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A B S T R A C T

This study investigates the mechanical response of additively manufactured NiTi sinusoidal hexagonal re-entrant 
auxetic structures, focusing on the combined influence of temperature and local geometry. The NiTi alloy 
fabricated by laser powder bed fusion (L-PBF) was thermomechanically characterised to identify conditions 
promoting enhanced superelastic response, while X-ray micro-computed tomography was used to assess internal 
porosity.

Monotonic and strain-controlled cyclic tensile tests were performed on auxetic cells with three different fillet 
radii, using a dedicated setup combining digital image correlation and closed-loop temperature control.

The results reveal a clear separation between material- and geometry-driven effects. Temperature primarily 
governs the load levels through the superelastic response of the alloy, whereas auxetic deformation behaviour 
and failure mechanisms are mainly controlled by the structural geometry, particularly the fillet radius. Increasing 
the fillet radius significantly affects the deformation and failure response of the auxetic structures, altering the 
relationship between failure strain and absolute displacement through the corresponding change in cell 
geometry.

The experimentally measured Poisson’s ratio was compared with predictions from analytical models. Although 
these overestimate the auxetic response, they provide a reasonable first-order estimate. These findings provide 
insight into the design of additively manufactured NiTi auxetic architectures.

1. Introduction

Auxeticity is the property of a material that expands (contracts) 
laterally under uniaxial tension (compression). This property is char
acterised by a negative Poisson’s ratio (NPR). The possibility for a ma
terial to show an NPR remained a theoretical consideration for decades 
[1] until Gibson and Ashby predicted and experimentally observed an 
NPR in 2D cellular solids with a honeycomb structure [2]. Subsequently, 
Lakes, in a pioneering work in 1987 [3], obtained polymer and metallic 
foams that exhibited isotropic NPR, demonstrating that auxetic behav
iour can be achieved in a conventional material by modifying the 
manufacturing process. Evans, who also coined the term auxetic in 
1991, was among the first scientists to focus on the manufacture of 
auxetic polymers and composites and on their real-world application 
[4]. From this point onward, interest in auxetic materials increased 
considerably [5]. Since Poisson’s ratio and elastic modulus are related to 
the bulk and shear moduli, having an NPR enables the appearance of 

unusual properties such as higher indentation resistance, higher fracture 
toughness, and the ability to deform out-of-plane with a synclastic 
curvature [6]. In nature, few materials exhibit an NPR; among those are 
α-cristobalite [7] and various biological tissues [8]. Thus, it was 
necessary to artificially create auxetic materials, which can be classified 
as a specific branch of mechanical metamaterials. The properties of 
metamaterials, which are unusual with respect to natural materials, can 
be achieved through appropriate internal structuring and designed ge
ometry [9]. In this context, additive manufacturing enables the fabri
cation of auxetic metamaterials whose mechanical behaviour is 
governed by their internal architecture rather than by the base material. 
The layer-by-layer process enables the accurate realisation of designed 
auxetic unit cells in polymeric and metallic systems, supporting exper
imental investigations of their mechanical properties [10,11].

Auxetic behaviour can be achieved through a wide range of unit-cell 
geometries, including re-entrant, chiral, rotating, and perforated archi
tectures, implemented in both lattice-based and thin-sheet systems 
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[12–15]. Despite this variety, existing designs often present limitations 
related to anisotropy, stress concentration, or restricted strain ranges, 
motivating the development of novel auxetic topologies with improved 
performance [16]. Recent efforts toward unified design and classifica
tion frameworks further highlight that the systematic exploration of new 
auxetic geometries remains an open research field [17].

Auxetic structures have been explored in a variety of application 
areas that exploit their negative Poisson’s ratio and associated me
chanical properties. Applications include biomedical devices and tissue 
engineering scaffolds, where auxetic architectures can improve me
chanical compatibility and implant–tissue interaction [18,19], as well as 
impact mitigation and energy-absorption systems for protective and 
defence applications [20,21]. Auxetic metamaterials have also been 
investigated in smart material systems incorporating sensing, actuation, 
or adaptive functionalities [5,22].

The integration of auxetic architectures with shape memory alloys 
(SMA) represents a further step toward functional, active auxetic met
amaterials. Auxetic NiTi lattice structures fabricated by additive 
manufacturing (AM) have been shown to combine negative Poisson’s 
ratio with superelastic or shape memory behaviour, enabling recover
able deformation and geometry-dependent tuning of stiffness and 
compliance [23,24]. These characteristics are relevant for biomedical 
and smart structural applications, including implantable devices such as 
stents and orthopaedic implants, where mechanical compatibility, 
controlled deformation, and reduced stiffness mismatch are required 
[25]. More recently, SMA-based auxetic metamaterials have been pro
posed as active systems capable of thermally or electrically driven 
actuation, linking auxetic deformation mechanisms with programmable 
mechanical functionality [5,26].

SMAs are metallic materials characterised by a reversible martensitic 
phase transformation, which gives rise to the shape memory effect 
(SME) and superelasticity (SE). While the SME involves strain recovery 
upon heating, SE occurs under isothermal mechanical loading at tem
peratures above the austenite finish temperature Af , enabling large, fully 
recoverable strains through stress-induced martensitic transformation 
[27–29]. Among SMAs, near-equiatomic NiTi alloys are the most widely 
investigated, owing to their stable SE response and ability to sustain 
large cyclic strains [30]. The associated stress–strain hysteresis, low 
effective stiffness, and high energy dissipation are particularly relevant 
for architected and lattice-based structures subjected to repeated 
deformation. Under cyclic loading, the mechanical response of SMAs is 
governed by both structural and functional fatigue. Structural fatigue is 
associated with microstructural damage accumulation and eventual 
failure, whereas functional fatigue refers to the progressive degradation 
of SE behaviour, including reduced recoverable strain and evolving 
transformation stresses due to the stabilisation of martensite during 
cycling [31–33].

AM enables the fabrication of NiTi components with complex ge
ometries that are difficult to achieve using conventional processing 
routes, supporting the development of architected and lattice-based 
structures. However, the AM of NiTi remains challenging due to the 
high sensitivity of transformation behaviour to composition, thermal 
history, and processing conditions [34]. Issues such as Ni evaporation, 
oxidation, compositional inhomogeneity, and process-induced defects 
can significantly affect transformation temperatures, SE stability, and 
fatigue performance, often requiring careful process optimisation and 
post-processing treatments [35,36].

