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11.1 INTRODUCTION

Shape memory alloys (SMAs) are a group of metallic materials that exhibit unique properties
and, accordingly, draw the interest of scientific communities and industries. The most used
SMA in the biomedical field is Nitinol (NiTi), which is discussed in the next few sections.

11.1.1 NiTi General Properties for Biomedical Devices
Nowadays, a large great majority of SMAmedical devices are produced usingNiTi alloys,
thanks to the material’s good workability during the martensite phase, good resistance to
corrosion and fatigue, U.S. Food and Drug Administration (FDA) approval, and good
compatibility with magnetic resonance imaging and computer tomography scanning.1
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Besides exploiting either superelastic or shape memory effects, depending on the spe-
cific biomedical application, NiTi is also frequently adopted because of a closer similarity
to biological tissue mechanical response than conventional medical materials, such as stain-
less steel. For example, NiTi is less dense and has a lower elastic modulus compared with
other standard biomedical materials (Table 11.1). Moreover, the human body offers an
isothermal environment, which is centered perfectly on the necessary conditions for
superelastic behavior or shape memory effects to occur.

Despite the fact that NiTi alloys usually consist of a binary nearly equiatomic concen-
tration of nickel (Ni) and titanium (Ti), the possibility of adding ternary elements such as
iron (Fe), copper (Cu), and niobium (Nb) is often explored to influence the material’s
behaviordfor example, in terms of hysteresis (shallower hysteresis for Fe and Cu, wider
for Nb), transformation temperatures, and mechanical properties, particularly fatigue
response.2 Clearly, careful control of the austenite finish temperature is crucial to com-
mercial and medical applications.3

11.1.2 NiTi Biocompatibility
Biocompatibility is obviously a critical aspect for any material to be used in medical appli-
cations, especially in the case of NiTi, which brings the fear of possible Ni release, which
has been proved to cause toxic, carcinogenic, and immune-sensitizing effects. Potential
users of NiTi in medical applications have, in fact, often rejected their use, for fear of high
Ni release in corrosive environments, such as the human body. This concern was based
on a poor knowledge of NiTi alloys. Indeed, the biocompatibility properties of NiTi
alloys are very different compared with Ni alone, compared with Ti alloys, which are
extremely stable.

In fact, starting with the work of Wever et al.4 the biocompatibility of NiTi was
assessed and compared with materials conventionally adopted in clinical applications
(e.g., stainless steel and pure Ti), proving NiTi’s high corrosion resistance and good tissue
compatibility. In particular, the extensive study of Ryh€anen in 2000,5 used human osteo-
blast and fibroblast cell cultures to assess NiTi’s primary cytotoxicity and corrosion rate,
and showed no toxic effects and no inhibition of cell growth and proliferation. Further-
more, NiTi and stainless steel intramedullary nails were used to perform femoral

Table 11.1 Properties of Materials for Biomedical Applications.
Material Density (g/cm3) Young’s Modulus (GPa)

Nitinol 6.45 Austenite ¼ 53.5;
Martensite ¼ 29.2

Stainless steel (316L) 7.95 193
Titanium(Ti) Ti-6Al-4V 4.43 113.8
Bone 1.7–2 0.2–19.4
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osteotomies in rats, and bone healing was evaluated. Not only did the NiTi nails show
better performance in terms of greater number of healed bone unions than stainless steel,
but also corrosion was more evident in stainless steel than in NiTi. Accordingly, the study
by Ryh€anen demonstrated that NiTi is suitable for medical uses, performing similarly or
better than stainless steel and the Ti-6Al-4V alloy.

Moreover, as reported by the VVAA,6 several in vivo studies conducted during the
past decade “disclosed no allergic reactions, no traces of alloy constituents in the sur-
rounding tissue and no corrosion of implants.” In the work by Guidoin et al.7 experi-
mental investigations showed that NiTi genotoxicity is equivalent to 316L stainless
steel and is less severe than that produced by cigarette smoking.

Es-Souni et al.2 reviewed biocompatibility studies on NiTi and affirmed that
“NiTi shape memory alloys are generally characterized by good corrosion properties,
in most cases superior to those of conventional stainless steel or CoeCreMo based
biomedical materials. The majority of biocompatibility studies suggest that these alloys
have low cytotoxicity (both in vitro and in vivo) as well as low genotoxicity. The release
of Ni ions depends on the surface state and the surface chemistry. Smooth surfaces with
well-controlled structures and chemistries of the outermost protective TiO2 layer lead to
negligible release of Ni ions, with concentrations below the normal human daily intake.”

