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a b s t r a c t

Since several years the need for realizing small and smart devices composed of functional

materials is constantly increasing. Among this advanced materials, shape memory alloys

(SMAs) are some of the most important functional materials in several applications,

including in the biomedical and aerospace fields. Nowadays, laser cutting is probably the

most widespread cutting technology for realising SMA mini- and micro-devices for several

applications. The present manuscript reviews the scientific literature on the performance

of laser-cut elements, in NiTi SMA, under different points of view. The literature was

systematically analysed, according with a technological, metallurgical, functional and

device/prototypal approaches. It can be highlighted that a relevant correlation between

design, process condition and material performances can promote the realization of

advanced smart devices made in NiTi SMA.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The demand for and use of advanced engineering and smart

materials, which can enhance the performance of common

devices and realise novel and high-tech products, are among

themost important reasons for the diffusion of unconventional

and advanced processes. Among advanced manufacturing

methods, laser beammachining (LBM) is widely used in several

applications because the generated radiation can be absorbed

by almost all engineering materials [1]. The laser beam can

easily be shaped in the spatial and temporal domains to cover

numerousprocesses, such as cutting,welding, heat treatments,
.A. Biffi).
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drilling, surface texturing, marking, material deposition, and

additive manufacturing. The possibility of focusing the beam

energy in a very limited area and the resulting limited modifi-

cation of the material properties makes these processes highly

suitable and promising for materials that are sensitive to

temperature variations [2]. In particular, LBM can bemodulated

to realise macro-andmicro-products [3], which is an additional

advantage of this advanced manufacturing process for the

production of small, smart, and high-tech devices.

Among metals, shape memory alloys (SMAs) are likely the

most sensitive to temperature changes. SMAs are functional

materials that are characterised by two peculiar properties:

pseudoelasticity (PE) and shape memory effect (SME) [4,5].
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These features exist due to a reversible solid-state phase

transformation, indicated by martensitic transformation

(MT). SMAs have drawn significant attention in recent years in

a broad range of commercial and scientific applications owing

to their unique and superior properties [6]. However, the

production and processing of SMAs can significantly affect the

final performance of the devices in which they are employed;

therefore, clarification of the effects of machining is funda-

mental for all SMA applications [7e10].

In this light, this paper reviews the scientific literature on

laser cutting of NiTi SMAs; as a multidisciplinary approach

must be undertaken for deep understanding of the mecha-

nisms involved during laser absorption and heat conduction,

the effects of the main process parameters, main character-

istics of the realised kerf, and functional behaviours of the

SMA elements after laser cutting are discussed. In addition, a

literature survey was conducted on the principal applications,

which are associated with the most well-known patents and

represent aspects of fundamental interest in industry. In

particular, the initial sections of this report address some

preliminary concepts regarding the properties of the greatest

interest of SMAs, first NiTi and NiTi-based alloys, and then

commercially unavailable SMAs, and the principal aspects

and mechanisms involved in laser cutting. Thereafter, the

state-of-the-art laser cutting of SMAs are presented from

technological, microstructural, and functional perspectives.

Finally, the latest challenges and opportunities associated
Fig. 1 e Overview of the phase transf
with laser cutting of SMAs for realising devices and prototypes

are discussed.
2. NiTi SMA overview: functional behaviour
and industrial applications

SMAs constitute a particular class of functional materials that

exhibit peculiar properties not found in other materials. These

extraordinary properties are the SME and superelasticity (SE)

[4]. These unique thermomechanical properties are due to a

reversible solid-state phase transformation between a

high-temperature parent phase (B2, austenite) and a low-

temperature product phase (B190, martensite). Austenite and

martensite are characterised by body-centred cubic and

monoclinic crystal structures, respectively. This phase trans-

formation is called thermo-elastic MT and can be activated in

two different ways, as shown in Fig. 1: (i) by a temperature

change in the case of thermally induced martensite or (ii)

through the application of a mechanical load in the case of

stress-induced martensite (SIM).

When the austenitic structure is cooled down, thermally

induced MT (B2/B190) occurs in the range between the

martensite starting temperature (Ms) andmartensite finishing

temperature (Mf). In contrast, when the martensitic structure

is heated, the reverse transformation betweenmartensite and

austenite (B190/B2) occurs in the range between the austenite
ormations involved in SMAs [6].
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Fig. 2 e Stressestrain curve of an austenitic NiTi alloy with characteristic transformation stresses (a) and the corresponding

thermo-mechanical response (b), showing the SME [14].
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starting temperature (As) and austenite finishing temperature

(Af). These characteristic transformation temperatures are

related to the alloy composition [9] and thermo-mechanical

processing conditions [11e13]. MT can also be induced by

applying an external load. When a mechanical load is applied

to the austenitic structure, the stress-induced B2/B190

transformation occurs, giving rise to a plateau in the

stressestrain curve of the alloy, as shown in Fig. 2. If the

mechanical load is removed, the reverse B190/B2 trans-

formation occurs, which is related to another stress plateau

that occurs at a lower stress, and almost complete strain re-

covery is allowed. This high strain recovery capability (up to

8%e10%) observed during isothermal loading/unloading con-

ducted at temperatures above Af is the so-called superelastic

or pseudoelastic effect (PE). It is evident that the so-called

pseudoelastic flag, as shown in Fig. 2a, caused by reversible

stress-induced MT, can be used to produce flexible devices for

biomedical applications, such as stents or orthodontic wires.

The SME can be described with reference to the phase-

transition mechanism shown in Fig. 2b. The element is

loaded and deformed at low temperatures in the martensitic

phase (belowMf). After unloading, a significant unrecoverable

strain, caused by the accumulation of dislocations, remains,

as in traditional materials. However, in SMAs, heating above

the Af induces the reverse MT, and the obtained fully

austenitic structure enables the recovery of the previous

residual strain, and the original shape of the SMA element is

regained [4]. Consequently, materials that exhibit SME only

upon heating can be used as actuators or sensors because of

the mechanical work generated upon temperature change

once an external load is applied.

Among SMAs, the near-equiatomic NiTi binary system

shows the most exploitable characteristics owing to its high

stress and strain recovery capabilities and stable functional

properties. NiTi-based SMAs are usually called Nitinol, due to

their composition and discovery at the Naval Ordinance
Laboratory (NOL) in the 1960s [15]. Currently, NiTi-based SMAs

provide the best combination of properties for the most

important commercial applications [10]. The excess Ni or Ti in

NiTi alloys has a moderate solubility range, and such alloys

exhibit ductility comparable to that of most ordinary alloys.

One of the most exploited properties of Nitinol is its high

biomechanical compatibility, and its extraordinary compli-

ance with biological materials (see Fig. 3) makes it one of the

most suitable metals for biomedical applications, enabling

reduced healing time and decreasing the trauma to the sur-

rounding tissue [16e18]. Table 1 lists the principal properties

of NiTi SMA.

Many studies have been performed to assess the effects of

the chemical composition of binary NiTi alloys. Even a very

limited change in the alloy composition can have a consider-

able effect on the transformation temperatures; in particular,

Ni-rich alloys exhibit lowerMs, as depicted in Fig. 4.Ms is below

room temperature for Ni-rich alloys, whereas maximum Ms

values of 90e100 �C were obtained for alloys with Ni contents

below 49.5% [10].

PE, which involves the ability to achieve full recovery after

being deformed to strains as high as 8%, is commonly

exploited in biomedical devices [16], mainly in stents [22].

Stents are among the most representative commercial prod-

ucts and are often machined by laser cutting from thin tubes

to realise complex three-dimensional (3D) struts [23e25].

These devices are adopted as structural elements for avoiding

the collapse of blood vessels, like arteries, when they are

partially or completely occluded. They can be classified

depending on their specific use into the human body, as well

as their strut type [26]. Due to their different shapes and final

functional properties, different methods of laser cutting can

be also approached [27].

Fig. 5a depicts an example of an SMA stent strut, while in

Fig. 5b the evolution of the stress-strain curve is represented

when the stent is inserted in the vessels.
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Fig. 3 e Stressestrain curves of several natural biological

materials superimposed on the Nitinol and steel

stressestrain curves [16].
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Conversely, SMEs are commonly used in actuators or

sensors [28] because mechanical work can be generated by

heating and cooling an SMA element under an applied load. In

this case, laser cutting enables the fabrication of mini- and

micro-devices, which can offer high actuating frequencies as
Table 1 e Principal properties of NiTi SMA [19,20].

Properties Unit Values

Melting point �C 1250

Fusion heat J/cm3 2322

Density g/cm3 6.45

Thermal conductivity W/m K 10e18

Thermal diffusivity cm2/s 0.125

Specific heat J/kg K 490

Dilatation coefficient mm/k

Austenite 11

Martensite 6.6

Young's modulus GPa

Austenite 70

Martensite 30e35

Yield stress MPa 100e400

Tensile strength MPa 2000

Reversible deformation

(one-way memory effect)

% 8

Reversible deformation

(two-way memory effect)

% 3.2

Corrosion resistance Very good

Biocompatibility Very good
well as high power-to-weight ratios [29e31]. Fig. 6 shows a

representative example of an actuator based on an SMA

spring.