Auxetic metamaterials based on AM combine the auxetic response 
enabled by architectural freedom and manufacturing technology with 
the intrinsic ability of SMAs to undergo significant recoverable defor
mation. Being able to reliably exploit and predict the quasi-static and 
cyclic response of these systems is fundamental for the development of 
engineering devices with unprecedented structural and functional 
characteristics. Recent studies have investigated NiTi architected 
structures combining auxetic geometries with the functional behaviour 
of shape memory alloys. Dengiz et al. [37] analysed NiTi auxetic thin- 

film structures, showing that the reversible martensitic transformation 
enables large recoverable deformations while preserving the auxetic 
deformation mechanism. Similarly, Biffi et al. [38] examined the 
microstructural and mechanical response of NiTi lattice structures pro
duced by Laser Powder Bed Fusion (L-PBF), highlighting the influence of 
AM on the functional behaviour of the alloy. More recently, architected 
NiTi metamaterials fabricated by AM have been shown to exhibit stable 
SE response and significant recoverable deformation under cyclic 
loading [39]. Despite these advances, most studies on NiTi auxetic lat
tices focus on global mechanical properties such as stiffness, energy 
absorption, or actuation capability. The interaction between the 
temperature-dependent superelastic response of NiTi and the deforma
tion mechanisms of auxetic architectures, particularly the role of local 
geometric features such as nodal fillet radii, remains comparatively less 
explored.

This paper investigates the mechanical characteristics of a sinusoidal 
re-entrant hexagonal structure fabricated from a NiTi alloy using the L- 
PBF technique. In particular, the present study aims to investigate the 
influence of the fillet radius between the sinusoidal and transversal 
struts, as well as the mechanical response of the auxetic structure under 
superelastic conditions. The material was characterised with Differential 
Scanning Calorimetry (DSC) analysis to determine the phase transition 
temperatures (PTT). Two specimens were scanned with µ-Computed 
Tomography (CT) to analyse the distribution and characteristics of the 
internal porosity. Monotonic and cyclic tests under global strain control 
were conducted at different strain targets and temperatures below and 
above the austenite-to-martensite finish temperature on dog-bone- 
shaped specimens to characterise the material behaviour and deter
mine the optimal experimental conditions to enhance SE behaviour. The 
global strain was measured using DIC, while the test temperature (TT) 
was monitored using a tailored experimental setup. Three different 
auxetic specimens were designed by using three different fillet radii for a 
sinusoidal re-entrant hexagonal configuration. Monotonic and cyclic 
tests under global strain control were also performed on the auxetic 
specimens at two temperatures, RT and 65 ◦C, at which the bulk material 
exhibited the best SE performance in terms of strain recovery (about 
70% of a target strain of 2%). In addition, the experimentally measured 
Poisson’s ratio is compared with predictions from existing analytical 
models for re-entrant auxetic structures, to assess their applicability and 
limitations when extended to sinusoidal geometries. The outcomes 
provide useful insights for the characterisation of an AM NiTi alloy and 
for the design of NiTi auxetic structures manufactured by L-PBF for 
advanced functional applications.

2. Materials and methods

This section describes the specimens design and production pro
cesses (Section 1.1), as well as the experimental setups developed to 
control specimen temperature during testing and to monitor the real- 
time global strain for strain-controlled cyclic tests. Specifically, the 
monitoring of the global strain was achieved through a Digital Image 
Correlation (DIC) algorithm based on the open-source Python-based 
toolkit µDIC developed by Olufsen et al. in 2020 [40]. The experimental 
setup and the algorithm designed to control the cyclic tests by the strain 
measured through DIC are presented in Section 1.2. The temperature 
monitoring setup is described in detail in Section 1.3.

2.1. Specimens design, material, and manufacturing process

2.1.1. Dog-bone specimens for material response characterisation
The selected SMA was Ti-50.6 at.% Ni. 2D dog-bone-shaped speci

mens were manufactured to characterise the thermo-mechanical 
behaviour of the material, specifically to determine the elastic moduli 
of austenite and martensite at different temperatures, as well as the 
phase transition stresses and the SE behaviour. The geometry of the 
tested specimens, along with its characteristic dimensions, including the 
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cross-section, the gauge length, and the fillet radius are reported in 
Fig. 1a.

The specimens were heat-treated to homogenise the material prop
erties; specifically, they were aged at 300 ◦C for 4 h and then water- 
quenched. The adopted furnace was a Nabertherm NAT 15/65 I. A 
Netzsch DSC 3500 Sirius differential scanning calorimeter (DSC) was 
used to study the alloy's transformation behaviour and to measure the 
PTTs. The temperature range was − 150◦C to 150◦C, and the heating/ 
cooling rate was 10 ◦C/min.

2.1.2. Design and manufacturing of the auxetic specimens
The sinusoidal re-entrant hexagonal auxetic structure was first 

introduced by Dolla in 2007 [41] who proposed its use for stent appli
cation and was later investigated by Xu [42] who modelled the rela
tionship between geometric parameters and dynamic impact response. 
Three different geometries were designed to investigate the role of the 
fillet radius in the auxetic behaviour of a 2D sinusoidal hexagonal re- 
entrant auxetic cell. This structure was selected because the sinusoidal 
profile and the presence of fillet radii reduce stress and strain concen
trations at the nodes compared to sharp re-entrant geometries, thereby 
promoting more uniform deformation of the structure [43]. This aspect 
is particularly relevant for NiTi alloys, whose SE response is strongly 
influenced by strain localisation.

The specimens consist of a complete cell connected to the specimen 
bases by two half-sections; the bases are designed to be clamped in the 
tensile testing machine. Fig. 1b shows the main geometric parameters of 
the sinusoidal re-entrant structure. Three values of the fillet radius, R, 
were selected: 0, 0.5, and 1 mm. The longitudinal length h was appro
priately adjusted to keep the geometric characteristics of the sinusoidal 
struts constant. The values of R and h adopted for the auxetic structures 
are reported in the table in Fig. 1b. The sinusoid profile is defined by the 
following expression: 

y = asin
(π

b
x+

π
2

)
, x ∈ [0, π] (1) 

where a = 1.8 mm and b = 1.7 mm for all the auxetic structures.
To ensure faithful reproduction of the specimen geometry and to 

avoid problems associated with the L-PBF fabrication of slender speci
mens, each specimen type was first printed as a thick solid block using a 
commercial PBF-LB/M machine (Renishaw RenAM 500E), equipped 
with a 500 W fibre laser, which was used to produce NiTi specimens. The 
optimised process parameters are: laser power of 140 W, scanning speed 
of 700 mm/s, hatch spacing of 80 µm, and layer thickness of 30 µm. A 

rotated chessboard scanning pattern was used with an island of 5 x 5 
mm2 and an inter-layer rotation angle of 67◦. High purity (>99.999%) 
argon was used to protect the building chamber. The block geometry 
was generated by extruding the 2D auxetic specimen profile along the 
build direction. The blocks were then cut perpendicular to the build 
direction by wire EDM on a Genesi© ECUT32D machine to obtain 
specimens 1 mm thick.