Clearly, biocompatibility is an important issue for all orthodontic-based applications,
because the mouth is a particularly corrosive environment.8 Corrosion of metals in the oral
cavity depend on various factors, including device morphology, saliva pH value, and
alloy composition. Researchers have often used different procedures to assess biocompat-
ibility in vitro and in vivo for dental applications, so quantitative results are not compa-
rable.9 However, many studies have been carried out during the past few decades to
evaluate biocompatibility and corrosion characteristics of SMAs in orthodontic applica-
tions (e.g., Refs 8,10,11). These studies demonstrated that NiTi is, in general, even more
biocompatible than stainless steel, also for orthodontic appliances.9

11.1.3 NiTi Surface Properties
One of the reasons for the good biocompatibility of NiTi alloys relies on the fact that Ti is
oxidized more rapidly than Ni, with positive consequences on surface properties. In gen-
eral, the outer protective TiO2 film formed by Ti passivation is sufficient to provide
corrosion resistance, acting as an effective barrier to Ni ion release.2 In other cases,
because the surface exposed to body fluids is much greater (such as in porous NiTi
biomedical applications) or is exposed to a highly corrosive environment, formation of
a TiO2 layer may not be enough, and corrosion may effect Ni ion release. In these cases,
NiTi devices need to be treated with ad hoc surface modification techniques to provide more
effective barriers and, thus, enhance surface protection from corrosion, leading to
implant-safe conditions.
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Surface modifications have various depths, from nanometers to micrometers, and
they can be performed through various procedures, including mechanical treatments,
etching in solutions, electropolishing, heat treatments, ion beam treatments, conven-
tional and plasma ion immersion implantations, laser melting, and bioactive coating
deposition.12

Recently, TiN (already used successfully in biomedical applications) has been pro-
posed for the improvement of biocompatibility of orthodontic archwires, showing
good results in the experimental environment.10

11.1.4 NiTi Fatigue
One last feature of NiTi alloysdcommon to other SMAs, as welldworth mentioning in
terms of biomedical applications is the material’s ability to outperform other conventional
metals in strain-controlled environments, whereas in stress-controlled environments it may
fatigue rapidly. Most fatigue environments in the body are a combination of the two con-
ditions (stress and strain), which create difficulties when making predictions about fatigue
behavior. However, Duerig et al.13 affirmed that, usually, “the very compliant nature of
biological materials tends to push in the direction of strain-controlled fatigue, where
Nitinol will excel.”

A drawback concerning fatigue is represented by the fact that NiTi alloys exhibit
nonstandard fracture and fatigue responses compared with common engineering metals as a
result of their stress-induced and/or thermally induced microstructural evolutions and
the complexity of the various phases.14 As a consequence, well-known theoretical
models and standard fatigue testing procedures cannot be applied, and a universal descrip-
tion of NiTi fatigue behavior remains an open issue even today.14e16 As a consequence,
no standard fatigue tests for NiTi have yet to be defined.17

However, advancements in NiTi processing,18,19 and recent studies aimed at optimi-
zation of the applied geometry (see, for example, Ref. 20) allowed the most recent ap-
plications to be more fracture resistant than in the past and they show satisfactory high
cycle fatigue behavior.

An important example of cyclic strain-controlled NiTi application is the self-
expanding stent, which is used to treat body conduit stenoses of various types, the fatigue
life of which is influenced strongly by the pulsating blood response and by everyday life
activities,20 as well as by the small size of the devices.14 In fact, stents can experience up to
40 million loading cycles each year, making the fatigue lifetime a major design criterion
of the stent. To this purpose, some experimental campaigns on stent components are re-
ported in the literature.16,21e23

Another example is pacemaker leads, which require a conductive material that can
undergo very high numbers of strain-controlled flexing motions without failing. The su-
periority of NiTi with respect to other materials was demonstrated for this application.13
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11.1.5 Introductory Conclusions
Based on the introduction, it is clear that SMAsdand, in particular, NiTidshow very
unusual material features that have opened and keep open the door to many innovative
applications in the biomedical field. Accordingly, in the following paragraphs, a classifi-
cation of SMA medical applications is presented, in which each group of devices and
techniques is described and reviewed. Cardiovascular applications are omitted because
they are the focus of chapter.