Literature reports also other promising SMAapplications in

other sectors, like the civil one [32,33], for their interesting

damping capacity. Anyways, to the best knowledge of the

authors' literature, no works regarding laser cutting of SMAs

are present.
3. Overview of laser cutting process

3.1. Laser cutting process

Laser cutting, one of the most established laser material pro-

cessing technologies, is a thermal method for shaping and

separating a workpiece into segments of the desired geometry

[1]. The process is performed by moving a focused laser beam

on the workpiece, as shown schematically in Fig. 7a. Once

absorbed, the laser beam heats up the material, locally

inducing melting and potentially even vaporisation of the

material itself. A flow of shielding gas, which may be inert or

reactive depending on the material type, is adduced coaxially

with the laser beam by a nozzle. The main objectives of the

gas flow are to push away the melted material for kerf gen-

eration and to limit the thermal damage of the workpiece or

material (see Fig. 7b).

The industrial configuration of the laser system used for

cutting consists of a laser source, which is typically an active

fibre laser, Nd:YAG, CO2, or femtosecond laser, coupled with

an optical chain for delivering and focusing the laser beam. In

the proximity configuration (see Fig. 8a), the beam focalisation

is such that the smallest beam size is obtained on the surface

through a focusing head, with a coaxial nozzle for adduction

of the shielding gas. Another option is remote cutting, in

which the laser beam is focused and moved using a galva-

nometer equipment, which moves two mirrors rotating at

high velocity (see Fig. 8b). Most literature reports results based

on the use of proximity cutting heads, while only a few papers

address the use of the remote configuration, which is typically

coupled only with a femtosecond laser. However, successful

laser cutting results are associated with the relative motion

between the radiation beam and workpiece. Usually, the

workpiece is moved using a motion stage that controls the 3D

Cartesian coordinates as well as at least one rotational axis,

for instance, for the cutting of stents from tubes. Fig. 9 pro-

vides an example of the laser equipment used for cutting the

stents.

To realise superelastic NiTi stents, cutting is performed on

tubes with outer diameters (ODs) ranging from 0.1 mm to

15 mm. In any case, additional difficulties in tube cutting are

faced with respect to the processing of tapes or plates: first,

the cutting surface is a curve, and second, there is a risk of

damaging the internal surface of the tube opposite to the side

of the laser breakthrough. This problem may be overcome by

performing the process in a liquid medium.

Laser cutting can be described as a result of the cooperation

and interaction between numerous variables, which can be

linked to the principal process parameters (such as power,

speed, laser spot size, gas flow pressure and type, beam

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 4 e Dependence of Ms on the Ni content in NiTi SMA [21].
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quality, and emission mode), thermo-physical properties of

the material (such as thermal capacity, thermal conductivity,

density, and index of refraction), and geometrical features

(such as part thickness and cutting path). All these factors can

significantly affect the cutting performance and consequently

the quality and thermal damage of the workpiece [37].

Two principal mechanisms of material removal can be

defined for metals: fusion cutting and vaporisation cutting.

The first approach is characterised by predominant melting,

due to a relatively low absorbed power density and long

interaction time. This combination of process parameters

enables intense heat conduction, generating thermal wave

diffusion. The second technique is associatedwith the use of a

significantly higher irradiance to overcome the boiling
temperature, which can be achieved using ultrashort pulses,

limiting the typical thermal damage in the area surrounding

the kerf. In agreement with these two laser cutting mecha-

nisms, the thermal contribution of the process can be

modelled by assuming that all the beam energy has been used

for melting and possibly vaporising the material during kerf

generation. The thermal balance, which describes the

material removal rate, under the previous hypotheses can be

written in the following formula (1):

P,A
b,h,v

¼ r,
�
Cp ,DTþ Lf þm0 , Lv

�
(1)

The left side of Eq. (1) indicates the absorbed energy per unit

volume, where P is the incident beam power; b and h are the

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 5 e Geometrical model of a stent realised through laser cutting (a) and superelastic response of the stent (b) [6].
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kerf width and thickness, respectively; v is the process speed;

and A is the absorption coefficient. The right side of Eq. (1)

represents the ideal energy needed for melting and vapor-

ising the material, which can be determined from its thermo-

physical properties, where r is the density, Cp is the thermal

capacity, DT is the difference between the initial and melting

temperatures, Lf is the latent heat of melting, Lv is the latent

heat of vaporisation, and m0 is the percentage of vaporised

material. Eq. (1) demonstrates that it is possible to discriminate

between fusion and vaporisation cutting, accounting for the

amount of material subjected to boiling through m0.

The process operates correctly when the energy per unit

volume, irradiated by the laser beam, exceeds the ideal energy

for melting and possibly vaporises the material [38].

In addition to the energetic contribution of the process, the

laser emission mode, specifically, continuous wave (CW) or

pulse wave (PW) mode, can determine large variations in the

thermal field induced by laser processing [39]. In particular,

the exposure time, which is correlated to the pulse duration in

the PW emission mode, should be carefully considered to

optimise the microstructural and functional performance of

metals.

It should also be emphasised that the laser cutting of SMAs

is mainly intended for the machining of thin elements (from

0.1 mm to 1 mm in thickness), because the functional prop-

erties are enhanced in mini-scale devices [30]. It is not coin-

cidental that in this typical thickness range, the use of PW

lasers is predominant. The following paragraph remarks upon

the effects of pulse durations of different ranges from the

perspective of laser material processing of SMAs.

3.2. Effects of pulse duration in thermal processing

As previously reported, SMAs are very sensitive to tempera-

ture variations, and microstructural modifications can

significantly affect their functional behaviour. Therefore, the
evolution of the thermal field has become a fundamental issue

that must be deeply understood.

The present paragraph reports the effects of the most

important parameter that can influence the overheating of

metals, which is the pulse duration. In fact, the pulse duration

can govern the heat conduction occurring during the process,

and the intensity of the thermal load on the material can be

modulated by setting a pulse duration longer or shorter than

the time required for heat conduction to occur. When a ma-

terial is subjected to laser radiation, the absorption is localised

in the skin layer. Photons are absorbed by free electrons in the

surface layer in approximately 1 fs (10�15 s). The absorbed

energy is stored in the electrons during their relaxation time

(approximately 1 ps ¼ 10�12 s for metals, and approximately 1

ns ¼ 10�9 s for plastics) [40]. After this time, the energy is

converted into heat and is free to propagate through the

workpiece; consequently, the electron relaxation time is

equivalent to the time required to enable heat conduction.

The optical penetration depth, at which the conversion from

the laser energy to heat has been fully reached, is 10 nm in

metals for a relaxation time of 1 ps; however, the penetration

depth depends on the material properties and laser wave-

length. Fig. 10 presents a schematic of the laserematter

interaction with long and ultrashort interaction times

[40,41]. The fundamentals of laserematter interaction under

long pulse conditions can be described as follows: the heat

transferred by the laser to the material diffuses away during

the interaction time; then, the thermal front propagates under

the laser beam and heat conduction becomes the predomi-

nant mechanism. This phenomenon occurs when the laser

pulse duration is longer than the heat diffusion time. Heat

diffusion into the surrounding material is undesirable and

detrimental to the quality of machining processes associated

with material removal, such as cutting, drilling, and milling.

Hence, CW or PW lasers with very long pulse durations are

used to perform welding, as heat conduction is a requirement

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 6 e Example of SMA actuator: safety valve (aeb) [6].
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for the coalescence of the elements to be joined. The diagram

in Fig. 10a shows that the material is melted during heating,

which can induce the generation of a heat-affected zone

(HAZ), cracks, oxidation, and other defects. In contrast, the

objective of current research on laser microprocessing of

materials tends to be reducing the interaction time. When the

laser pulse duration is below the critical value for heat

conduction, the transmission of energy from the beam to the

electronic structure of the material is different than in the

previous case, which limits the propagation of the thermal

front.

High peak powers (on the order of megawatts) and short

pulse durations (on the order of femtoseconds) enable direct

vaporisation of the material without melting. This benefit

is crucial for laser processing, as the energy is concentrated

sufficiently to remove only small portions of material, and

there is not enough time for heat conduction. As shown in
Fig. 7 e Schematic of the laser cutting process (a) a
Fig. 10b, ablation is performed without heating the material

surrounding themachined part, enhancing the feature quality

from both morphological and microstructural perspectives. It

should be emphasised that ultrashort laser pulses interact

with matter in a manner that is completely different from

traditional lasers with longer pulse durations [40].

When using ultrashort laser pulses, a large amount of

energy is transferred rapidly to the material, which forces the

material into the plasma state. The material changes from a

solid to a gas, producing plasma without melting. After

plasma generation on the workpiece surface, the induced

pressure causes the material to expand outward from the

surface in a highly energetic plume or gas. The internal forces,

which previously held the material together, were insufficient

to contain the expansion of ions and electrons from the

surface. Consequently, no droplets condense onto the sur-

rounding material. In addition, because a molten phase is
nd the mechanism of material removal (b) [1].

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 8 e (a) Proximity and (b) remote cutting configurations adopted for tube cutting [34,35].
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absent, there is no splattering of the material onto the

surrounding surface. This operation mode is anticipated to

enable the fabrication of highly accurate micromachined

parts, which cannot be produced using laser pulses longer

than the threshold time.
4. Laser cutting of NiTi SMAs

Laser cutting of NiTi SMAs has been studied for several years,

thanks to the interest in utilizing Nitinol to fabricate a wide

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 9 e Schematic of the laser cutting system used to fabricate a stent from a tube [36].
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variety of stents [16,42] and to realise smart sensors and

actuators [43e47]. The principal advantages of laser cutting are

high flexibility in forming complex shapes (i.e. thin-walled

tubes for stents or micro-grippers), high productivity, and

high spatial resolution, owing to its high beam-focusing ability.

