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Abstract 

NiTi alloy is a smart material characterized by two effects, “Shape Memory Effect” and “Pseudoelastic Effect”. It is 

one of the most widely used Shape Memory Alloys (SMA) and its properties can be interesting for aeronautical and 

space applications. In particular, for the latter field, the usage of NiTi can lead to weight reduction and increased 

reliability, since it would eliminate the need for complex mechanisms. The Shape Memory Effect allows to use NiTi 

for actuation, while the Psudoelastic Effect enables the material to recover large deformations and can be employed 

to provide structural damping. Currently, the main limit to the widespread adoption of NiTi is its poor workability 

with conventional technologies, and for this reason, the development of new production technologies, such as 

Additive Manufacturing (AM), is of great interest to research. 

This work focuses on the study of the two effects of SMA in an innovative complex structure with origami geometry. 

The origami samples were fabricated through Laser Powder Bed Fusion (LPBF), an AM process that uses a laser 

beam to selectively melt layers of micrometric metal powders. The LPBF process parameters were established 

through a prior investigation on simple-shaped specimens aimed to guarantee the material’s performance and 

minimize the occurrence of defects. The studied geometry presents an intrinsic suitability for energy absorption, so 

when SMA are employed in the pseudoelastic regime, the material functionality increases the structural damping 

performances. Likewise, thanks to the shape memory effect, once the structure is heated over a certain threshold the 

pre-strained structure recovers its initial shape, thus obtaining a deployable structure. 

Thermal analysis and thermo-mechanical tests were used to investigate the overall performance of the origami 

structure. Once assessed the phase transformation temperatures, the structure was analysed to investigate separately 

the pseudoelastic and shape memory effects. 
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Acronyms/Abbreviations 

SMA Shape Memory Alloys 

AM Additive Manufacturing 

L-PBF Laser-Powder Bed Fusion 

SME Shape Memory Effect 

PE Pseudoelastic Effect 

SLM Selective Laser Melting 

DSC Differential Scanning Calorimetry 

MF Martensite Finish Temperature 

MS Martensite Start Temperautre 

AF Austenite Finish Temperature 

SIM Stress Induced Martensite 

 

 

1. Introduction 

The space environment is always looking for 

innovative applications and materials to improve the 

performances of the systems, increase reliability, and 

reduce weight. NiTi is a Shape Memory Alloys (SMA) 

that shows fascinating performances and it is of interest 

for space applications due to its functionality [1, 2]. 

NiTi indeed exhibits two effects that can be triggered by 
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application of external stresses or variation of 

temperature. These behaviours are possible thanks to the 

two stable phases of the material: austenite phase, stable 

at high temperatures, and martensite phase, stable at low 

temperatures. The transformation from one phase to the 

other allows to obtain the two effects of the material, 

called Shape Memory Effect (SME) and Pseudoelastic 

Effect (PE). The SME allows to recover the initial shape 

of the structure through deformation of martensite phase 

and then heating the material at higher temperatures to 

recover the austenite state and the original shape [3, 4]. 

This effect can be used to produce motion and it is 

useful in space environments since it allows to design, 

for example, low weight movable systems. On the other 

hand, the second effect, PE, allows the material to 

recover high strain, up to 8%, through a thermo-

mechanical hysteretic behaviour and without permanent 

deformations [5]. This behaviour is suitable for damping 

applications. In this case the material is initially in 

austenite phase and due to the application of external 

load, it transforms to stress induced martensite [6]. After 

the removing of the load it comes back to austenite 

phase. Depending on the Ni/Ti ratio, NiTi can present 

SME or PE at different temperatures, and this makes it 

suitable for space applications at different thermal 

conditions. Moreover, it is possible to vary its 

mechanical properties by varying the working 

temperature, or vice versa, setting the temperature to 

have specific mechanical behaviours.  

The biggest limitations of NiTi, which reduced its 

widespread diffusion, are the challenges related to the 

traditional technologies to manufacture complex 

structures. This led to the possibility to obtain only 

simple shapes structures, as wires, springs, tubes or 

plates. This difficulty guided the research world to 

source for new manufacturing technologies to produce 

innovative and complex shapes, that cannot be 

manufactured through traditional technologies. One of 

the technologies on which the research is focusing is 

Selective laser Melting (SLM), that is a Laser Powder 

Bed Fusion (L-PBF) technique [7] that nowadays has 

received particular attention for NiTi alloy.  

Most of the studies on the printability of NiTi 

through SLM are focused mainly on the correlation of 

the printing parameters to the Ni and Ti content in the 

printed part [8, 9]. The manufacturing process indeed, 

leads to variations of Nickel and Titanium atomic 

percentages and the consequent variation of mechanical 

and thermal properties of the material [10]. A reduction 

of the Ni percentage, for example, leads to an increase 

in the transformation temperatures of the material from 

austenite to martensite and vice versa, with the 

consequent variation of the working condition of the 

material.  