11.2 ORTHODONTICS

As reported by Thompson in 1999,24 the first medical use of NiTi was in the orthodontic
field. In fact, in 1971, Andreasen and Hilleman introduced for the first time NiTi ortho-
dontic archwires,25 observing that NiTi was able to produce constant and lighter forces, and
was thus much more effective than traditional stainless steel wires.

Accordingly, since the 1970s, extensive research has been published in materials sci-
ence and orthodontics journals, spreading knowledge on NiTi’s properties and allowing
effective clinical uses of such a material (see, for example, Refs 24,26). Nowadays, even if
SMAs are more difficult and expensive to manufacture than conventional materials, they
are among the most common materials used for orthodontic devices, and several manufacturers
are active in the dental market, providing a large variety of appliance choices for many
different applications.

Currently, archwires (Fig. 11.1) and palate expanders (Fig. 11.2) are the most important
SMA-based orthodontic applications, and take advantage of the superelasticity of the
SMA. The motivation for such a successful exploitation of SMA materials is connected
to the material’s ability to apply to the teeth almost constant forces during dental reposi-
tioning, obtained as a consequence of the bone-remodeling process. In fact, the optimal
way to induce physiological dental movements without damaging the underlying tissues
and with minimal patient discomfort (i.e., optimal tooth movement) is achieved by applying
forces low in magnitude and continuous in time, whereas high-magnitude, discontinuous
forces can cause hyalinization, a deleterious process caused by tissue disintegration. These
considerations explain the success of SMAs in orthodontic applications. In fact, because of
the almost constant oral cavity temperature, SMAs can produce proper constant spring-
back forces over a large range of deformations, making these materials more effective
compared with classic alloys.24 Such a high biological and clinical effectiveness also allows
for less frequent readjustments by the attending orthodontist, who see these patients a few
times a year instead of every 3e4 weeksdthe interval usually needed for retensioning
stainless steel wires and reducing patient pain during the entire treatment period.

The phase transformation temperature range is clearly very important when assessing
the quality of an archwire for a specific orthodontic treatment. For a good clinical
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Figure 11.1 Orthodontic Nitinol Archwires. Treatment sequence.27

Figure 11.2 Orthodontic Palatal Expander.28
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application, the temperature range of the material transformation should oscillate be-
tween slightly less than or close to the temperature in the oral cavity (i.e., 35e37 "C).
Clearly, different SMA archwires can be used during the various phases of the orthodon-
tic treatment to achieve a better force control.

Although archwires represent the most known NiTi application in orthodontics,
other devices are equally useful in simplifying and improving orthodontic clinical prac-
tice. Another example is represented by dental drills for root canal procedures
(Fig. 11.3).29 In fact, NiTi performs exceptionally well at high strains in strain-
controlled environments, and this ability is exploited in dental drills, which can undergo
quite severe bending and still accommodate high cyclical rotations with good fatigue
resistance and high elasticity, which prevents undesirable failure during root canal
procedures.30

Another significant orthodontic application is represented by fixators for mounting
bridgework (Fig. 11.4).6 Fixators are, in general, based on a small SMA element that is
notched on both sides. As the temperature increases, the notched area expands, causing
a permanent hold of bridgework. These fixators can also be used to prevent a loose tooth
from falling out.

Following a concept similar to the one just described, SMAs have also been exploited
for dental prostheses and implants such as endosseous blade-type implants (Fig. 11.5). The
implants are manufactured to have open blades when in the austenite phase (during the
transformation temperature). At room temperature, when the material is in the
martensite phase, the implants are deformed to obtain flat blades, which are installed
with a simple incision, thus facilitating insertion. After installation, thanks to body

Figure 11.3 Flexibility of Nitinol Dental Drills.
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Figure 11.4 Nitinol (NiTi) Fixator for Mounting Bridgework.

Figure 11.5 Shape Memory Alloy Endosseous Implants.27
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temperature, the implant is heated up to more than the austenite transformation temper-
ature to allow recovery of the customized shape and anchoring into bone.