The principal drawback of laser processing lies in its thermal

nature, which may generate microstructural modifications

such as recast layers, HAZs, localised cracks, and potential

chemical modifications, all of which can degrade the material

properties and reduce the geometrical quality near the kerf

[19,48e50]. The effect of the supplied heat during laser irradi-

ation is strongly correlated to the sensitivity of NiTi to chem-

ical composition changes and to its defect microstructure.

For instance, considering stent production, the laser cut-

ting affects the formation of recast material, cracks, and local

changes in the functional properties of NiTi, which are crucial

during stent expansion and in terms of fatigue life. In
Fig. 10 e Thermal effects during laserematter interaction with (a
particular, not only the recast material, but also the cracks are

influenced by several process parameters, such as the

shielding gas, process speed, characteristics of the laser beam,

and even post-processing steps, such as sandblasting and

electropolishing [51]. Further, because the high reactivity of Ti

can worsen the oxidation phenomena [52] and the trans-

formation temperature of NiTi depends significantly on the

Ni/Ti composition ratio, laser processing without affecting

the localised functional performance is difficult [50,51]. In the

machining of thin devices, such as thin strut article stents,

heat conduction can induce the formation of a large HAZ,

which can affect the properties of the entire component,

degrading the functional properties of the initial material [53].

Given these characteristics, the laser processing of NiTi

SMAs appears more complex than that of other metallic al-

loys, because the feasibility of the process must be fixed not

only by considering typical technological constraints (quality
) long and (b) ultrashort interaction time or pulse width [41].

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 11 e Correlation between thermal damage in laser cutting and part functional performance [54].
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and productivity), but also by endeavouring to limit the

changes in functional performance. Moreover, both the

material and device performance must be considered in SMA

element design. According to the papers available in the open

literature regarding the laser cutting of NiTi SMAs, the

following approaches can be identified:

- Technological investigations: The effects of the main

process parameters on kerf characteristics are investi-

gated, and the kerf width, taper, roughness, and dross

formation are studied to determine the feasibility area and

to optimise the process performance. In addition, attention

is dedicated to different methodologies for limiting the

heat diffusion into the workpiece during the cutting

process.

- Thermal modelling: Analytical and numerical models

describing the laser cutting process are discussed as sup-

port for the previous experimental approach.

- Microstructural and functional characterisations: The evolution

of the microstructural, mechanical, and functional prop-

erties of the laser-cut material is studied.

- Corrosion: The corrosion behaviour of laser-cut parts is

investigated, mainly from the perspective of biomedical

applications.

- Prototyping and applications: Laser cutting technology has

been demonstrated to be a precise tool for producing proof
Fig. 12 e As-cut structure in
of concepts, prototypes, and small devices, which are

characterised and tested.
4.1. Technological investigations

This section presents the effects of the main process param-

eters on kerf quality. Fig. 11 summarises the strong correlation

between the heat flow associated with the specific process

conditions, principal geometrical features characterising the

laser-cut kerf, microstructural alterations induced in the

material, and ability to modify the final part performance. In

fact, it is relevant to correlate the processability, characterised

by the thermal input of the process (see Eq. 1), with not only

the geometrical aspects indicating the kerf quality, but also

the functional performance of the SMA element.

To evaluate the laser cut quality, some criteria can be

considered: burr absence or presence, roughness, dimen-

sional accuracy, HAZ extent, and oxide generation. The kerf

width can be seen as an additional criterion from the

perspective of device miniaturisation, an example of which is

shown in Fig. 12, and it can be controlled by achieving small

laser post sizes [49].

Most literature addresses laser cutting of plates made of

conventional metals. Regarding NiTi SMAs, numerous works

are focused on the cutting of thinwall tubes, because themost
NiTi of a flat panel [49].

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 13 e Lateral view of the NiTi kerf, produced using a millisecond Nd:YAG laser (a) and corresponding recrystallised layer

(b) [19].
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widespread NiTi components present in the market are

stents. The thickness to be cut is on the order of a few

hundreds of microns considering the industrial applications

of NiTi, except in one study [19], in which the thickness of the

investigated NiTi samples was 1 mm.

Owing to the temperature sensitivity of NiTi SMAs, the

most important process parameter in laser cutting is the pulse

duration. In fact, most papers have addressed the use of ul-

trashort pulses to limit heat conduction and thereby reduce

the alteration of themicrostructural and functional properties

of the SMA element. However, the effects other process pa-

rameters, such as power, speed, spot size, shielding gas type,

and flow, on the kerf characteristics, that is, width, taper, and

dross, have also been investigated. Therefore, the following

two subsections separately discuss the principal technological

results achieved using long, short, and ultrashort laser pulses.

4.1.1. Effects of long and short laser pulses
Pfeifer et al. investigated the effects of laser energy, focus

position, cutting speed, and pulse duration on geometrical

features such as taper, kerf width, and roughness, as well as

the HAZ extension [19]. The cutting process was conducted on

1-mm-thick NiTi plates using a Nd:YAG laser source; there-

fore, long pulse durations (on the order of milliseconds and

microseconds) were adopted to reach the high energy values

required by the process. Consequently, the material removal

mechanism involves pure melting. The contribution of

melting is clearly visible on the lateral surface: high roughness

(ranging from 10 mm to 30 mm) is typically evident, compared

to that achieved by the EDM process [55]. Fig. 13a clearly de-

picts this feature, where the typical striations placed on the

lateral surface of the kerf are visible. Such a large roughness

could require post-processing to obtain components with

reasonable fatigue lives. Moreover, the high thermal impact of

the laser process on the SMA microstructure resulted in HAZ

extension up to 30 mm, which again affected the functional

properties and accuracy of the cutting process (see Fig. 13b).

On the other hand, a kerf width of 15e400 mm and taper less

than 2� were achieved, and the use of long pulse durations

enabled us to obtain higher process speeds than are possible
with ultrashort pulses, making the realisation of SMA macro-

devices economic (with thickness in millimetre range and cut

length in the centimetre range).

The surface quality and HAZ extension are two of themost

relevant features to be minimised when cutting stents. Some

researchers have analysed the effect of the principal process

parameters, including the type of laser source, on these

qualitative aspects. Liu et al. proposed using a pulsed active

fibre laser with a pulse duration on the order of microseconds

to cut thin tubes in NiTi having thicknesses of 240 mm for the

production of self-expanding stents [56]. The tubes were cut

by a continuous water flow through the wall of the tube to

blow away the debris ejected from the cut kerf and to avoid

back damage. Additionally, Ar was used as a shielding gas to

protect the kerf from oxidation and to facilitate the ejection of

the melted material. The combination of water flow, adduced

axially to the tube, and shielding gas, adduced radially to the

tube, caused the formation of a mix of ablation front and

striations, which affected the final surface morphology, as

depicted in Fig. 14. Similar resultswere obtained byNagy et al.,

who observed the formation of large drops of meltedmaterial,

as large as the tube thickness [57]. This formation induced

large corrugations on the inner surface of the stent, indicating

that a systematic study of the correlation between the process

parameters and geometrical features of laser-cut kerf is of

great relevance when thin-walled tubes are to be processed.

In another study, a statistical approach was implemented

to investigate the degrees of association between key process

parameters (laser power and cutting speed) and kerf geometry

characteristics (entry/exit kerf width and taper angle),

roughness, and nanohardness [54]. Specifically, the use of a

fibre laser enables a finer kerf width to be achieved compared

to those obtained with Nd:YAG lasers, owing to the higher

beam quality. It was also emphasised that the initial micro-

structure could yield surprising results. The initial average

grain size was approximately 50 mm, and, although no

recrystallisation was detected, the nanohardness in the mel-

ted zone was lower than that in the base material. This result

is unusual because heating typically promotes grain growth,

as described elsewhere [19]. This finding is of interest because

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 14 e SEM images of NiTi laser cut tube, showing the formation of debris: entire cross section of the laser cut tube (a), and

magnification of the melted material zone (b) [56].
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the recrystallisation in NiTi induces variations in the hard-

ness, stressestrain, and strain recovery, as well as modifica-

tion of the MT in terms of the peak shapes and characteristic

temperatures [46].

The effects of different shielding gases, such as Ar and N,

and their pressure on kerf formation in laser cutting on thin

NiTiCu tapes were investigated using a nanosecond fibre laser

[46]. Whereas Ar promoted the formation of a large amount of

spatter evenly distributed on the exit surface, N generated

more irregular kerf width, numerous small drops of melted

material, and a lesser amount of spatter. However, the gas

pressure should also be selected considering that bending of

the NiTi sheets during cutting must be avoided [49].

The interest of several authors in studying the formation of

spatter and recrystallisation layers is due to the industrial

requirements of post-processing for finishing surfaces.

Finally, it can be concluded that the use of a long or short pulse

regime does not offer sufficient quality from the perspective of

realising mini- or micro-elements. Momma et al. suggested

that the use of common PW laser sources, from old Nd:YAG

lasers to the newest active fibre lasers, producing laser pulses

from milliseconds to nanoseconds, has some limitations in

stent cutting [58]. Since 1999, the adoption of ultrashort lasers

has been implemented given the potential to cut nearly every

type of material with minimum mechanical and thermal

damage.