2.1.3. Analytical models for re-entrant auxetic structures
Different analytical models have been developed to predict the 

Poisson’s ratio of a re-entrant hexagonal auxetic structure. Gibson and 
Ashby, in their pioneering work in 1982, proposed a model describing 
the Poisson’s ratio resulting from the flexural deformation of oblique 
struts [2]. More advanced models have been introduced in subsequent 
years. For instance, Grima et al. developed an analytical formulation 
that considers not only flexural deformation, but also stretching and 
hinging of the struts [44]. These approaches are based on force and 
momentum equilibrium applied to beam elements. More recently, 
energy-based formulations have been proposed. For example, Chen et al. 
derived an analytical model based on an energetic description of the 
deformation mechanisms for re-entrant auxetic structures with sinu
soidal inclusions [45].

For the auxetic structures considered in the present work, there are 
no analytical models directly applicable due to the presence of sinu
soidal struts. Therefore, the models proposed by Gibson and Ashby and 
by Grima were employed by introducing appropriate geometric ap
proximations, treating the sinusoidal struts as equivalent linear ele
ments. For completeness, the expression for the Poisson’s ratio proposed 
by Gibson and Ashby for an axially deformed structure is reported 
below: 

νGA =
cos2θ

(h/l + sinθ)sinθ
(2) 

where θ is the angle between oblique and horizontal struts (25◦), h is the 
transverse length of the unit cell (16 mm) and l is the length of the si
nusoidal struts, which varies depending on the fillet radius R.

The expression proposed by Grima et al. is: 

νG =
sinθcos2θ

[(
leff/t

)2
+ 1 + 2νm

]

(h/l + sinθ)
[(

leff sinθt
)2

+ 2(1 + νm)sin2θ + cos2θ
] (3) 

Where leff is the portion of the oblique strut most affected by the 

Fig. 1. Geometry and main dimensions of the specimens used in tensile testing: (a) dog-bone-shaped and (b) auxetic. All dimensions are in millimetres.
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deformation (4 mm), t is the in-plane thickness of the struts (0.8 mm) 
and νm is the Poisson’s ratio of the base material (0.35 based on [46]). 
While leff is assumed constant for all the auxetic structures, the param
eter l was carefully defined to account for the presence of the fillet 
radius, which increases the length of the sinusoidal struts. The definition 
of l for each configuration is provided in Appendix A.

2.2. Tensile test experimental setup

Monotonic and cyclic tensile tests were performed at different tem
peratures to characterise the mechanical properties of the alloy and the 
auxetic structures. Reference temperatures were identified using DSC, 
which also determined the phase transition points. The mechanical 
properties of interest in this study are related to the cyclic stress–strain 
response of the used material. Particular focus was given to evaluating 
elastic moduli at different temperatures and to the evolution of cyclic 
residual strain. A Deben© Microtest tensile stage with a 5 kN load cell 
was used to perform all tensile tests. A custom 2D DIC experimental 
setup was developed, built, and integrated with control of the tensile 
stage to measure the strain field in situ during monotonic and cyclic 
tests. Specifically, all the cyclic tests were performed in strain control. 
The DIC setup includes a monochrome camera (BFS-U3-50S5M-C 
Blackfly S from Flir) with an Edmund Optics C Series lens (50 mm fixed 
focal length) and two Phottix© M200R RGB light panels with anti-flicker 
properties. The selection of these devices was guided by [47].

A speckled pattern was applied to the surface of each specimen 
before performing the tensile test. First, a thin, uniform base coat of 
white paint was applied, and then small black speckles were sprayed 
onto the surface with an airbrush, following the procedure suggested in 
[48]. Specifically, the white paint was Titanium White, and the black 
paint was Carbon Black, both from Golden High Flow Acrylics. The 
outcome of this procedure is shown in Fig. 2.

The square pixel edge length was approximately 16 µm. To avoid 
aliasing effects, speckles must span at least three pixels, and a minimum 
of three speckles per cell is required for the grid used in local strain 
computation with DIC [47]. Consequently, the minimum cell size was on 
the order of 100 µm, allowing for sub-millimetre spatial resolution.

Monotonic and cyclic tests were performed at a constant specimen 
clamping speed of 0.2 mm/min. During cyclic testing, a control algo
rithm (summarised in natural language in Algorithm 1) continuously 
acquires images of the deforming specimen, performs DIC over a 
selected region of interest (ROI), and computes the average axial strain. 
Simultaneously, the applied force is recorded. After each acquisition 
step, the current state is compared with a predefined target value, which 
may be specified in either strain or load control mode. When the dif
ference between the measured value and the target falls below a pre
scribed tolerance, the target is considered achieved. Because the tensile 
stage operates at a low displacement speed compared to the time 

required for image acquisition and strain computation, this straight
forward control algorithm is sufficient to ensure stable and accurate test 
execution.

Regarding the DIC process, an ROI and an appropriate DIC grid were 
defined at the beginning of the test. The first acquired image was used as 
the reference for computing the strain field. As the test progresses, the 
number of iterations required by the DIC algorithm to determine the 
updated grid node coordinates increases. When the number of iterations 
exceeds a predefined threshold (40 in this case), the reference image is 
updated to limit the computational cost of strain evaluation.

Camera configuration was performed using SpinView software (FLIR 
Systems, Inc.), and image acquisition during the tests was managed 
using the Spinnaker Python library. The SpinView software enables se
lection of camera settings and adjustment of external illumination to 
maximise the contrast of the speckle pattern, avoiding oversaturated 
spots. The exposure time was kept below 15 ms to ensure negligible 
distortion due to the continuous displacement applied by the tensile 
stage, given the displacement speed of 0.2 mm/min. Moreover, the gain 
and gamma factor of the camera were set equal to zero and one, 
respectively, to avoid the addition of artificial noise. The C++ control 
commands provided by the Deben Microtest tensile stage were wrapped 
and integrated into a Python control environment.