When a single tooth has to be replaced, NiTi periodontal root-type dental implants are
also available (Fig. 11.6). These cylinders, installed to replace a missing tooth, are heated
to more than the transformation temperature, which allows perfect seat without the need
for adhesives.31

The opportunity to reuse dental devices has also been investigated, because NiTi is
more expensive than conventional materials as a result of higher production costs. An
obstacle to this possibility is created by the greater ion release of recycled devices with
respect to new ones. In any case, various contributions have highlighted the amount
of ion release is far less than the toxic limit.9

In the literature, it is also possible to find attempts to provide orthodontists with tools
that help in the choice of the proper type of appliance and in therapy planning. In gen-
eral, these tools are based on the development of computational mechanics software, and
are able to reproduce, virtually, the behavior of SMA orthodontic devices (for example,

Figure 11.6 Periodontal Root-type Implant.27
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see Refs 32,33). The continuously changing conditions in the mouth and the fact that
geometric parameters are strongly patient specific make it difficult to forecast orthodontic
appliance behavior, so the role of simulations is very important in design as well as in ther-
apy planning.

11.3 ORTHOPEDICS

To obtain an effective soldering or union between two disjoint bone segments, essential
aspects are stable fixation and proper compression action between the two segments. Accord-
ingly, fractured bones are treated with a fixation device that should strengthen the bone
and keep the correct alignment during healing and maintain sufficient stable. Moreover,
the fixation should be minimally invasive, biocompatible, and should induce a biologi-
cally appropriate compression to enhance optimal fracture healing.34 SMAs can provide
all these requirements in a very efficient way, as demonstrated by several reports in liter-
ature as well as by many SMA-based orthopedic devices, as discussed in the following
paragraphs.

The simplest fixation device is the SMA staple (Fig. 11.7). At room temperature, with
the material in the martensitic phase, the staple can be shaped easily to facilitate insertion.
When installed and maintained at body temperature, the staple tends to close and to
compress the two disjoint bones (i.e., inducing a constrained shape recovery), taking
advantage of the material transformation into austenite, hence from the presence of an
unloading stressestrain plateau. Clear clinical evidence is discussed in several medical pa-
pers, concerning, for example, the treatment of intra-articular fractures,35 mandible and
facial bone fractures,36 and spinal deformity treatments.37 In particular, the device
simplicity allows a reduction in operative time, which is advantageous from the clinical
perspective as well (see, for example, Ref. 36).

Similar conceptual devices are exploited in SMA plates (Fig. 11.8), which are fixed
with screws to maintain bone alignment and are placed on fractured regions where
external casting cannot be performed easily, such as the face, nose, and jaws.38

Figure 11.7 Superelastic Staple.27
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Many other surgicalNiTi fixatorswith different shapes have also been investigated and
manufactured for the treatment of bone fractures (Fig. 11.9). For example, the embracing
fixator,39 has been investigated clinically since the 1990s to treat fractures of the femur,
humerus, radius, and ulna. It consists of a body with sawtooth arms (Fig. 11.10) and a
configuration that allows, on heating, the surgeon to embrace the bone about two-
thirds of the circumference. Moreover, this device applies an axial compression stress
that, as already pointed out, is beneficial for healing. Youyi39 reported 17 long-bone
fracture cases treated with the embracing fixator from 1990 to 1993 that showed satisfac-
tory results.

Another shape memory orthopedic fixation device is the intramedullary nailda metal
rod fixed into the medullary cavity of the bonedused to treat long-bones fractures.40

The shape memory effect is exploited to facilitate insertion. Indeed, the implant is
deformed in the desired shape when in the martensite phase and, after implantation, it
is heated to more than the austenite transformation temperature to obtain tight fixing.
A particular type of NiTi intramedullary nail, evaluated in a rat model, was reported by
Kujala et al.41 who exploited its superelasticity after implantation to produce controlled
force acting on the bone.

An intramedullary NiTi nail for ankle surgery, called DynaNail! (Fig. 11.11), has been
introduced by MedShape Inc. (Atlanta, GA).42 It contains an internal NiTi element
and it can be used to help patients with soft-tissue damage to their lower extremities
that results in debilitating ankle pain (e.g., diabetic patients).

A device worth mentioning is the Nitinol Patellar Concentrator,43 which is an internal
fixator that is modeled to be as similar as possible to a human patelladfrom both the
anatomic and the biomechanical point of viewsdand consists “of two basis patellae
claws, three apex patellae claws, and a conjunctive waist,” as reported by Chuncai
et al.43 The device is designed to treat every type of patellar fracture, especially severely
comminuted fractures, and clinical studies43 have shown that it is a good alternative to
partial and total patellectomy.

Figure 11.8 Superelastic Plates.27
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Figure 11.9 Nitinol Surgical Fixators.