4.1.2. Effects of ultrashort laser pulses
More limited alteration of the kerf surface can be linked to

better control of the heat as input of the process, improving the

precision of the process and the final performance of the ma-

terial. Thus, the use of shorter pulse durations has been more

intensively addressed in the literature for cutting NiTi SMAs

than for the laser processing of other materials [59]. In fact,

most studies on NiTi SMA cutting have been based on the use

of ultrashort pulsed lasers. Further, to overcome the potential

residual overheating during ultrashort laser processing of NiTi
SMA, other technological solutions have been researched to

perform cutting under liquid for a double benefit. First, this

approach enables the drops of melted and vaporised material

to be blown away more effectively, allowing higher quality.

Second, the cooling of the NiTi parts is considerably improved,

further hindering local heating and consequently limiting the

HAZ extension.

As described in Section 3.2, ultrashort laser pulses can

induce ablation of the material through rapid vaporisation

and limit the melted material in the laserematerial interac-

tion zone. When the laser pulse stops, the material lattice

experiences the influence of the overheated electrons,

resulting in high precision and minimal thermal damage [40].

The most evident effect of the negligible heat diffusion can be

observed in laser surface modifications; in particular, in laser

texturing the modified surfaces are free from any significant

drops of meltedmaterial and the surfacemorphology exhibits

periodic micro/nano structures. These surfaces can modify

largely the wetting properties, and consequently the possi-

bility of controlling the cellular proliferation, very attractive

for biomedical devices [60e62].

Anyways, typically regarding the laser cutting process,

negligible traces of melted material can be found attached to

the back side of the tube, which is a remarkable achievement

in laser cutting ofmedical devices, because the surface quality

requirements are very strict.

NiTi thin-walled tubes were laser-cut using an ultraviolet

(UV) picosecond laser with a pulse duration of 6 ps, with

excellent performance [42], and femtosecond-free cuts with

sharp edges were achieved, as depicted in Fig. 15. Even though

the process was performed with a pulse duration slightly

longer than the threshold for avoiding heat conduction in

metals (i.e. 1 ps), the laser-cut thin tubes exhibited thin kerf

and the absence of meltedmaterial. The average roughness of

the laser-cut surface was as low as 1.34 mm, satisfying the

high-quality surface requirement for stent manufacturing. A

recrystallised zone 10 mm from the external surface was

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 15 e SEM images of the NiTi cut edge obtained with a picosecond laser, at different magnifications [42].
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measured using the nanohardness profile. In addition to the

use of the picosecond regime, the adoption of an emission

wavelength shorter than that of the infrared field can induce

higher absorption and focussing ability, making this laser

source well suited for the machining of delicate and thin

materials for stent applications. Based on this work, the

obtained cutting quality should reduce the post-processing

requirements. In fact, the main contribution to the surface

roughness is associated with striations, which are generated

for hydrodynamic instability of the melted front.

When the pulse duration is reduced to hundreds of fem-

toseconds, the absorbed energy is firstly transformed into

electron thermal energy, and a relevant portion of the latter is

transferred to the lattice [63]. Thermal diffusion into the ma-

terial is minimal, leading to a negligible amount of melted

material. Absorption is predominant over thermal diffusivity,

and heat conduction can be considered negligible.

In the early works dedicated to the use of femtosecond

laser cutting of NiTi SMAs, the average power of the laser

sourceswas limited to the range of hundreds ofmilliwatts to a

few watts, offering very limited productivity rates. For a

Gaussian distribution, the ablation diameter can generally be

described well by Eq. (2), where F is the fluence, Fth is the

threshold fluence for material removal, and D0 is the incident
Fig. 16 e Single- and multi-shot ablation
diameter of the laser beam, unless air breakdown occurs, as in

the case of ultrashort laser machining with high average

power [64]:

D¼D0*

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
*ln

�
F
Fth

�s
: (2)

This relationship shows that it is possible to machine

features smaller than the laser spot size. This ability is

explained by the fact that, because the beam distribution is

Gaussian, the external layer contains little energy, and this

energy can be lower than the threshold for material ablation.

In ultrashort laser processing, the fluence needs to exceed a

threshold value, called the ablation threshold fluence (Fth) to

enable ablation; this value depends on the interaction of the

laser with the material. Likely the first work published in the

literature reported the determination of the threshold values

for the processing of NiTi samples in the femtosecond regime,

discriminating between gentle and strong ablation conditions

[65]. This threshold fluence value was evaluated experimen-

tally (see Fig. 16), as shown in the graph of the measured ab-

lated diameter (D2) versus the applied fluence (Fi). A semi-log

plot was obtained, and a linear curve was fitted to the data.

The ablation threshold fluence was then evaluated from this
threshold fluences for Nitinol [65].
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Fig. 17 e Sideways-movement path to eliminate recast

material and minimise the HAZ for high-throughput

femtosecond laser cutting at a high fluence of NiTi (a) and

laser cut kerf obtained with the sideways-movement (b)

and conventional paths (c) [64].
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plot by extrapolating the linear fit to the intersection with the

abscissa, that is, when D2 ¼ 0. After the applied fluence is

increased to a certain level, the slope changes, which means

that two regions with different ablation processes can be

distinguished: gentle and strong ablation. The gentle process is

characterised by low material removal, which occurs via

vaporisation, whereas the strong process is characterised by a

rougher surface because of the phase explosion. Gentle abla-

tion is ideal for features with very high-precision re-

quirements. The threshold fluence for ablation should be

calculated in both situations, as previously explained.

The threshold fluence also decreases with increasing

number of pulses, because more energy is introduced into the
material, even though Nitinol does not present strong heat

accumulation (see Fig. 16). This behaviour is mainly linked to

the incubation effect, which is attributed to the interaction of

multiple pulses with fluences lower than the single-shot

ablation threshold fluence, which can cause surface defects

and could lead to ablation below the single-pulse threshold

value. Nitinol can exhibit a weak accumulation effect

compared with other metals due to its high incubation

coefficient (0.95). This characteristic indicates that Nitinol

experiences low heat accumulation, offering some benefits:

an increase in the material removal rate and the achievement

of dimensional accuracy and high surface quality.

In another work, Quintino et al. reported some empirical

equations for determining thewidth and depth of cutting using

a 2 W average power. Specifically, the surfaces processed with

a low cutting speed (0.01 mm/s) exhibited the presence of

resolidified thin layers with cracks and oxides; increasing the

cutting speed up to 1 mm/s provoked an improvement in the

surface quality, owing to the shorter interaction time [66].

Moreover, Ni depletion was observed, which could be benefi-

cial for biomedical devices. The effects of some process

parameters, such as focal position and laser power, on the kerf

width were analysed [66]. Cutting edges with aspect ratios as

high as 60 were produced with nearly vertical sidewalls.

However, suitable selection of the process parameters permits

the avoidance of Ni vaporisation, leaving the chemical

composition of the alloy unchanged [67]. In addition, a ho-

mogeneous surface morphology was detected, facilitating

post-processing and coating for different purposes.

Another important parameter is the laser scanning path,

which indicates the motion strategy of the laser beam during

the cutting process. Li et al. proposed a particular laser path,

namely, the sideways-movement path, to balance the trade-

off between the surface quality of the laser cut kerf and the

productivity rate [64]. In particular, at a low fluence, the

penetration depth is quite limited; this characteristic im-

proves the cutting properties but can greatly reduce the pro-

duction capacity of the system. High productivity and high

precision can be balanced by implementing a path-planning

technique, whose principle is shown in Fig. 17. A first high-

power scan is performed, followed by two sideways scans

moving 1 mm to the left and then to the right, at a fluence just

above the ablation threshold in order to improve the quality.

Other types of cutting paths, depicted in Fig. 18, were

investigated directly on the curved surfaces of thin-walledNiTi

tubes in two studies [35,68]. In the first work, the energy

accumulationwas accounted for to explain the selection of the

best scanning strategy in terms of surface quality [68]. In the

second study, the authors investigated the potential of cutting

sharp edges for stentmanufacturing. In particular, the squared

edges of the stent could be directly processed to rounded edges

from steep and square edges without any sign of HAZ [35].

Thus, using round stent edges enhanced the radius consider-

ably, which not only removed the square and steep edges, but

also produced no side effects after the femtosecond laser

scanning process with a programmed laser movement path.

The rounded edges of the stent retained its original surface

features, enabling the avoidance of post-processing, such as

chemical etching, in which the stent edges are rounded after

femtosecond laser micromachining via a cleaning process.
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Fig. 18 e Schematic of the investigated laser scanning paths (a) and corresponding cross-sections of the NiTi laser cut kerf (b)

[35,68].
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Because of this promising performance in the femtosecond

laser processing of NiTi SMA, Huang et al. compared the sur-

face quality resulting from femtosecond cutting and wire

electrical discharge machining (WEDM) [69]. Femtosecond

laser cutting enabled the kerf width to be finer than that

achievable via WEDM, and the surface quality was higher in

terms of Ra. On the contrary, low-average-power femtosecond

lasers offer significantly lower material removal rates than

WEDM.

Recently, the development of high-power femtosecond

lasers has enabled the achievement of maximum average
power values as high as some tenths of watts, making the

process faster and more reliable for industrial purposes.