Algorithm 1. Computational procedure for DIC-based average strain evaluation and 
control during cyclic tensile tests

Initialise camera acquisition
Initialise communication with the tensile stage
Define initial state
for n = 1 to N_cycles do

for half_cycle ∈ {loading, unloading} do
Activate tensile stage actuator
while |current_state − target_state| > tolerance do

Acquire image frame
Acquire force signal from tensile stage
Perform DIC on region of interest
Compute average axial strain
Update current_state

end while
Deactivate tensile stage actuator

end for
end for

2.3. Temperature control setup

SE behaviour requires the testing temperature to be higher than the 
Af of the alloy. In the present study, mechanical tests were conducted at 
different temperatures, both below and above Af . To ensure accurate in 
situ temperature control during tests performed above room temperature 
(RT), a custom temperature control system was developed. The system 
consisted of a set of microheaters and temperature sensors operating in a 
closed-loop configuration. The selected microheater was the HST. 
P11R0.1010.63A.2 L.020Pt Heater, while temperature was monitored 

Fig. 2. An example of speckle pattern and grid applied to a) a dog-bone specimen and b) an auxetic specimen to compute the global strain through DIC during 
tensile tests.
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using the P0K1.308.1E.B.100Pt Thin Film Measuring Resistor, both from 
IST AG©. The compact dimensions of the microheater (10 x 10 mm) 
enabled a modular arrangement, allowing construction of a heating 
platform that covers the specimen's lower surface. A schematic repre
sentation of the support structure (light grey) and of the microheater 
platform (red) integrated into the tensile stage (dark grey) is shown in 
Fig. 3. A specific insert was designed for each heating platform size, 
based on the specimen's different shapes, to secure it in the correct po
sition on the main support. Specifically, the dog-bone-shaped specimen 
requires a 2-microheater platform to cover the ROI, whereas the auxetic 
structures use a 2x2 microheater platform (as depicted in Fig. 3).

The heating platform was secured in place using Qeeroyo© Double- 
Sided Thermally Conductive Tape. To reduce the grip between the 
platform and the specimen, the platform was first covered with Elegoo© 
Hi-Temp Masking Tape, and then the air gap between the platform and 
the specimen (visible in Fig. 3) was filled with Arctic© MX-4 Thermal 
Compound to ensure good heat conductivity. The gap prevented direct 
contact between the heating platform and the specimen, thereby pro
tecting the brittle ceramic-covered microheaters from any applied load.

The temperature sensor, owing to its small dimensions (3 × 0.8 mm), 
allowed local surface temperature measurements. The temperature 
control algorithm was written in LabVIEW©. In a closed-loop system, 
the algorithm controls the power supplied to the microheaters based on 
the temperature signal. The temperature chain measurement includes 
the USB CompactDAQ chassis, NI cDAQ-9174, and the NI 9219 Uni
versal Analog Input module, both from National Instruments©.

The microheater power supply chain consisted of a switching power 
supply that provides 12 V, and an IRFZ44N MOSFET, which acts as a 
switch and is controlled by an Arduino© Uno R4 Minima micropro
cessor. Thus, the transistor connects the power supply, the control 
signal, and the microheaters. The microheaters on the heating platform 
are connected in parallel to the same power supply to ensure the same 
voltage across each microheater.

The Arduino microcontroller generates a high-frequency square- 
wave signal applied to the transistor gate to regulate the voltage sup
plied to the microheaters. Power control is achieved via pulse-width 
modulation, whereby the switching frequency is kept constant, and 
the duty cycle, D, is adjusted. The control algorithm determines the duty 
cycle based on the measured temperature. The duty cycle, defined as the 
ratio of on-time to total period of the signal, ranges from 0 (heater 
permanently off) to 1 (heater continuously on). Accordingly, increasing 
the duty cycle increases the average power delivered to the micro
heaters. The control law is depicted in Fig. 4.

In the present study, target quantities are denoted with a superscript 
asterisk (*).

Starting from room temperature (RT), the duty cycle is initially set to 
a high value (D1) to ensure rapid heating of the platform. As the 
measured temperature increases, the duty cycle is progressively reduced 
according to a linear control law. This gradual decrease in power input 
enables controlled temperature ramping while limiting overshoot.

Once the temperature approaches the predefined target value T*, the 
duty cycle is reduced to D*, corresponding to a holding regime at which 
the supplied power compensates for thermal losses and stabilises the 
temperature around the setpoint. The threshold Ts represents an upper 
temperature limit beyond which additional control action is introduced. 
When the measured temperature exceeds Ts, the duty cycle is reduced to 
mitigate thermal oscillations and prevent further temperature over
shoot. Beyond the maximum admissible temperature Tmax, the duty 
cycle is set to zero, preventing overheating and ensuring safe operation 
of the microheaters and the specimen.

Fig. 5 shows an example of how the temperature sensors were 
positioned on the dog-bone and auxetic specimens. The central sensors 
are shown schematically to indicate their original position on the surface 
before being removed to allow DIC measurements. Once the tempera
ture recorded by the central sensors had stabilised, they were removed, 
and the specimen temperature was controlled using the same scheme 
described previously, while also accounting for the temperature differ
ence between the peripheral and central sensors.

3. Experimental results and discussion

This section presents the experimental results. Section 2.1 is reserved 
for the material thermomechanical characterisation. Section 2.2.1 pre
sents the results of the monotonic tests while Section 2.2.2 analyse the 
results of the cyclic tests of the auxetic structures. DIC post-processing 
was performed using Ncorr, an open-source 2D-DIC MATLAB© soft
ware [49], to analyse local strain distributions and generate strain field 
maps, as presented in Section 2.2.1.

3.1. Material characterisation

Before testing the auxetic structures, it was necessary to characterise 
the NiTi alloy from a thermomechanical perspective to determine at 
which TTs the SE behaviour exhibits the highest strain recovery.

3.1.1. Micro-computed tomography
X-ray micro-computed tomography (µCT) analyses were carried out 

to evaluate the internal porosity of both the gauge volume of a dog-bone- 
shaped specimen and an auxetic specimen. A visual representation of the 
analysed volumes of both specimens is shown in Fig. 6, and the 3D 
reconstruction of the volumes is also reported. The reconstructed vol
umes were processed using Dragonfly© to extract pore-volume and 
sphericity distributions [50]. The voxels are cubic, with edge lengths of 
3.0 µm and 2.8 µm for the dog-bone and auxetic specimens, respectively. 
The relative frequency distributions of defect volume (Fig. 7a) indicate 
that the two specimens exhibit comparable defect-volume ranges, with Fig. 3. Schematic illustration of the designed thermo-mechanical setup.