Figure 11.10 Nitinol Embracing Fixator.
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Special NiTi devices have also been designed to treat spine damage or deformities.
Kim et al.44 introduce a technique based on a NiTi fixation device as an option for treating
atlantoaxial instability, a condition in which there is abnormal movement or instability in
the cervical spine. The instability occurs as a result of the laxity of muscles and ligaments
around the atlas and axis, which allows abnormal bending between the two bones, which
causes compression of the spinal cord. The NiTi fixation device is a simple treatment, is
less demanding technically compared with the more traditional screw-and-rod fixation,
and is less dangerous in terms of vertebral artery or nerve injury risk.

For example, the spinal vertebrae spacer (Fig. 11.12), a device to treat scoliosis, is inserted
between two vertebrae to ensure local spinal reinforcement and to prevent traumatic
motion during the healing process. The material’s superelastic response allows the appli-
cation of a constant load regardless of patient position, so the patient preserves some de-
gree of motion.45

In cases of severe and progressive scoliosis that occur in growing young patients (with
the clear need of preserving bone growth because of their young age), S#anchez M#arquez

Figure 11.11 Intramedullary (IM) Nail DynaNail!. Courtesy of MedShape Inc., Atlanta.42
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et al.46 explored, through experiments on rats, the use of a NiTi wire that is attached to
the spine and acts as a correctional device by applying a constant spring-back force.

Another spinal device used to treat scoliosis is the NiTi correcting rod. Kuong et al.47

compared traditional Ti and novel NiTi rods on 23 patients with adolescent idiopathic
scoliosis. Their results showed a safe, gradual correction performed by the NiTi rods,
which produced “better coronal and sagittal alignments compared to traditional rods.”

Wang et al.48 evaluate the ability of a NiTi rod to correct different types of scoliosis.
They monitored 38 patients with scoliosis who were treated with NiTi rod-assisted scoli-
osis correction. Their patients showed no neurological or vascular complications and no
abnormalities resulting from the correction device, such as screw pullout, loosening, or
metal fracture. Therefore, it was concluded that this technique is safe and excellent for
three-dimensional scoliosis correction. Among its advantages are ease of use, decreased
screw failure, and the possibility for applications in cases of severe scoliosis.

Taking again advantage of the fact that healing of bone fractures can be enhanced by
mechanical stimulation,49 in 2013 Pfeifer et al.50 presented a novel idea to obtain mechanical
stimulation using a shape memory implant. They proposed using contactless induction
heating to modify the features (such as stiffness) of a metallic shape memory implant
within the human body.

In 2008, Morawiec et al.51 reported on NiTi rings (Fig. 11.13) used to model a mal-
formed cranium. After being fixed to the osseous margins, the superelastic rings expand,
reshaping the cranium vault. Very good clinical results were obtained on very young
children.

Up to this point in our discussion, we have only considered bulk NiTi devices, but
porous NiTi should be taken into account as a promising candidate for orthopedics, as
well. In fact, porous NiTi’s combine the benefits of shape memory and superelasticity
effects, and its porous structure, providing high osseointegration and osteoconductivity.
As a consequence, shape memory and superelastic properties provide all the previously

Figure 11.12 Shape Memory Alloy Vertebrae Spacer.27
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described installation and functional advantages, and the porous structure provides low
density, high permeability, and high surface area, thus enhancing bone ingrowth and
fluid transportation. Moreover, porous NiTi acts as a receptive scaffold for tissue
ingrowth, so it can be considered a bioactive material.

Research on porous NiTi as bone implant material began in 1995 in Russia,52

using an animal model to assess the material’s behavior in vivo. According to Kujala
et al.41 the first application of porous NiTi was a device for intervertebral fusion, intro-
duced by Silberstein in 1997. Assad et al.53 used a sheep model to make a comparison
between a new porous NiTi device for intervertebral fusion and traditional interverte-
bral fusion cages packed with autologous bone. It was reported that the ungrafted,
porous NiTi implant had significantly better fusion characteristics than conventional inter-
vertebral fusion cages. Moreover, the Ni content in tissue adjacent to porous NiTi was
equivalent to the control group value and no significant increase in blood Ni content
was reported.