4.1.3. Technological solutions for improving cooling during
laser cutting
The decrease in pulse duration from the millisecond to nano-

second regime does not drastically change the formation of

meltedmaterial, and significant microstructural alteration can

be observed. Further decreasing the pulse duration down to the

femtosecond regime can clarify the improvements in surface

quality, negligible thermal modifications, and dimensional

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 19 e Schematic of interaction between femtosecond laser pulse and material in dry (a) and underwater (b) process [70].
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accuracy. However, ultrashort laser processing may not be

sufficient to preserve the functional performance of the

microdevice. Therefore, various technological solutions have

been proposed to overcome these issues.

(i) Liquid-assisted laser processing [70];

(ii) Water-jet guided laser beam machining [71];

(iii) Changing the type of laserematter interaction involved

during laser ablation by reducing the emission wave-

length in the UV field [72].

The first approach regards the realisation of femtosecond

laser cutting of thin-walled tubes immersed in a thin layer of

water [70]. The main achievements associated with the use of

the liquid are the absence of an HAZ, debris, spatter, and

recast material and fine kerf quality, whereas the dry process

yields comparable surface quality and the presence of recast

material, owing to the previous vaporisation and consequent

resolidification in situ.

In fact, during dry ultrashort laser cutting, negligible

melting occurs and the material is suddenly vaporised owing

to the large power densities, on the order of megawatts per

centimetre, reached during the process. Thus, the area around

the cut affected by the process is quite thin, hence the modi-

fication of the material properties (see the schematic in

Fig. 19a).

To achieve faster cooling, the technological solution pro-

posed by Muhammad et al. suggests changing the environ-

ment in which laser cutting is performed. The laser beam can

irradiate thematerial, which is placed under a liquid film such

as water (see the schematic in Fig. 19b). The main benefit is

associated with a softening effect of the thermal cycle in-

tensity reached near the kerf, minimising the heat conduction

and limiting the thermally affected material.

Dry femtosecond cutting resulted in the absence of an HAZ

but the presence of debris and recast material, caused by the

in situ solidification of the vaporised material (see Fig. 20a). In

contrast, inwater-assisted femtosecond laser cutting, noHAZ,

debris, or recast material were present and high kerf quality

was detected (see Fig. 20b). The dual benefit of the water was
described as resulting from cooling through the convection

and generation of bubbles, which facilitated debris removal.

Water convection can change the temperature field during the

process, and the authors reported that submerged cutting

requires higher fluence and lower cutting speed, whereas dry

cutting requires opposite values of the main process param-

eters. Moreover, the generation of bubbles can improve the

removal of residual debris, producing surface quality similar

to that after ultrasonic cleaning. It can be concluded that

water can increase the benefits associated with shielding gas,

which is commonly used in conventional laser cutting.

Another innovative method for precise cutting by creating

a cooling environment is the so-called water jet guided laser

beam machining (WJGLBM) approach, which was presented

and patented by Synova [73]. This innovative technology

works with a particular method for laser beam delivery, based

on the principle of total internal reflection of the laser beam

inside a low-pressure water jet. Fig. 21a shows a schematic of

WJGLBM [71]. The laser no longer has a Gaussian distribution;

instead, its shape becomes constant and depends only on the

coherence of the water jet. Laser processing utilises a focused

laser beam and the strong cooling capability associated with

the water flowing on the irradiated surface. Specifically, the

PW laser emission mode ensures continuous alternation be-

tween heating during laser pulses and cooling between laser

pulses, induced by the water flow. In this case, the surface

quality can be dramatically improved with respect to that in

dry laser cutting, as depicted in Fig. 21b. The absence of

mechanical and thermal damages provokes the generation of

cracks in the cutting kerf, and no microstructural changes

occur in the material. The water jet presents very high levels

of kinetic energy owing to the high initial pressure, which

increases the efficiency of material removal and creates less

burr and recasts. Moreover, the water can cool the surface

surrounding the cut, producing a cut with almost no HAZ or

defects, which is fundamental in micro-devices.

Finally, the third solution utilises UV lasers, which can

limit the thermal input and increase the process precision,

owing to the small laser spot size. Despite these benefits, this

process is usually unsuitable for the machining of metals
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Fig. 20 e Kerf quality obtained through (a) dry and (b) underwater laser cutting of NiTi tubes [70].
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because of the type of interaction with the material, which

involves acting directly at the atomic bond level, and because

of the very low productivity obtained. Therefore, very few
Fig. 21 e Schematic of the WJGLBM process (a) and optical

microscopy image of the back side of a Nitinol stent (b) [71].
studies have been conducted on the use of UV lasers in the

laser cutting of Nitinol. Yung et al. investigated the effects of

different process parameters, such as pulse energy, scanning

speed, repetition rate, number of laser passes, and laser beam

size, on kerf quality in laser cutting performed with a 355 nm

emission wavelength [72]. Under the optimal process condi-

tions, the kerf was as thin as 25 mm and exhibited very limited

taper, equal to 1� at a thickness of 350 mm. Moreover, no HAZ

was observed. Hundreds of laser passes were required for

complete realisation through the cutting edge, because low

power was irradiated in each pass. However, this technolog-

ical solution provides limited productivity for metal cutting.

Therefore, it can be considered less promising than the

previous two solutions for improving cutting performance

without reducing productivity.

4.2. Thermal modelling

The laser cutting process is very complex, but estimation of

the temperature field is a fundamental aspect. Heating occurs

during laser beam irradiation, whereas during cooling, two

energy loss mechanisms should be considered [49]. First, ra-

diation loss can be correlated with the visible plasma plume

localised within the cutting kerf, which causes prolonged

post-pulse heating and therefore produces undesired addi-

tional melt formation, increasing the kerf width. Second, heat

conduction can cause a temperature increase within the

material, heat the surrounding material, and cool the irradi-

ated volume. The analytical temperature profile could not be

determined for this complex process. The temperature

change of the surface can be estimated from a simplified

model related to the pulse duration, t, and intensity, I,

according to Eq. (3):

DTsurffI
ffiffi
t

p
: (3)

This equation leads to the concept that short laser pulses

result in a small zone being heated to high temperatures and

to a narrow temperature distribution with a high peak level

induced within the material. These characteristics enable the

achievement of high temperatures in the liquid melt pool,

making it easy to blow out. However, owing to the complexity
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Fig. 22 e Simulation schematic of pulsed laser cutting (a) and themoving volumetric heat flux of a pulsed laser (b); prediction

of the laser cut kerf (c) and comparison between numerical and experimental striations placed on the lateral view of the kerf

during NiTi laser cutting (d) [74].
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of the laser cutting process, analytical solutions can be

exceeded, making numerical modelling more precise and

accurate in temperature field determination.

By implementing a thermo-mechanicalmodel of NiTi SMA,

it is possible to study the process to optimise the parameters,

producing excellent results with few thermal defects and

limitedHAZ. It is well known that the laser cutting process can

induce a complex temperature field, stress distribution, and,

consequently, HAZ formation,which are critical aspects of the

integrity of laser-cut NiTi parts. However, these features are

difficult to measure experimentally owing to their rapid

transient process. To clarify the process mechanics in laser

cutting of NiTi SMA, Fu et al. developed a 3D finite element

model (FEM) of PW laser cutting [74,75].

A typical heat flux source model has the following form:

I¼ AP

pr20
exp

"
� B

�
r
r0

�2
#
; (4)

where I is the laser intensity, A is the laser absorption coeffi-

cient, P is the laser power, r0 is the spot radius, B is the shape

factor of the Gaussian distributed heat flux, and r is the dis-

tance to the beam centre. This form was selected it because

can offer the best matches with the experimental results.
A novel moving volumetric pulsed heat flux model was

proposed, and a specificmaterial subroutinewas incorporated

to model SE and the SME. The 3D heat source model consists

of a moving conical shape volumetric heat flux, the shape of

which is depicted in Fig. 22a and b, with a pulse shape

assumed to be perfectly rectangular.

A subroutine was dedicated to definition of the 3D heat flux

source, according to the following characteristics: (i) moving

Gaussian heat flux from the laser beam, (ii) a PW emission

mode, and (iii) conical volumetric heat flux. The kerfwidthwas

predicted and validated under different process conditions to

ensure consistencywith the numerical results. The actual form

of the 3D heat flux model used in these studies is as follows:

F¼ CP

pR2
0h
eð�3ðx2þy2Þ=r2Þqðf ; tÞ; (5)

where F is the applied heat flux, C is the energy absorption

coefficient, P is the peak pulse power, R0 is the laser spot

radius on the top surface, h is the sample thickness, f is the

laser frequency, t is the pulse width, and r is the instanta-

neous radius of the heat flux, which is characterised by a

conical shape. The 2D cartesian coordinate system is

expressed by x and y, respectively.

https://doi.org/10.1016/j.jmrt.2022.03.146
https://doi.org/10.1016/j.jmrt.2022.03.146


Fig. 23 e (a) Kerf width, (b) temperature, (c) stress, and (d) HAZ size estimated as functions of the pulse width [75].
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Fig. 22c and d show the kerf shape determined with the

transient temperature contour. The mesh elements with

temperatures higher than the melting point were removed

from the mesh, highlighting the kerf formation. The

assumption underlying this is that all the meltedmaterial can

be completely removed. From the FEM results, other kerf

characteristics, such as taper, striations, and HAZ extension,

were also calculated. The temperature field was also evalu-

ated to determine the stress distribution, and it was found

that the highest stress (520 MPa) was associated with slow

motion of the laser beam, due to intense heat conduction into

the workpiece. In contrast, it was determined that high peak

powers can maximise the stress near the upper surface,

whereas low peak powers increase the stress below the upper

surface.