Moreover, high interest was placed on pseudoelastic 

effect [11, 12], especially for example for biomedical 

applications. In this case the most studied structures are 

the lattice ones [13].  

For what concern the shape memory effect instead, 

few works focused on that and the majority considered 

only the shape recovery of simple shape structures. 

Nevertheless, some works such as [14, 15] considered 

more complex shapes as chiral and honeycomb lattice 

structures and analysed their ability to absorb energy 

and recover the initial shape after heating at high 

temperatures. In both works the high potential of NiTi 

structures was demonstrated.  

In this research, an origami structure was manufactured 

and completely characterized. The origami structures 

have been of big interest in space field in recent years 

due to their possibility to be stored in small volumes. 

The present work starts from a previously analysed 

polymer origami structure [16]. In the current research, 

the origami structure was manufactured in NiTi, adding 

to the structure also the functionality of SMA. 

Furthermore, the structure was characterized 

considering both the actuation and the pseudoelastic 

effect. 

 

 

2. Material and methods  

The origami structure was manufactured in a 

reduced building volume through a Renishaw AM400 

(Figure 1). The printing parameters are reported in 

Table 1 and were defined in previous work, optimizing 

the presence of defects and the functionality of the 

material [10].  The powder (Nanoval)  has 50.8 at. % of 

Ni content and size between 20 µm and 50 µm. 

 

 

 
 

Fig.  1: Manufactured origami structure before 

removing from the building platform  
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Table 1. Printing Parameters used for the manufacturing 

of the origami structure 

 

Laser 

Power 

(W) 

Point 

distance 

(µm) 

Exposure 

time (µs) 

Layer 

thickness 

(µm) 

Hatch 

distance 

(µm) 

100 60 240 30 120 

 

Samples were removed from the building platform 

by electro-discharge machining and then they were heat 

treated at 950 °C  for 5.5 h and water quench, followed 

by aging at 450 °C for 15 minutes and, also in this case, 

water quench.  

Differential Scanning Calorimetry (DSC) was 

carried out on heat treated representative beams that 

show diameters close to the size of the origami 

structure’s walls (i.e. 0.5 mm and 0.7 mm). DSC was 

performed from – 120 °C to 120 °C with a 

heating/cooling rate of 10 °C/min. From DSC curves the 

transformation temperatures were identified by applying 

the tangent method. 

Finally, the mechanical characterization in force 

controlled mode, was accomplished through an Instron 

Electropuls E3000 at different temperatures to assess 

the functionality of the material. The characterization of 

the martensite phase was performed at martensite finish 

temperature MF through loading/unloading cycles from 

600 N to 1000 N and, after the test, heating the structure 

from MF to 80 °C. At MF also the failure of the sample 

was analysed. The characterization of the austenite 

phase instead was assessed at AF + 10 °C, through three 

loading/unloading cycles from 600 N to the failure of 

the sample.  

Moreover, the actuation at room temperature was 

performed by varying the applied load in the range from 

600 N to 1200 N, and by heating the loaded structure 

from room temperature to 80°C. The stroke at each load 

was measured through ImageJ software. 

 

3. Results  

The results of DSC analyses performed on 0.5 mm 

and 0.7 mm beams are shown in Figure 2. The 

transformation temperatures after the heat treatment are 

similar for the two structures. The 0.7 mm beam 

presents a reverse transformation with multiple picks, 

contrary to the 0.5 mm beam.  

According to the DSC graphs carried out, it can be 

said that the phase transformation temperature of 

martensite finish and martensite start are, MF – 55 °C 

for 0.5 mm and – 43 ° for 0.7 mm diameter, and MS – 

32 °C and -31 °C, for 0.5 mm and 0.7 mm diameters 

respectively. For what concern the transformation from 

martensite to austenite, the austenite start temperature 

are 7 °C for 0.5 mm and 2 °C for 0.7 mm, and finally 

the austenite finish temperatures are 30°C in both cases.  

 

 
 

Fig.  2: DSC curves of 0.5 mm and 0.7 mm beams 

manufactured to represent origami structure walls 

 

3.1 Martensite 

The mechanical test on martensite at 1000 N is 

depicted in Figure 3. The picture also reports the 

photographs of the deformed origami structures at -

40°C and of the recovered origami shape at 80°C.  

Furthermore, Table 2 lists the strokes of the origami 

structure under different loads. The maximum value 

obtained for 1000 N test, is 2.85 mm displacement. 

 
Fig.  3: Loading and unloading cycles at 1000 N at 

MF and detail of structure after unloading at -40°C and 

after heating at 80°C 
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Table 2: Recovered deformation that the origami 

structure shows after heating from -40°C to 80°C at 

different loads 

 

Load (N) 
Recovered 

Deformation (mm) 

600 1.41 

650 1.62 

700 1.84 

800 2.18 

900 2.49 

1000 2.85 

 

The last characterization performed of the martensite 

phase is a failure study. As shown in Figure 4, after 

failure, the structure shows an evident deformation in 

the central region, as well as a deformation of the longer 

arms near the two bases. The failure is reached at 

displacement of 10 mm and loads of 1950 N. Figure 4 

depicts the structure after the failure in two points in the 

longer arms, and the structure after heating from – 40 

°C to 80 °C. As is possible to see, except for the two 

failure points, the recovery of the initial origami shape 

is almost complete.  