Fig. 4. Power control law of the heating experimental setup.
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most defects characterised by volumes on the order of 103 µm3. Despite 
the smaller analysed volume of the auxetic specimen, a greater number 
of defects were detected compared to the dog-bone sample. Specifically, 
the relative porosity was equal to 0.01% for the dog-bone specimen and 
0.1% for the auxetic structure.

The relative frequency distributions of sphericity (Fig. 7b) show that 
the dog-bone specimen is characterised by a predominance of near- 
spherical defects, typically associated with gas entrapment, whereas 
the auxetic specimen presents a broader dispersion toward lower sphe
ricity values.

The scatter plot of sphericity versus defect volume (Fig. 7c) further 

highlights that defects in the auxetic structure deviate more significantly 
from spherical geometry. Overall, the auxetic architecture exhibits a 
higher defect density and greater morphological variability, likely 
related to its increased geometric complexity during the L-PBF process, 
which may promote local strain concentrations under mechanical 
loading.

3.1.2. Differential scanning calorimetry characterisation
Differential Scanning Calorimetry (DSC) is a thermal analysis tech

nique used to determine the phase transition temperatures (PTTs) of 
materials. To maintain a constant temperature ramp change during 

Fig. 5. (a) Dog-bone specimen and (b) auxetic specimen with applied temperature sensors. The temperature sensors are shown schematically in orange to indicate 
their original position before removal for DIC measurements on the specimen surface.

Fig. 6. µCT reconstructions of (a) dog-bone and (b) auxetic specimens with fillet radius R = 1 mm, highlighting internal porosity.
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testing, a variable heat flux is applied to compensate the heat release during exothermic transformations (austenite to martensite) and 

Fig. 7. Pore characterisation of dog-bone and auxetic specimens obtained by X-ray micro-computed tomography (µCT): (a) relative frequency distribution of defect 
volume, (b) relative frequency distribution of defect sphericity, and (c) sphericity as a function of defect volume.

Fig. 8. DSC of the material before and after the heat treatment and test temperatures. The PTTs of each analysis are also reported with dots.
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absorbed during endothermic transformations (martensite to austenite). 
Three DSC analyses were conducted: one on the material before the heat 
treatment and two on the heat-treated material. The measurements were 
carried out using a Mettler-Toledo© DSC 3 Stare System differential 
scanning calorimeter.

The heat flow – temperature curves obtained from the DSC analyses 
are presented in Fig. 8, while the corresponding PTTs, determined using 
the tangent method [29], are reported in Table 1. The presence of minor 
peaks and valleys during the heating process of the heat-treated NiTi 
alloy, particularly those observed in the ‘After HT − 2′ curve, suggests 
the formation of secondary phases due to the heat treatment. The heat 
treatment resulted in a significant increase in both the martensitic and 
austenitic transformation temperatures.

It should be noted that the specimens were not cooled below Mf prior 
to mechanical testing. Therefore, the material condition at RT cannot be 
regarded as fully martensitic and may retain a fraction of austenite.

3.1.3. Material mechanical characterisation at different temperatures
Monotonic and strain-controlled cyclic tensile tests were performed 

at different temperatures to characterise the material behaviour. Spe
cifically, the selected TTs were: room temperature (approximately 
24 ◦C); 40 ◦C; 50 ◦C; 65 ◦C; 75 ◦C; 85 ◦C. Fig. 8 shows the TTs in relation 
to the DSC analyses. Monotonic tests to failure were performed at RT and 
at 65 ◦C. Strain-controlled cyclic tests were performed by loading the 
specimens to a prescribed target axial strain, ε*

a, followed by unloading 
to zero force. The target strain was selected to promote superelastic 
recovery while limiting premature failure and excessive accumulation of 
irrecoverable strain. Therefore, relatively low strain targets were 
adopted and adjusted depending on the temperature-dependent defor
mation capacity observed during testing. To compare the SE response 
under different testing conditions, the normalised strain recovery ratio, 
RR, was adopted as the primary performance metric and defined as: 

RR = 1 −
εa,r

ε*
a

(4) 

Where εa,r is the residual axial strain measured after complete unloading 
to zero force at the end of a loading–unloading cycle. For each test 
condition, 50 loading–unloading cycles were performed.

Initially, a single cyclic test was conducted at each temperature to 
identify the general trends in the material response. Based on these 
preliminary results, 65 ◦C exhibited the highest strain recovery among 
the investigated temperatures, as indicated by the highest RR. This 
condition was therefore selected for further investigation through an 
additional cyclic test to assess repeatability and better characterise the 
cyclic response under SE conditions. Specimens tested at 40 ◦C, 75 ◦C, 
and 85 ◦C (specimens 4, 8, and 9, respectively) were subsequently 
subjected to monotonic loading to failure after the cyclic test. These 
additional tests were performed to expand the experimental dataset 
available for material characterisation and constitutive model devel
opment. The post-cyclic monotonic responses are reported for 
completeness only and are not further analysed within the scope of the 
present study. Fig. 9a shows the monotonic tests performed at different 
TTs. The loading half-cycle of the first cycle of specimen 5, tested at 
50 ◦C, is also included. Due to an experimental issue, only one cycle was 

completed for this specimen; the dotted line indicates that the last point 
does not represent failure. Fig. 9b shows the first cycles of the cyclic tests 
conducted at different TTs.

Fig. 10 shows the variation of the elastic modulus as a function of TT. 
The Young’s modulus, E, was determined from the initial linear portion 
of the stress–strain curve by least-squares linear regression. For each 
specimen, the fitting interval was selected within the first loading 
branch, starting from zero strain and ending before the onset of non- 
linearity associated with stress-induced transformation. Depending on 
the specimen and testing temperature, the upper strain limit of the 
fitting range varied between approximately 0.11% and 0.60%. The un
certainty reported in Table 2 corresponds to the standard error of the 
slope obtained from the linear regression, while the coefficient of 
determination, R2, was used to assess the quality of the fit. Since E was 
determined from the initial tensile loading branch, the reported values 
should be interpreted as apparent Young’s moduli representative of the 
initial mechanical response under the adopted testing conditions, rather 
than as intrinsic phase-specific elastic constants. At RT and 65◦C, where 
three specimens were tested, a noticeable scatter in the measured 
modulus was observed (Fig. 11).

The apparent Young’s modulus exhibits a marked dependence on 
testing temperature, ranging from approximately 30 to 60 GPa.

Table 1 summarises the results of the monotonic and cyclic tests in 
terms of apparent Young’s modulus and cyclic recovery performance, by 
reporting the strain recovery ratio, measured after the first and last 
loading–unloading cycle, RR1 and RRlast respectively.