Fig. 23 depicts a representative set of variables, whichwere

determined using the presented FEM. This approach is very

promising for supporting feasibility area identification, which

is typically conducted experimentally and for elucidating the

complex phenomena associated with PW laser cutting of NiTi

SMA.

4.3. Microstructural and functional characterizations

For typical NiTi devices, such as stents and actuators, the

microstructuremust be carefully controlled to ensure that the

mechanical response and biocompatibility are maintained.
The specific operating conditions of laser cutting can affect

both the microstructure and the corresponding functional

performance of NiTi parts. In fact, laser cutting is a thermal

process, and someheat generated by the laser is transferred to

the material surrounding the cut zone, which can modify it,

producing recrystallisation and, thus, a change in micro-

structure, which can deteriorate the characteristic properties

of the material. Thermal diffusion is directly proportional to

the interaction time between the laser and material. There-

fore, the shorter the pulse duration, themore limited the HAZ.

4.3.1. Microstructure
CW lasers, or PW lasers operating in the long-pulse-duration

regime, work mainly in the liquid phase, and a large amount

of heat is transferred to the material, causing recrystallisation

and significantmicrostructural variation. The use of a Nd:YAG

laser in the cutting process can promote the formation of a

recast layer of approximately 30 mm [76] and microcracks,

owing to the rapid cooling rate [77].

Fig. 24 shows the microstructural changes observed at low

magnifications by optical microscopy [53]. Near the kerf side,

the grain size was significantly enlarged with respect to the

base material. The HAZ exhibited a microstructural gradient

depending on the temperature level experienced by the ma-

terial during laser cutting. This finding suggests that the cut-

ting of thin parts using CW or long-pulse-duration lasers can

promote a complete change in the microstructure, making it
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Fig. 24 e Microstructural evolution from the kerf side (left) to the base material (right), correlated with the use of a CW fibre

laser in NiTi tape cutting [53].
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impossible to use any post-processing to recover the initial

microstructure.

This property change becomes particularly critical in the

case of microdevices, in which the small dimensions of the

components increase the importance to the modifications

generated by the laser cutting process, which should then be

reduced or removed with the subsequent post-processing.

Post-processing results are critical for small components

because the removal of the associated material may be too

large with respect to the component thickness.

Toro et al. investigated the microstructure evolution, ana-

lysed with high resolution via transmission electron micro-

scopy (TEM), promoted by laser cutting of cold-worked NiTi

tubes for stent production [77]. The recast layer exhibited

recrystallised, almost equiaxed grains of parent-phase B2,

whereas the basematerial in cold-worked conditions exhibited

a cubic parent phase and monoclinic martensite B190. Fig. 25
shows the microstructure variation. Rapid cooling, induced by

the laser cutting process, removed the dislocations and strains

present in the B2 matrix, and grain growth was achieved.

4.3.2. Functional behaviour
Such intense effects of laser cutting, performed using long

pulses, can promote considerable variation in the MT oper-

ating temperature, which is associated with microstructural

modifications. Tuissi et al. investigated the shift in the MT of

superelastic NiTi processed using a CW fibre laser. The pres-

ence of intense and sharpMT peaks suggests that thematerial

was subjected to strong overheating during cutting, which can

be correlated with large thermal diffusion [78]. This effect can

drastically change the functional performance of the NiTi

element, and its effect on the material properties can be

linked to equivalent high-temperature heat treatment

involving solubilisation [79,80]. A high-performance shape

memory effect (HPSME) was observed in diamond-like ele-

ments, as shown in Fig. 26. Extremely high elongation values

(with a stroke of approximately 30% of the diamond length)

were recovered under an applied force of 0.7 N within a tem-

perature range of 50 �C.
In good agreementwith the reported results obtained using

the technological approach, the adoption of short laser pulses

in the nanosecond regime did not significantly limit the

modification of the functional properties of the NiTi elements.

Nespoli et al. reported the functional properties of a snake-like

element, which was laser-cut from thin SMA NiTi tape

(0.12 mm in thickness) with a nanosecond fibre laser [81].

Owing to the formation of recast material during processing,

two post-processing steps were also taken into account to

finish the surfaces. Fig. 27 shows the evolution of the surfaces

of the snake-like element under different conditions: with

laser cutting, after simple pickling, and after pickling and

electro-polishing. As the laser-cut surface exhibited a signifi-

cant amount of melted material, pickling could remove most

of the recast layer from both surfaces, whereas electro-

polishing primarily affected the surface finish. In fact, the

removal of the laser-affected material was correlated with an

MT shift observed by differential scanning calorimetry (DSC)

analysis, as shown in Fig. 27g. As the DSC scan of the initial

sheet indicated that MT was associated with a double trans-

formation with wide peaks, the laser-cut sample exhibited

sharper peaks with changes in the characteristic tempera-

tures. These results are comparable to those obtained by

Tuissi et al. [78]. After the two steps of post-processing, the

shapes of the peaks and the corresponding MT operating

temperatures tended to shift toward those of the base mate-

rial [31,81,82]. Similar results were achieved even for reverse

MT upon heating. Strain recovery testing of the samples under

different conditions yielded results attributable to the DSC

measurements. The snake-like element in the laser-cut con-

dition exhibited an almost negligible displacement induced by

the temperature change, owing to the overheating of the alloy.

In contrast, pickling and electropolishing can induce better

functional performance, with higher displacements, because

of the recovery of the initial MT (see Fig. 27h).

Stabilisation of the functional behaviours of the NiTi ele-

ments was achieved after pickling, as also demonstrated by

Biffi et al. [82,83]. Fig. 28 shows the strain recovery under a

constant load upon thermal cycling of chemically etched
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Fig. 25 e TEM images of NiTi in the (a) recast layer, (b) HAZ, and base material (c) [77].
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snake-like elements in NiTi SMA and the corresponding evo-

lution of the stroke versus the number of cycles. The removal

of recast material through chemical etching enabled the

elimination of harder material, which is typically induced by
Fig. 26 e (a) Laser-machined NiTi diamond-like element and (b

HPSME [78].
rapid solidification. This process enabled the stroke to be

increased and the accumulation of plastic deformation to be

minimised. Similar results on laser cut surface polishing were

achieved after pickling also by other authors [84].
) thermal loop under constant load, associated with the
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Fig. 27 e SEM images of the entrance and exit surfaces of the NiTi snake like element: (a) and (b) with laser cutting, (c) and (d)

after simple pickling, and (e) and (f) after pickling and electro-polishing, respectively. (g) DSC scan results obtained upon

cooling and (h) strain recovery test results of the snake-like elements [81].
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The increase in local hardness was identified using nano-

hardness profiles. Biffi et al. investigated the effects of

different energy densities, obtained by combining different

cutting speeds and numbers of laser passes, on the HAZ

extension and functional properties of NiTiCu SMA [85]. After

nanosecond laser cutting, the ternary SMA exhibited the for-

mation of amulti-stageMT, probably due to the formation of a

complex microstructure. The recast material achieved a high

nanohardness of 700 HV (versus approximately 200 HV in the

base material), and the extension of the corresponding HAZ

was on the order of 20e40 mm.

A further decrease in the pulse duration down to the ul-

trashort regime enabled the thermal diffusion to contract,
Fig. 28 e (a) Effects of thermal cycling on the strain recovery of c

evolution [83].
leaving an almost unvariedmicrostructure and enhancing the

functional performance. Biffi et al. compared the perfor-

mances of CWand femtosecond regimes in the laser cutting of

superelastic NiTi, under straight annealing conditions, on the

SMA properties [53]. Because a CW laser generates a large

HAZ, it was expected that the material properties could be

completely modified. In the case of femtosecond laser cutting,

HAZ reduction occurs due to the negligible thermal diffusion

associated with the process. Fig. 29 shows the shift of the MT,

associated with the use of the CW and femtosecond regimes,

from the base material.

With CW laser cutting, the transformation temperatures of

the material and enthalpy of transformation are completely
hemically etched snake-like elements in NiTi and (b) stroke
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Fig. 29 e DSC scans of Nitinol machined in the CW (a) and

femtosecond regime (b) as well as that of the base

material (c).
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modified. In particular, the intense and sharp peaks can be

correlated with high-temperature heat-treated NiTi [78]. In

the case of femtosecond laser cutting, the peaks remain
Fig. 30 e Forceedisplacement curves of NiTi diamond-like

microelements, machined in the CW and femtosecond

regime.
fundamentally the same in shape and only slightly shift to

higher temperatures. In addition, after CW laser processing,

the two-step MT becomes a single-step transformation. The

superelastic behaviour of the laser-cut element, realised using

the femtosecond regime, shows a good superelastic flag-like

curve, in which a complete displacement of 2 mm was

completely recovered without any residual deformation (see

Fig. 30). This behaviour represents the typical superelastic

behaviour of commercially available materials [86]. In

contrast, this functional behaviour can be considered to be

degraded in NiTi elements laser-cut under the CW regime,

because the temperature experienced by the material during

cutting is higher than that required for inducing SE.

