partially mitigate this issue, although the presence of 

additional contact points introduces more stress concentrations, altering further the nucleation and 

progression of the phase transformation front and the material response.  However, for the sole 

purpose of identifying material parameters, physical extensometers remain a reasonably accurate 

option, with average deviations of about 4 % compared to 2D DIC measurements on ROI 2, as 

reported in Table 1. 

Non-contact measurement techniques, such as virtual extensometers, allow measuring the 

relative displacement between two points on the specimen without introducing contact forces.  Hence, 

they can provide similar information to physical extensometers, but avoiding the risk of influencing 

the deformation behaviour through physical contact.  Moreover, the measurement can be taken at 

points less susceptible to the spurious bending effects, such as the specimen axis, avoiding the need 

for pair measurements and averaging. 

If a detailed analysis of strain localisation is required, then DIC methods represent a powerful 

technique.  1D DIC is relatively undemanding and has a lower computational cost compared to full-

field 2D tracking, as it processes data from a single line rather than the entire specimen surface. 

Despite its simplicity, it captures the strain localisation associated with the propagation of the 

martensitic transformation front, providing an effective visual representation of the phenomenon over 

time, as shown in Figure 4.  However, for a comprehensive analysis of the deformation field, allowing 

the identification of the band deformation patterns as well as other localised deformation phenomena, 

2D DIC comes as a more suitable solution.  2D DIC, performed on a ROI covering the whole 

specimen width, provides a full-field monitoring of the transformation fronts during the test (40).  
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Despite the additional computing steps, this allows detection of the regions of transformation 

nucleation (in the presented tests observed at the grips and at the extensometer knives) verifying the 

presence of weak zones and artefacts that could potentially invalidate the results.  In fact, the 

deformation patterns observed in the presented tests reveal high sensitivity to inhomogeneities and 

significant influence from factors such as the specific specimen geometry, gripping conditions, the 

presence of extensometers, and the number of loading cycles.  Hence, this type of full-field analysis 

is particularly useful for identifying potential sources of error, such as excessive bending or localised 

stress concentrations, which can significantly impact the material response.  Material parameters 

calculated over an axial portion of the specimen distant from the grips (e.g., ROI 1) yield results very 

similar to those obtained from virtual extensometer and 1D DIC measurements over the same length, 

with an average deviation of 3 %, as shown in in Table 1. 

Focusing the analysis on a smaller square ROI covering 25 % of the specimen width (ROI 2) 

allowed for a more accurate capture of the bipolar strain behaviour of nitinol, which provides high 

degree of precision in the determination of the material parameters.  This methodology could also be 

considered for applications on material exhibiting heterogeneous deformation localisation such as 

plastic deformation and necking. 

The analysis was focused on few loading cycles of the material, as these are relevant for a number 

of critical applications, such as nitinol cardiovascular implants.  These normally undergo complete 

superelastic transformation only when collapsed in the delivery system and, once implanted, typically 

operate under small strains in the austenitic configuration.  This necessarily implies that some of the 

observed changes may be related not just with the analysed measurement methods but also with the 

inherent material instability under cyclic loading.  For other applications where fatigue is associated 

with cyclic phase changes, it might be appropriate to analyse the material parameters after pre-

conditioning. 

Ultimately, the choice of the measurement technique should be guided by the specific research 

objectives and the desired level of detail, also considering combinations of techniques, including full-

field and localised measurements.  All techniques demonstrated capable to provide reasonable 

estimates of plateau stresses, with the crosshead measurement suffering from larger approximation.  

However, while techniques like crosshead displacement can provide a simple estimate of overall 

strain, more advanced methods, such as virtual extensometers and DIC, are necessary for capturing 

the complex strain distributions associated with the phase transformation in nitinol. 
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5. Conclusion 

This work presents a critical analysis of the most common strain measurement methodologies 

applied in quasi-static mechanical characterisation of nitinol.  The study investigates the main 

advantages and disadvantages of each approach, including crosshead position, physical 

extensometers, virtual optical extensometers, 1D DIC and 2D DIC. 

The results indicate that crosshead displacement provides a simplified representation of the actual 

strain behaviour.  While physical extensometers provide higher accuracy in the determination of the 

main mechanical parameters, their reading is limited by the distance between the knives and depends 

on their specific location.  To address this limitation, couples of extensometers arrangements are 

required.  Moreover, they introduce spurious lateral forces at the knives locations resulting in 

localised compressions which can alter the material response.  For this reason, the crosshead strain 

measurement is often favoured over the extensometer measurement, particularly for slender 

specimens like long wires.   Non-contact techniques, such as virtual extensometers, offer a promising 

alternative by measuring strain without introducing contact forces.  DIC analysis provides a 

comprehensive overview of the deformation field, enabling the identification of transformation front 

nucleation and propagation, as well as other localised deformation phenomena.  It also allows 

focusing on lines or on small regions where the determination of the material parameters becomes 

more accurate.  

In general, the optimal strain measurement technique depends on the specific research objectives 

and the desired level of detail.  While all methods result suitable for the estimation of the overall 

mechanical parameters, with different degrees of accuracy, full-field DIC approaches are particularly 

suitable to capture the intricate strain distributions associated with nitinol phase transformation. 
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