The criterion used to determine the number of cycles required for 
stabilisation was defined as a difference in residual strain between two 
consecutive cycles was lower than 1%. Specimens 2, 3, and 9a stabilised 
within fewer than 10 cycles, whereas specimen 7 stabilised after 
approximately 30 cycles. In contrast, specimen 10a did not stabilise 
within the duration of the test. The complete cyclic responses of spec
imen 7 and 8 tested at 65 ◦C are shown in Fig. 12.

Fig. 12 highlights the flag-like shaped response obtained at 65 ◦C, 
which is characteristic of superelastic behaviour. Compared to specimen 
7, specimen 8 exhibits a more pronounced flag-like shaped hysteresis 
and a higher strain recovery ratio, resulting in lower residual strain 
accumulation during cycling. Conversely, specimen 7 shows a larger 
progressive shift of the hysteresis loops towards higher strain values. 
These observations highlight the variability of the cyclic response under 
nominally identical testing conditions. Such differences, as well as the 
scatter in the elastic moduli, may arise from several sources of vari
ability, including microstructural heterogeneities, internal porosity and 
build-height-dependent variations typical of LPBF NiTi [51–53]. How
ever, the available dataset does not allow the specific contribution of 
porosity to the cyclic response to be isolated or quantified. Dedicated 
investigations combining specimen-specific porosity characterisation 
and cyclic testing would be required to establish a direct correlation.

Compared to the other conditions, the material tested at 65 ◦C ex
hibits a higher initial strain recovery ratio, indicating improved 
superelastic (SE) performance. Based on these results, this temperature 
was selected as the SE TT for subsequent testing of auxetic structures.

3.2. Auxetic structure characterisation

3.2.1. Monotonic response of the auxetic structures
The characterisation of the auxetic structures was conducted through 

monotonic and cyclic tests at two temperatures: RT and 65 ◦C. Three 
monotonic tests were performed on each unit cell until the structure 
failed. All cyclic tests were conducted by loading the structure to 4.5% of 
its average axial strain and unloading to 0 N force for 50 cycles. Both 
axial and transverse strains were measured using DIC to compute Pois
son’s ratio, ν. The grids used to compute the strains are depicted in 
Fig. 2b. Specifically, the axial and transverse strains were computed as: 

Table 1 
Phase Transition Temperatures determined from the DSC analyses using the 
tangent method.

Before HT After HT – 1 After HT – 2

Mf [◦C] − 2.7 5 5.4
Mp[◦C] 14.1 28.7 28.4
Ms[◦C] 30.1 47.9 45.4
As[◦C] 32.5 28.5 36.2
Ap[◦C] 52.4 63 61.9
Af [◦C] 64.1 79.9 76
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ε =
1
3
∑3

i=1

Δdi

d0i

(5) 

Where d0i represents the initial distance between two vertically or 
horizontally aligned points on the grids and Δdi is the vertical or hori
zontal variation in the distance between the same points.

The Poisson’s ratio was evaluated as the negative derivative of a 
second-order polynomial fit between transverse and axial strain, 

ν = −
dεt

dεa
(6) 

This approach provides a smoothed estimate of the evolving ν while 

Fig. 9. Stress–strain curves obtained with a) monotonic and b) cyclic tests at different TTs. Only the first cycle of the cyclic tests is reported. The legend reports the 
specimen number, the TT, and the test type (‘c’ for cyclic and ‘m’ for monotonic).

Fig. 10. Apparent Young's modulus as a function of test temperature. Symbols represent individual specimens. The solid line connects the mean value at each testing 
temperature.

Table 2 
Summary of monotonic (m) and cyclic (c) tests, reporting TT, target axial strain (ε*

a), elastic modulus (E) with its uncertainty (δE) and the coefficient of determination 
(R2) of the linear regression. For cyclic tests, the strain recovery ratio at the first and last cycle (RR1 and RRlast). The cycle number corresponding to residual strain 
stabilisation, Ns, is also provided.

Specimen# TT 
[◦C]

Test ε*
a[%] E [GPa] δE 

[GPa]
R2 

[-]
RR1[%] RRlast[%] Ns#

1 24 m − 54.5 ±1.0 0.98 − − −

2 24 c 2.0 59.4 ±1.6 0.99 82.8 85.8 5
3 24 c 5.0 44.3 ±1.2 1.00 83.8 86.0 6
4a 40 c 1.5 30.3 ±0.4 0.98 47.6 60.9 8
5 50 c 3.0 34.2 ±0.1 0.99 67.7 − −

6 65 m − 38.0 ±0.1 1.00 − − −

7 65 c 2.0 47.6 ±1.1 0.99 30.3 42.9 32
8 65 c 2.0 42.1 ±0.5 0.99 18.8 35.0 12
9a 75 c 2.0 48.7 ±0.4 0.98 32.8 37.6 6
10a 85 c 2.0 54.5 ±0.5 0.98 52.0 60.8 −
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limiting the amplification of experimental noise associated with direct 
numerical differentiation. As a consequence of the second-order fit, ν 
varies linearly with axial strain within each loading or unloading 
branch.

Fig. 13 summarises the average monotonic response of the auxetic 
structures with different fillet radii tested at RT and 65 ◦C. Fig. 13a re
ports the applied force normalised by the specimen thickness as a 
function of axial strain, while Fig. 13b and c show the corresponding 
transverse strain and Poisson’s ratio evolution. For each test condition, 
the curves were obtained by averaging the responses of three specimens 
over a common strain range. The shaded bands represent the confidence 
intervals associated with the standard error of the mean. Owing to the 
architected geometry of the auxetic cells, the load-bearing cross-section 
varies along the structure and no representative constant area can be 
defined. Therefore, the applied force was normalised by the specimen 
thickness to provide a consistent basis for comparison among the 
different geometries.

To complement the strain-based representation, Fig. 14 reports the 
force–displacement response of the same specimens. Unlike axial strain, 
which is normalised by the initial cell height, the displacement provides 
a direct measure of the absolute deformation experienced by the struc
ture during loading. This representation facilitates the comparison of the 
deformation capacity among geometries characterised by different cell 
dimensions.

The force responses reported in Fig. 13a and Fig. 14 clearly separate 

into two groups corresponding to RT and 65 ◦C, with the latter consis
tently exhibiting higher force levels irrespective of the fillet radius. This 
behaviour reflects the temperature-dependent mechanical response of 
the NiTi alloy.