The same authors also investigated the cutting of cold-

worked superelastic NiTi tapes in the femtosecond regime

[87]. In this case, the only difference between cutting straight-

annealed and cold-worked NiTi plates was related to the

planarity of the sheet, which could induce larger sensibility in

the focus positioning. From an energetic perspective, no dif-

ferences were observed as the energy required to vaporise the

alloy remained the same. It was found that the quality and

precision level fully overlapped with those obtained by

femtosecond laser cutting of straight-annealed NiTi. In addi-

tion, no significant variation in the functional behaviour of

cold-worked NiTi was induced by laser cutting, and calori-

metric analysis revealed that the flat signal of the DSC scan

from the cold-workedmaterial was also observed in the laser-

cut samples. In addition, mechanical testing performed at

different temperatures indicated that the displacement was

almost negligible. This finding confirms that ultrashort laser

cutting can be performed to achieve high quality and preci-

sion as well as negligible thermal modification of the material

properties.

4.3.3. Corrosion
Nitinol presents extraordinary corrosion resistance and

biocompatibility; therefore, it is one of the most common

materials employed in biomedicine. The high-temperature

thermal treatment of Nitinol optimises its shape memory

properties and generates a layer of oxides on the surface,

improving the surface chemistry and biocompatibility.

Owing to the presence of an allergenic element such as Ni,

the implementation of devices composed of this material is

critical, requiring the adoption of passivation techniques such

as electropolishing, which reduces the release of Ni ions [17].

The parameter to be controlled during electropolishing is the

amount of material removed during treatment: with more

removal, the breakdown potential increases; hence, the

corrosion resistance. The more material removed, the thicker

the oxide layer formed, and consequently, the more Ni ions

released, due to the generation of more constant and Ni-free

layer. The stability of this layer was crucial. By removing

more material, the oxide layer was reduced.

Decker et al. investigated the corrosion of laser-cut and

wire-formed stents. Their results indicated that the amount of

material removal in the final surface treatment step (i.e.

electropolishing) influences the corrosion resistance for both

types of stents [88]. For a more systematic experimental

approach, the removal amount was adjusted to create groups

with material removal of up to 5%, 5%e10%, and 10%e25%.
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Fig. 31 e Evolution of the NiTi laser-cut and wire-formed stents subjected to three levels of material removal: (a) below 5%,

(b) below 10%, and (c) below 25% [88].
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Fig. 31 show the surface morphology evolution with

different material removal levels in electropolishing for laser-

cut and wire-formed stents, respectively. It is evident that the

main purpose of material removal in post-processing is

mainly to finish the laser-cut surfaces, mainly the lateral one

where most of the recast material can be placed. Little varia-

tion in the surface roughness was observed on the wire

surfaces.

Both stent types showed an increase in the corrosion po-

tential breakdown and a decrease in the standard deviation

with increasing amount ofmaterial removal. Fig. 32 shows the

variation of the potential versus the amount of material

removal of the laser-cut and wire-formed stents.

It was found that laser cutting requires more material

removal to achieve the corrosion resistance target because of

the thermal modifications induced by laser processing. This

difference is due to the presence of a residual HAZ after laser

cutting and post-processing, which changes the material

properties.

4.4. Prototyping and applications

Because of its extraordinary properties, Nitinol is widely

employed in many industrial sectors, such as the automotive,

aerospace, and biomedical industries. Laser processing en-

ables the realisation of microdevices, such as stents, cathe-

ters, dampers, sensors, and actuators, which are vastly

implemented in the medical, automotive, and aeronautical

fields. After laser processing, the properties may change;

hence, the material could require post-processing to recover
them [43,89]. The following subsections discuss the main

categories of applications of NiTi SMAs processed by laser

cutting.

4.4.1. Biomedical devices
Among the fields of application of SMAs, biomedicine was the

first sector capable of applying the functional performances of

NiTi alloys in advanced devices, mainly because of their

biocompatibility, corrosion resistance, and SE.

The most diffused and well-known device processed via

laser cutting is the stent, which has been mentioned several

times in the present paper.

Favier studied the effect of two stent cutting methods,

based on the expansion of the patterned cut on a small tube or

by cutting the mesh on the tube of larger diameter, on the

transformation temperatures of the MT, detected by DSC mea-

surements [27]. It was found that the pre-cut stents exhibited

less homogeneity in the MT of the pre-expanded stents. This

is due to the stress distribution induced by the stent bending,

which can promote less homogeneity in the material.

Frotscher et al. reported the processing and functional

characterisation of braided NiTi stents [24]. In particular, they

compared laser cutting and braiding for producing micro-

stents. Although laser cutting can offer high precision and

high spatial resolution, as well as thermal modifications, the

braiding of very thin wires, down to 20 mm in diameter, could

be considered a promising technology. Fig. 33 summarises the

principal mechanical performances of both the stent types,

processed via laser cutting and the braiding method. No dif-

ference was observed between the two types of stents in the
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Fig. 32 e Corrosion results as functions of the weight loss in the (a) laser-cut and (b) wire-formed stents [88].
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first millimetre of displacement. At higher displacements, the

braided stents showed a steep load increase, whereas the

laser-cut stent exhibited a much less pronounced load in-

crease (see Fig. 33a). Fig. 35b presents the results of 20

loadingeunloading cycles performed at 37 �C with less than

4 mm maximum displacements on both types of stents. The

load-displacement curve of the braided stent was bent up-

ward, whereas that of the laser-cut stent showed higher

deformability under low applied loads. The maximum loads
applied during the fatigue cycling of the braided and laser-cut

stents were approximately 0.1 and 0.25 N, respectively. These

values did not change significantly during cycling (Fig. 33c).

However, the maximum loads of the laser-cut stents

remained constant, whereas those of the braided stents

slightly decreased after two million cycles.

The surface of the laser cut stent is a relevant issue; some

works were dedicated to the post-processing [84]. In details,

acid pickling, being one of the major methods to remove the
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Fig. 33 e (a) Mechanical response at failure, (b) loadingeunloading cycling, and (c) fatigue behaviour of NiTi stents [24].
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burr and the depositions, was tested for cleaning laser cut

stents.

It is important to avoid carefully the generation of thermal

defects during laser machining, which would produce local

stress concentrations that could cause the component to fail

[90]. Therefore, finite element modelling of laser-cut stent

coupons can support stress distribution analysis and identi-

fication of the most critical points at which failure can occur,

as shown in Fig. 34. The corresponding Wohler curve repre-

senting the fatigue behaviour of the coupon in NiTi indicates a

combination of stress, strain, and life cycles that satisfies the

stent requirements. The stents tested with an alternative

strain of 1% could resist any breaks (indicated as run-out) up

to 107 cycles (see Fig. 35).

Another biomedical device involving NiTi is dedicated to

surgical tooling. In neurosurgery, the simultaneous use of two

instruments through the same endoscopic shaft is a complex

issue. An endoscopic shaft contains channels for the optic

element, rinsing system, and small-diameter instruments,
Fig. 34 e FEM of a NiTi coupon and
such as handles, shafts, and actuators for controlling the

attached head (graspers and scissors). There are some issues

related to the manipulation and control of these instruments,

and the design and realisation of complex steerable in-

struments with the required small diameters is challenging.

Dewaele et al. demonstrated the use of laser cutting for the

manufacturing of shaped superelastic NiTi elements for

steerable instruments, improving the ability to work simul-

taneously with two tools [91]. A wrist-like element, placed at

the distal end of the instrument, was designed to enhance the

performance in surgery. Laser cutting of thin NiTi tubes

enabled the manufacturing of small-diameter instruments

with a large open lumen and excellent tip stability.

Another type of NiTi device applied in the biomedical

sector is the small-diameter hydraulic active bending catheter

[92,93]. Catheter-based minimally invasive diagnoses and

therapy of blood vessels are widely performed. In the related

works, the authors proposed the realisation of a superelastic

NiTi tube, processed by laser cutting (see Fig. 36a) and inserted
tested coupon at failure [90].
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Fig. 35 e Wohler curve representing the fatigue behaviour of the coupon in NiTi [90].
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it into a silicone rubber tube. This prototype active catheter

was filledwithwater, and its bending anglewas actuated from

outside the body by suction of the water. Fig. 36b shows the

functional response of the catheter, in which the correlation

between the water pressure and bending angle is highlighted,

and Fig. 36c and 3d present pictures of the catheter bent into

the two extreme positions.

4.4.2. Actuators
From a scientific perspective, actuators, or more precisely

micro- or mini-actuators, based on SMEs represent the most

investigated application of SMAs. The functional properties of

SMAs enable the realisation of actuators, which change shape

with temperature variation. Three approaches have been re-

ported for the realisation of NiTi SMA actuators: the use of 2D

and 3D laser cutting to produce planar and tubular shapes and

the deposition of thin films on a substrate.

By utilising the SME on 2D laser-cut elements, it is also

possible to develop micro-grippers: actuation can be achieved

by coupling two actuation units, controlled by electrical

heating, to generate mechanical work. The antagonist mech-

anism is crucial for the device design. Generally, the elements

designed with Nitinol are very small, and the generation of

optimal gripper element shapes is essential.

However, the actuation speedmust be quite high to suit the

specific application for which it is developed, and the market

has moved towards micro-actuators, which provide faster

actuation and larger forces compared to their dimensions [43].

The fabrication method of micro-devices is critical, and it has

been observed that fabricating actuators from cold-rolled NiTi

sheets generates anisotropies caused by the rolling direction,
even after heat treatment for shape memory optimisation.

Moreover, it has been observed that, for devices of different

thicknesses, with small thickness changes, the trans-

formation temperatures change only if the deviceworks in the

direction transverse to the rolling [94]. In addition, in themost

common actuation application in which the material only

remembers two positions (in the martensitic and austenitic

phases), a third position may be generated in the material

without any additional control system, increasing its potential

for utilisation. Kohl et al. studied the functional performance

of microgrippers for robotic applications, as shown in Fig. 37.