The studies carried out on porous NiTi demonstrated good biocompatibility proper-
ties, without any cytotoxicity and genotoxicity reactions. It was reported that its biocom-
patibility is comparable with conventional implant materials (e.g., Ti).41,49 Among its
advantages for medical use there are also high strength, which is important to prevent
deformation or fracture, and relatively low stiffness (Young’s modulus less than
20 GPa), which is useful to minimize the stress shielding risk. Shape recovery behavior,
as already mentioned, facilitates implant insertion and ensures good mechanical stability
within the host tissue. It was shown that NiTi foams show better osseointegration than
Ti.54 Another useful feature is the excellent compatibility of porous NiTi with magnetic
resonance imaging and computed tomographic scanning compared with, for example,
cobalt and stainless steel. Moreover, Zhu et al.55 reported that porous NiTi shows better
osteoconductivity and osseointegration than bulk NiTi.

Figure 11.13 Cranioplasty with Nitinol Ring.51
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A disadvantage may be represented by the fact that a larger area is exposed to the
environment, making surface treatments even more important than for bulk NiTi.

Intervertebral fusion devices, used in spine surgery, are one of the possible applications for
porous NiTi. A commercial application of this kind is Actipore (by Biorthex, Canada), an
interbody fusion material that allows bone cell growth and fluid transportation into the
isotropic interconnected pores for a rapid and solid integration with a bone structure
without the need for bone grafting or cement.56

11.4 GENERAL SURGERY

Another field taking significant advantage of SMA-unique features is endoscopic surgery.
Endoscopic surgery, also called minimally invasive surgery (MIS), is a modern surgical tech-
nique in which diagnosis and disease treatment are performed through small incisions or
natural body openings. As easily inferred, minimally invasive procedures provide patients
with several benefits, such as less postoperational complications, reduced pain, faster re-
covery, and reduction of infection risk.57

However, surgical endoscopic procedures require devices able to access and operate
in intricate regionsdin other words, instruments that are, as much as possible, stretchable,
kink resistant, hingeless, and able to apply constant forces over a large deformation range.
In this respect, a great advantage of SMAs with respect to stainless steel and other con-
ventional materials is that a smaller size of the components is needed, and the superelastic
and shape memory effects of SMAs provide greater flexibility, improving effectiveness in
narrow cavities. Furthermore, superelasticity provides high strain recovery and a wide con-
stant stress plateau over a large range of strains. These unique SMA characteristics have led,
during the past few decades, to the design and manufacturing of novel optimized instru-
ments especially suited for MIS, examples of which are ablation devices, tongs, suture
passers, grippers, deflectable graspers, and scissors. Such improvements in surgical instru-
mentation have also led to configurations that are even more versatile than those obtain-
able with conventional endoscopic tools, thus providing more dexterity and ease of use to
the surgeon, enhancing surgical accuracy.

Among the first applications of SMA devices in endoscopic surgery were variousNiTi
tools for laparoscopy, which began to be developed during early 1990s. As an example,
Cuschieri,58 discussed a new generation of SMA instruments, the functioning goal of
which was to curve in a controlled fashion after being introduced into the operative field,
as well as the ability to be straightened or retracted inside a restraining cannula before
withdrawal from the peritoneal cavity. As an example, a curved spatula was manufactured
and evaluated. During spatula production, the operating end of the instrument was
“memorized” to outline a semicircle by shape-setting the alloy at high temperatures.
The “deformed,” curved functional end can be retracted inside a stainless steel tube
with an external diameter of 5 mm. The operating end has a sharp, curved cutting tip
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and blunt sides. A small perforation near the tip enables the instrument to be used to pass a
suture or ligature around tubular structures. The closed instrument can be introduced,
through a standard cannula with a 5-mm inside diameter, inside the peritoneal cavity.
When within the operative field, the functional end can be extruded to the desired cur-
vature, which can be adjusted to suit the individual requirements of a particular opera-
tion. The pseudoelastic, curved spatula was evaluated in six experiments conducted on
cross-bred LargeWhite/Landrace pigs, and the conclusion was that the use of the supere-
lastic, curved spatula facilitated dissection of the cystic artery, cystic duct, and common
bile duct considerably, and that shape memory pseudoelastic instruments provide a sig-
nificant advantage over precurved stainless steel instruments.