 

 
 

Fig.  4: Structure at MF after failure at 1950 N and 

after heating to 80°C. Yellow marks highlight the 

failure point before and after heating 

 

3.2 Austenite AF + 10°C  

Figure 5 represents the three loading-unloading 

cycles performed at loads of 1000 N and 1400 N. It can 

be noticed that up to 800 N the origami cell exhibits a  

quasi-elastic behaviour. Beyond this load, the Stress 

Induced Martensite (SIM) begins to nucleate.  Table 3 

lists the residual displacements and the loss factors 

calculated for each applied load. It is possible to observe 

that as the load increase, the residual displacement and 

the loss factor increase as well. The highest loss factor 

achieved at 1400 N is 0.0414.  

 

 
 

Fig.  5: Pseudoelastic curves at AF + 10°C. Three 

cycles at 1000 N and 1400 N 

 

 

Table 3: Loss factor and residual displacements for 

each loading conditions tested at AF + 10°C 

 

Load (N) Loss Factor (-) 
Residual Displacement 

(mm) 

600 0.0101 0.072 

700 0.0116 0.099 

800 0.0148 0.135 

900 0.0191 0.189 

1000 0.0230 0.262 

1100 0.0272 0.357 

1200 0.0318 0.475 

1300 0.0365 0.638 

1400 0.0414 0.841 

 

The failure of the austenite structure is reached at 

1500 N for a displacement of 4 mm. As it is possible to 

see in Figure 6, the failure starts in correspondence of 

the central area. In contrast to what observed in the 

martensitic structure, the two areas near the bases 

remain undamaged.  
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Fig.  6: Origami structure after failure in the 

austenite phase 

 

3.2 Actuation at Room Temperature 

 The actuation of the structure is tested at room 

temperature and for loads from 600 N to 1200 N. The 

corresponding residual displacement and stroke 

measured at each loading condition are reported in 

Figure 7. The maximum stroke obtained at the 

conditions studied is 2.0 mm for the applied load of 

1200 N.  

 

 
 

Fig.  7: Stroke and displacement obtained during 

loading at different actuation forces at room temperature 

 

 

5. Discussion  

The DSC results allow to define the test temperature 

of the three mechanical tests. The two rods analysed 

show almost equal transformation temperatures and 

allow to suppose that the composition of the structure is 

homogeneous. It is consequently possible to consider 

the phase transformation temperatures of the origami 

structure equal to the thin beams’ ones. 

The MF test characterised the martensite phase and 

its ability to recover the initial shape after heating at 

temperatures higher than AF. In this case, the structure 

demonstrated a good ability to completely recover 

displacement, up to 2.85 mm, and does not exhibit 

undesired damage. This ability is partially confirmed 

also in the failure test, in which after the failure of the 

structure, the sample still recovers the original shape in 

the undamaged parts of the sample.  

Also, the test of the pseudoelastic effect at AF + 

10°C confirmed the capability of the origami geometry 

manufactured in NiTi to recover the imposed 

deformation. Indeed, the test at 1400 N shows a residual 

displacement of only 0.8 mm. The loss factor confirmed 

the good damping ability of the geometry combined 

with the material functionality. The maximum loss 

factor of 0.0414 represents a good result, comparable to 

the one associated with the material itself with a simple  

geometry manufacture with the same printing 

parameters [10]. It is also a good result if compared to 

other literature values [17].  

Furthermore, the actuation shows the possibility of 

having a stroke of 2.0 mm under loading of 1200 N. The 

stroke obtained compared to the displacement imposed 

at the two loads is 83%. It is possible to suppose that all 

the displacement not related to the stroke of the 

actuator, is associated with the elastic deformation of 

the structure and it is recovered after the unloading of 

the sample.  

 

 

6. Conclusions  

The three testing conditions analysed in this work 

correspond to three possible space applications of the 

structure: shock absorber at MF, damping at AF + 10°C, 

and systems actuation at room temperature. For all these 

applications, the origami structure shows good 

performances.  

The SLM technology allows to manufacture the 

origami geometry in NiTi, combining the functionality 

of the material and the advantages of AM. The obtained 

performance  demonstrated the good functionality of the 

material, with selected printing parameters, and of the 

geometry. Indeed, it is observed a completely shape 

recovery up to 1000 N at low temperature, loss factor of 

0.0414 for load of 1200 N at AF +10° C and actuation 

stroke of 2.00 mm at room temperatures. These results 

are of great interest since confirm the possibility of 

using SLM for NiTi, maintaining its performance, and 

encouraging to continue the study of this technology for 

future engineering applications.  
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