The presented design consisted of two integrated actuation

units with opposite motion directions to separate the control

during the opening and closing motions. The response times

of the actuation units upon heating were investigated by

performing time-resolved electrical resistance measure-

ments. Upon heating, the electrical resistance decreased and

finally reached a minimum, which coincided with the end

position of the corresponding displacement. The increase in

the electrical power decreased the response times. The cool-

ing times were considerably longer, on the order of 300 ms

(corresponding to an electrical power of 22 mW) and had no

influence on the response times.

The diversity of complex shapes achievable using laser

cutting has been exploited to produce various actuators. The

active elements of the actuators have utilised NiTi SMA com-

ponents, which have been integrated into the final device

structure. For instance, Garces-Schroder et al. proposed the

realisation of silicon microgrippers using integrated NiTi ele-

ments produced by ultrashort laser cutting [95]. A hybrid novel

wafer-level assembled in-plane SMA actuator and silicon
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Fig. 36 e (a) Laser-cut NiTi tubes, (b) functional behaviour of the catheter, (c) catheter before bending, and (d) catheter after

bending at the extreme angle [93].
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microgrippers were developed and tested (see Fig. 38). Similar

NiTi structures have been realised by other groups to realise

actuators operating under different functional conditions.

Leester-Schadel et al. reported some prototypes for different
Fig. 37 e (a) Schematic showing the operation principle of the S
sectors: a highly adaptable multi-actuator system for active

shape control, micro-gripper for handling microdevices, and

micro-actuator for the guidance of surgical resection in-

struments [45].
MA micro-gripper and (b) the laser-cut Nitinol element [94].
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Fig. 38 e (a) Microgripper with NiTi SMA actuator mounted on a printed circuit board and force sensors contacted by wire

bonds for force sensor characterization, (b) micrograph of rivet connection of gripper and actuator, and (c) cross-section of

rivet connection [95].
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Regarding the realisation of 3D SMA actuators, Tian et al.

studied different structures designed for actuating continuum

robots [96]. Starting from thin-walled tubes in superelastic

NiTi SMA, the laser cutting process was selected for process-

ing spiral-shaped structures, such as spindle apparatus, pea-

nut, and spiral structures, as depicted in Fig. 39. Single- and

multi-segment prototypes exhibited promising motion ability

in terms of flexural rigidity and continuous deformation. Such

prototypes can offer enhanced performance and work capa-

bilities of continuum robots in confined spaces, as indicated

by the functional response presented in Fig. 40. In fact, finite

element modelling highlighted that these spiral structures

could undergo large deformations without evident stress

concentrations.

Tung et al. designed and realised NiTi elements for

active steerable catheters, starting from thin-walled tubes

[89,97]. Tubular 3D actuators were designed for manipula-

tion inside human blood vessels, and their functional
Fig. 39 e Different types of spiral support structures in NiTi SM

structure [96].
behaviour was modelled using the FEM. The laser-machined

actuator showed similar performance to the SMA wire

actuator with comparable transition temperature in quasi-

static testing, although neither actuator exhibited the

same stress plateau characteristics as the superelastic wire

[89]. In this work, no post-processing was performed;

therefore, some actuators broke under undesirable condi-

tions, but this drawback can be overcome by performing

electropolishing. In contrast, the dynamic characterisation

data showed that the ability of the actuator to recover 32%

of its length was within the range required for the consid-

ered application. The fatigue properties seemed to be rela-

tively stable, although it took several cycles for the

displacement to settle [97].

The practical use of the proposed actuators in active

catheters requires the consideration of cooling because the

temperatures reached during thermal actuation can cause

tissue damage. However, as these actuators have very low
A: (a) spindle apparatus, (b) peanut, and (c) spiral
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Fig. 40 e Motion trajectory of the force-bearing point of a

multi-segment NiTi prototype [96].
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thermal masses, both blood flowing outside the catheter

and active cooling inside should help to mitigate this

drawback.

Finally, as shown by Huang et al. [98,99] on a cantilever,

this can be obtained by coupling Nitinol with another
Fig. 41 e (a) Schematic of a NiTi SMA sensor mounted on a

SMA backbone used as an active catheter and (b) pictures

of laser-cut sensors [100].
material, such as Si, owing to the uneven temperature

distribution in the element. The Si substrate with NiTi

coating was laser cut in the middle of the cantilever, which

is flat at ambient temperature but becomes curved upon

heating.

4.4.3. Sensors
Based on the opposite principle of SMA actuator operation,

superelastic NiTi sensors can be realised using laser cutting

and electro-polishing to control the positions of some ele-

ments. Tung proposed a sensor for surgical applications, as

shown in Fig. 41 [100]. They found that the signal output could

be altered and the stiffness of the sensors could be reduced by

varying the dimensional features of the elements.

With proper amplification and compensation, NiTi sensors

havebeencharacterisedby lowroot-mean-squareerroranddrift

and can function as linear position sensors, especially when

used differentially. The proposed path can enable the practical

use of SMA materials, especially in active catheters, and ulti-

mately improve medical devices and benefit patient care.

4.4.4. Dampers
Small-amplitude and passive vibration damping can be

important in mechanical applications, where random broad-

band excitations are present in a typical operational envi-

ronment. NiTi-based SMAs also offer high damping capacity

[101], which can be exploited to realise dampers for vibration

suppression. Composite structures containing some NiTi SMA

wires were realised with promising damping performance

[102]. To improve the fabrication method and composite per-

formance, the SMAwireswere replaced by thin sheets of NiTi-

based SMA, shaped by laser cutting, and inserted into the

resin panel, as shown in Fig. 42. Different ellipsoidal paths

were laser-cut with a nanosecond fibre laser from

Ni40Ti50Cu10 SMA tapes with thicknesses of 0.15 mm. The

flexural damping behaviour of the sandwich-structured

composite panel was tested experimentally in the flexural

mode, and finite element modelling was performed to deter-

mine the stress distribution [46,47,103].

The damping coefficient h was found to be directly pro-

portional to the amount of SMA, as shown in Fig. 43. As the

pure resin can offer only a damping value in the range

0.4e0.45, the use of SMA sheets can significantly improve the

vibration suppression capability, and the increase in the

quantity of SMA from large to small ellipsoidal paths increases

the damping behaviour from 0.45 to 0.6. According to these

findings, composites with embedded uncut sheets can ach-

ieve the highest damping performance, but a delamination

effect can also occur because of the lack of adhesion between

the sheets and resin.

The damping capacity of the composite beam was

improved when the NiTiCu alloy was replaced with CuZnAl

SMA [104]. The laser cutting of CuZnAl thin sheets induced

local compositional variation due to Zn evaporation, which

should be added to the typical HAZ. Therefore, the border of

the kerf was subjected to functional modification that was

more intense than that typically observed for NiTi SMAs.

Despite this drawback, this alloy promoted a higher damping

capacity, enabling the realisation of composite beams suitable

for passive vibration suppression.

https://doi.org/10.1016/j.jmrt.2022.03.146
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Fig. 42 e Schematic of a hybrid NiTi-based SMA composite with enhanced damping capacity for vibration suppression [103].

Fig. 43 e Damping coefficient evaluated for different NiTi-

based SMA composite beam configurations [103].
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5. Conclusions

Laser processing is among the most widespread technologies

for manufacturing NiTi SMAmini- andmicro-devices for both

industrial and scientific applications. The present report pro-

vided a review of the literature regarding the laser cutting

process of NiTi SMAs. This topic was discussed from different

perspectives, such as technological, metallurgical, and func-

tional approaches, with a particular focus on laser-cut devices

for various applications.

The principal conclusions can be highlighted, as in the

following:

- NiTi SMAs are very sensitive to temperature changes,

therefore the most important parameters of the laser cut-

ting process, such as pulse duration and emission wave-

length, can significantly affect the conduction of the heat,

consequently the quality of the cut edge. The adoption of

ultrashort lasers or hybrid processes, like water jet guided
laser beam cutting and cutting under liquid immersion, can

promote the best quality of the SMA device. Moreover, the

formation of dross, spatter, and kerf irregularities can be

also optimised by selecting the optimal process parameters,

like power, scanning speed, repetition rate, gas type and

flow.

- Thermal modelling of NiTi laser cutting can offer relevant

inputs for supporting the design of the laser process. Also

in this case, the estimation of the extension of the heat

affected zone and melted zone are considered the most

promising variables to be analysed.

- The microstructural transformations induced locally by

the laser beam can tune the local functional performance

of the SMA. This effect can be controlled by reducing

largely the laser pulse durations. However, post-processing

can also be conducted for removing the altered material,

which can influence the functional behaviour of the SMA

device, like mechanical and thermal fatigue performances

as well as transformation temperatures.

- The realization of several devices and prototypes was also

analysed for demonstrating how the large scale possibility

of using smart and functional materials, like SMAs, can

promote innovative, high tech and advanced components,

to be integrated in complex devices, (like sensors, actuators

or dampers for different sectors) or components standing

alone (like stents for the biomedical sector).

It can be concluded that the use of the laser beam in cutting

of NiTi SMA parts is a precise tool, able to readjust its charac-

teristics for improving more and more its performances.

Nowadays, several types of stents, and not only these, are

completely industrialized, despite the ongoing evolution of the

laser technology in the field of the laser material processing.
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