An early application of NiTi in general surgery is the RITA (Radiofrequency Inter-
stitial Tissue Ablation) device. This instrument is composed of a straight trocar and NiTi
tubes. The tubes are shape-set into a curved configuration and are kept inside the cannula
until the correct operative position is reached. Then, the NiTi tubes are deployed and the
ablation procedure is performed. NiTi components can be withdrawn into the cannula,
moved to another position, and deployed again, as many times as required.30

Another SMA surgical instrument is the retrieval basket (Fig. 11.14), which is used to
remove stones from bile ducts and kidneys. It is inserted into the conduit in a constrained
form and is opened via heating only when the proper position is reached. Many such
products are available on the market, such as ZeroTip! and Escape! (Boston Scientific,
Natick, MA, USA).

Similar to baskets in terms of functionality are the NiTi snares, which are used to
retrieve foreign bodies from internal ducts, in a quick, controlled, and safe fashion.59

In an article by Nakamura et al.60 a new type of active forceps for laparoscopy was pro-
posed. The forceps consisted of SMA pipes, the temperature of which was controlled by
water circulation within the gaps between the pipes.

Makishi et al.61 presented an active, bending electric endoscope powered by SMA coil
actuators. The difference between the proposed design and the traditional one is that the
entire shaft is soft, because it uses an SMA actuator instead of a traction wire. As a conse-
quence, accurate observation of deep small intestine areas can be performed easily
without the patient experiencing any pain.

Figure 11.14 Sequence of Deployment of a Nitinol Retrieval Basket.45
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SMAs have also found application in single-incision laparoscopic surgery (SILS), another
area of active research that has gained extensive interest in recent years. SILS is a novel
MIS procedure by which surgeons operate exclusively through a single entry point. Being
one of the less invasive technique, SILS decreases even more postoperative pain and
complications, reduces recovery time, and provides a better cosmetic outcome.62 Tradi-
tional instrumentation is very hard to form suitable operational triangle during SILS and
risk to obstruct each other. Surgeons may have difficulty distinguishing depth and dis-
tances during operations because the instruments are parallel to the light axis, which
may tire surgeons. Moreover, existing articulated instruments can be difficult to assemble,
clean, and sterilize. Therefore, new ergonomic instruments with more degrees of
freedom and a simpler design are needed to satisfy SILS requirements. SMA surgical
instruments allow multiple degrees of freedom with only one component, so that multiple
devices can go in and out of a single incision simultaneously, enhancing dexterity of
the surgeons.

A proposal for such an application was provided by Cheng and Song,62 who pre-
sented a virtual prototype of a flexible driving mechanism to create instruments with
multiple degrees of freedom that are able to meet the flexible requirements of SILS
operations. The idea was to replace the conventional transmission-type, consisting of
a rope and pulley, with a new driving mechanism comprised of a small-diameter cylin-
der with double-helix grooves able to undergo severe bending during transmission of
motion.

Another example was presented by Tognarelli et al.63 who developed and tested a
novel endoluminal robotic platform designed for natural orifice transluminal endoscopic
surgery. The platform is composed of a miniaturized camera robot coupled with an
SMA-actuated anchoring frame attached to the abdominal wall through the use of per-
manent magnets, conceived to ensure appropriate stability of the robotic system inside
the abdominal cavity during surgical operations.

When speaking about surgery, it is necessary tomentionNiTi guidewires, another funda-
mental and widely used SMA application that provides a more versatile and effective
deployment of a medical device with respect to conventional devices made, for example,
of stainless steel. Their kink resistance and guiding ability allow for accurate and safe posi-
tioning inside narrow cavities, enhancing the dexterity of the surgeon and reducing oper-
ative time. Nitrex! guidewires (Covidien, Dublin, Ireland) are an example of these
instruments. Also, SMA-actuated active catheters are available for a more versatile inspec-
tion of human cavities. More detailed information about guidewires and catheters are pro-
vided in the next chapter, which is dedicated to cardiovascular SMA applications, because
the use of such devices is related primarily to the cardiovascular field.

The most celebrated medical applications of NiTi are probably self-expandable stents.
They consist of tubular NiTi mesh, possibly coated, that can be introduced into body
conduits to treat dangerous obstructions. NiTi self-expandable stents find major
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applications in cardiovascular surgery, so they are described in detail in the next chapter,
but they are also used successfully for to treat obstructions in various body canals, such as
biliary, intestinal, and esophageal conduits.64e67 When ducts are severely damaged, a stent
graft may be necessary. This prosthetic device consists of a stent covered by a polymeric
material, the function of which is to replace the damaged conduit.28 Throughout the
years, several many evaluative studies on stent treatment of digestive system obstructions
have been carried out.