While the temperature primarily affects the force level, the fillet 
radius mainly influences the deformation behaviour of the auxetic cell. 
When expressed in terms of axial strain, structures with larger fillet 
radius fail at lower strain values. However, the force–displacement 
curves show that the corresponding displacement at failure increases 
with increasing fillet radius. This difference arises because the cell 
height h increases from 5.0 mm to 9.1 mm as the fillet radius increases. 
Therefore, the reduction in failure strain should be interpreted in the 
context of the modified cell geometry rather than as a direct reduction of 
the absolute deformation capacity.

A different trend is observed when considering the deformation- 
based quantities. The axial–transverse strain curves (Fig. 13b) and the 
evolution of Poisson’s ratio (Fig. 13c) do not group according to tem
perature. Instead, the results are organised into three distinct clusters 
associated with the three fillet radii. For a given geometry, the responses 
at RT and 65 ◦C largely overlap, while clear differences are visible be
tween structures with R ≈ 0 mm, R = 0.5 mm, and R = 1 mm. This 
indicates that the transverse deformation response and the resulting 
auxetic behaviour are primarily governed by the structural geometry 
rather than by the TT.

The DIC strain fields obtained using the open-source software Ncorr 

Fig. 11. Residual strain as a percentage of the strain target as a function of the number of cycles, N.

Fig. 12. Stress–strain curves of the material cyclically tested at 65◦C (specimens 7 and 8).Auxetic structures mechanical characterisation.
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and reported in Fig. 16 show that the highest strain concentrations 
develop near the transition region between the sinusoidal ligaments and 
the transverse struts. The fracture initiation points observed after testing 
(Fig. 16m–o) consistently coincide with these highly strained regions. 
For all the investigated geometries, failure initiates near the beginning 
of the fillet region, indicating that this area governs the onset of fracture. 

These observations indicate that the transition between the ligament 
and the transverse strut is the most critical region of the auxetic struc
ture [54].

Fig. 15 compares the analytically predicted Poisson’s ratio with the 
experimentally determined values. The analytical predictions were ob
tained using the models proposed by Gibson and Ashby and by Grima 

Fig. 13. Mechanical response of the auxetic structures tested under monotonic tension at RT and 65 ◦C for different fillet radii (R ≈ 0 mm, 0.5 mm, and 1 mm). (a) 
Force per unit thickness as a function of axial strain. (b) Transverse strain versus axial strain. (c) Evolution of Poisson's ratio as a function of axial strain. Solid lines 
represent the mean curves obtained from three specimens for each configuration, while shaded bands indicate the confidence intervals associated with the standard 
error of the mean. Larger markers denote the mean failure points; error bars represent ± standard error of the mean (SEM).

Fig. 14. Force per unit thickness as a function of absolute displacement for the auxetic structures tested under monotonic tension at RT and 65 ◦C for different fillet 
radii (R ≈ 0 mm, 0.5 mm, and 1 mm). Shaded bands indicate the confidence intervals associated with the standard error of the mean. Larger markers denote the mean 
failure points; error bars represent ± SEM.
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(Eqs (1) and (2), respectively). Since these models are based on small- 
deformation linear-elastic assumptions, the mean Poisson’s ratio was 
computed considering only the axial strain ranges, of 0–0.5% and 0–1% 
for the auxetic structures tested at RT and 65◦C, respectively. Table 2
reports the percentage differences between the predicted and experi
mental values.

Both analytical models tend to overestimate the Poisson’s ratio 
compared to the experimental results. The formulation proposed by 
Grima provides better agreement, likely due to its greater flexibility in 
defining the geometric parameter. In particular, it distinguishes between 
the overall strut length l and the portion effectively involved in defor
mation, leff , both of which are explicitly included in Eq. (2). Further
more, the structures tested at 65 ◦C exhibit a higher Poisson’s ratio in 
terms of absolute value compared to those tested at RT. This behaviour 
may be attributed to the non-negligible influence of material properties 
on the deformation mechanisms of the auxetic structure. Further 
investigation is required to fully clarify this effect (Fig. 17).

3.2.2. Cyclic response of the auxetic structures
The cyclic response of the auxetic structures is reported in Fig. 18 for 

RT and 65 ◦C. The curves are shown for the three geometries (R ≈ 0 mm, 
0.5 mm, and 1 mm) and for both cyclic tests conducted for each com
bination of geometry and temperature. Only one valid test was retained 
for the R = 1 mm configuration at 65 ◦C due to testing issues and limited 
specimen availability.

The transverse strain versus axial strain curves (Fig. 18a, b) and the 
corresponding evolution of Poisson’s ratio (Fig. 18c, d) indicate a pro
gressive stabilisation of the response with increasing number of cycles. 
The difference between cycle 1 and cycle 2 is visible for all geometries 
and temperatures. However, stabilisation occurs more rapidly for the 
tests conducted at RT, where cycles 25 and 50 are almost fully super
imposed and closely aligned with cycle 2. At 65 ◦C, a slightly more 
gradual evolution is observed, with small but noticeable differences still 
present between cycles 2, 25, and 50.

At a given temperature, the transverse strain response is primarily 
governed by the fillet radius. For each geometry, the curves obtained at 
RT and 65 ◦C show similar overall trends, indicating that geometry plays 
a dominant role in defining the transverse deformation response. 
However, for the R ≈ 0 mm configuration at 65 ◦C, a significantly more 
scattered response is observed. This behaviour may be attributed to a 
reduced geometrical conformity, as this configuration is characterised 
by smaller features that are more sensitive to manufacturing 

imperfections compared to the other geometries. The Poisson’s ratio was 
computed from the measured axial and transverse strains. First, a linear 
regression was applied to the transverse–axial strain curves of each half- 
cycle. Then, the evolution of Poisson’s ratio was evaluated by computing 
the opposite of the derivative of the transverse strain with respect to the 
axial strain. In this way, a representative Poisson’s ratio value was 
computed for each half-cycle.

As reported in Table 3: Residual axial strain (as a percentage of 
maximum imposed axial strain) measured after unloading at cycle 1 and 
cycle 50 for the auxetic structures tested at RT and 65 ◦C. A clear tem
perature effect is observed. For all geometries, the structures tested at 
65 ◦C exhibit significantly lower residual axial strain than those tested at 
RT, in both the first and last cycles. At RT, the residual strain at cycle 1 
ranges between approximately 62% and 70% of the imposed strain, 
increasing moderately by cycle 50. In contrast, at 65 ◦C, the residual 
strain at cycle 1 is substantially lower, ranging between approximately 
20% and 37% of the imposed strain, and remains markedly below the RT 
values even after 50 cycles (Table 4).

This behaviour is consistent with the activation of the SE mechanism 
at 65 ◦C, where stress-induced martensitic transformation enables 
greater strain recovery upon unloading. Conversely, at RT the material 
response is governed by the martensitic phase, resulting in limited 
recoverability and higher residual deformation.

Within each temperature group, differences related to the fillet 
radius are also visible. The residual strain tends to increase with 
increasing fillet radius.

4. Conclusions

This study investigated the mechanical response of L-PBF fabricated 
NiTi sinusoidal auxetic structures, focusing on the combined effects of 
temperature, cyclic loading, and fillet radius on both structural and 
functional performance.

Thermomechanical characterisation of the alloy allowed the identi
fication of testing conditions close to the austenitic transformation 
range, where the NiTi material exhibits enhanced superelastic response 
and improved strain recovery. X-ray micro-computed tomography 
revealed similar defect size ranges in both dog-bone and auxetic speci
mens, although the auxetic structures showed a higher defect density 
and a wider dispersion of pore sphericity, indicating a more irregular 
defect morphology that may promote local strain concentrations.

The experimental campaign was supported by a dedicated testing 

Fig. 15. Comparison between analytically predicted and experimentally measured Poisson’s ratio for auxetic structures tested under monotonic tension at RT and 
65◦C for different fillet radii (R ≈ 0 mm, 0.5 mm, and 1 mm). Vertical black lines indicate the variability of Poisson’s ratio within the elastic range.
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setup specifically developed for this study, enabling simultaneous con
trol of specimen temperature and global strain during cyclic tests 
through a DIC-based feedback system.

The experimental results obtained for the auxetic structures high
light a clear distinction between material- and geometry-driven effects. 
Temperature mainly controls the load levels sustained by the structures, 
while the auxetic deformation behaviour, including transverse strain 
and Poisson’s ratio evolution, is primarily governed by geometrical 
features, and particularly by the fillet radius at the nodal connections.

The fillet radius also affects the failure behaviour of the auxetic 
structures. While structures with smaller fillet radii exhibit higher axial 
strains at failure, larger fillet radii allow greater absolute displacements 
before fracture. DIC measurements indicate that fracture consistently 
initiates in the transition region between the sinusoidal ligaments and 
the transverse struts, identifying this area as the most critical region of 
the auxetic cell.

The comparison with the Gibson–Ashby and Grima analytical models 
shows that both formulations overestimate the auxetic response, with 
the latter providing better agreement. Nevertheless, they still offer a 
reasonable first-order estimate of the Poisson’s ratio, despite being 
originally developed for conventional re-entrant hexagonal cells, 
thereby highlighting both their potential and their limitations when 
applied to sinusoidal geometries.

Overall, the results demonstrate that the mechanical response of the 
studied NiTi auxetic architectures is governed by two distinct mecha
nisms: temperature primarily controls the load levels sustained through 
an interplay between phase transformation and temperature-dependent 
elastic response of each phase of the alloy, whereas the auxetic response 
is mainly dictated by the structural geometry. Auxetic structures oper
ating in the temperature range where the alloy exhibits SE behaviour 
can sustain higher loads while maintaining significant strain recovery, 
suggesting potential applications in adaptive architected structures and, 

Fig. 16. DIC strain fields at maximum load for auxetic structures with fillet radii of 0.0 mm, 0.5 mm and 1.0 mm. Panels (a–c), (d–f) and (j–l) show the distributions 
of εyy, εxx and εxy, respectively. Panels (m–o) indicate the experimentally observed failure locations (red circles).
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with appropriate tuning of transformation temperatures, for instance, in 
biomedical devices employing superelastic NiTi alloys. These results 
also highlight the need for further optimisation of additively manufac
tured NiTi in order to achieve a more pronounced and stable superelastic 
response.
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Fig. 17. Cyclic response in terms of force per thickness vs. axial strain of the structures tested at RT (a) and 65◦C (b). The evolution of the cycles is indicated by a 
progressive increase in colour intensity. Solid and dotted lines denote loading and unloading paths, respectively.

Fig. 18. Cyclic response of the auxetic structures tested at RT (a, c) and 65◦C (b, d) for the three fillet radii (R ≈ 0 mm, 0.5 mm, and 1 mm). Specifically, transverse 
strain vs. axial strain (a, b), and Poisson’s ratio vs. axial strain (c, d). The evolution of the cycles is indicated by a progressive increase in colour intensity. Solid and 
dotted lines denote loading and unloading paths, respectively.
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Appendix A. Geometric parameter definition for sinusoidal re-entrant auxetic structures within the Grima model framework

The three auxetic structures were designed by keeping the geometric characteristics of the sinusoidal struts constant, while introducing a fillet 
between the sinusoidal struts and the linear struts. The chosen fillet radii are 0.0, 0.5 and 1.0 mm. This fillet modifies the effective axial length of the 
unit cell and, consequently, influences the overall Poisson’s ratio.

The Grima formulation enables the distinction between the length of the oblique strut, l and the portion of the strut most affected by deformation, 
leff . The fillet region, when present, is stiffer than the sinusoidal portion due to its larger cross-section. For this reason, leff is assumed to include only the 
sinusoidal segment of the strut and is therefore considered constant across the three different designs.

Fig. 19 illustrates a detail of the oblique sinusoidal struts for each structure. Lines AB and AʹBʹ represent the extensions of the linear struts within the 
fillet region, while lines CD and CʹDʹ define the boundaries between the fillet region and the sinusoidal struts. The segment EF connects the midpoints 
of CD and CʹDʹ and represents the effective length leff . The segment GH is obtained by extending EF until it intersects the lines AB and AʹBʹ, and 
corresponds to the total strut length .l 

Table 3 
percentage difference between the mean Poisson's ratio experimentally 
measured and the analytically predicted.

R [mm] TT [◦C] ΔνGA[%] ΔνG[%]

0.0 RT 34 21
65 23 7

0.5 RT 34 21
65 25 10

1.0 RT 31 17
65 13 − 5

Table 4 
Residual axial strain (as a percentage of target axial strain, εa

∗) measured after 
unloading at cycle 1 and cycle 50 for the auxetic structures tested at RT and 
65 ◦C.

TT [◦C] R[mm] εar,1
/

εa
∗[%] εar,last

/

εa
∗[%]

RT ~0.0 62.4 68.5
0.5 66.3 74.2
1.0 69.6 75.6

65 ~0.0 19.7 32.0
0.5 37.0 46.0
1.0 33.0 46.0
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Fig. 19. Details of the sinusoidal struts and fillet region for auxetic structures with fillet radius of a) 0.0 mm, b) 0.5 mm and c) 1 mm.

Data availability

Data will be made available on request.
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