For example, Rossi et al.65 describe a multicenter study of 240 patients who demon-
strate long-term effectiveness of NiTi stents to treat malignant biliary obstructions. Tal-
reja et al.66 conducted a multicenter study of 37 patients with malignant strictures of the
esophagus who underwent surgery with NiTi self-expanding stents as a treatment. Re-
sults showed that fully covered NiTi self-expanding stents exhibited an improvement in
dysphagia scores. However, they also caused various complications, such as stent mal-
function or migration, indicating that additional improvements in stent design are neces-
sary to limit long-term failure of the treatment in esophageal applications.

Last, Kujawski et al.67 monitored 46 patients with esophageal cancer who were
treated with coated NiTi stents. Their results indicate that the covered self-expandable
stent offers safe, fast, and effective palliative dysphagia treatment of neoplastic esophageal
stenosis.

A final simple, but important, SMA application that is worth mentioning isNiTi clips.
Self-closing NiTi clips for suturing tissues in minimal-access surgery were introduced in
1999,41 initially for enhancing the suturing process in cardiovascular surgery (U-CLIP!

Medtronic, Minneapolis, MN, USA), but then their use was extended to other surgical
fields. An application in laparoscopic surgery, concerning suturing of the anterior wrap
in laparoscopic gastric banding, was reported by Lirici et al.68 Another example was re-
ported by Lampe et al.69 who used NiTi compression clips to perform gastrointestinal
anastomosis. The authors agreed that NiTi clips allow faster suturing, because the
time-consuming task of tying knots can be avoided. Moreover, the clips provide contin-
uous homogeneous pressure on the joint tissues.

11.5 COLORECTAL SURGERY

In surgery, there is often the need to expand soft tissue without causing any damage. For
example, Liu et al.70 explained that, in transanal endoscopic microsurgery, expansion of
the cavity is required to expose lesions clearly. Carbon dioxide (CO2) insufflation was
proposed initially, but the medical community has not accepted it because of the contam-
ination risk to the peritoneal cavity. Accordingly, other insufflation techniques not
involving CO2 and at atmospheric pressure have been studied and reported by many
research groups. However, these methods allowed only minimal expansion and were
controlled manually, causing a perforation risk to the rectal wall.
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An alternative possible solution is provided by NiTi, which is a promising material for
cavity expansion, because it is biocompatible, and highly flexible and controllable. Liu
et al.70 presented an expansion device developed for transanal endoscopic surgery that con-
sists of two parts: drive and execute. After inserting the device in the rectum, the drive
part, which consists of a NiTi spring, exploits the shape memory effect to compress
and generate a recovery stress that bends six superelastic strips. The execute part is rep-
resented by the superelastic strips, which push against the rectal wall, causing tissue
expansion. Last, when the drive part is powered down, it cools, and the superelastic strips
push back the spring, regaining a straight configuration, which allows for extraction of
the device from the rectum.70

Another recent application of NiTi in colorectal surgery is a device for sutureless anas-
tomosis that, as explained by Zbar et al.71 is technique aimed at creating “gastrointestinal
anastomosis with serosal apposition without the long-term insertion of foreign material
transgressing the bowel wall.” The advantages that SMA technology can bring to suture-
less anastomosis are a result of its extensive flexibility and stability in design, which allow
for the ability to adjust automatically for variable tissue thicknesses in the bowel wall ends.
One SMA-based device for compression anastomosis (Fig. 11.15), accepted by the FDA
since 2006, is called the ColonRing (Innomedicus AG, Cham, Switzerland).72 It is used in
the colon and rectum for the creation of end-to-end and end-to-side anastomoses in
both open and laparoscopic colorectal surgeries.

The ColonRing is similar to a circular traditional stapler, but it relies on a ring and
anvil mechanism, which is well described by Masoomi et al.73 They explain that the
ColonRing “is comprised of 2 main parts: an applier and an implanted compression
element. The compression element is composed of a plastic anvil ring and a metal ring
including Nitinol leaf springs. When fired, the device holds the 2 ends of tissue together
with circumferentially placed barbed points, which penetrate through the tissue, holding

Figure 11.15 ColonRing Compression Anas-
tomosis Device. Courtesy of InnoMedicus AG,
Cham, Switzerland.72
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it to the plastic ring. The NiTi ring is released, creating equal compression both radically
and longitudinally around the ring. The device has a circular blade that cuts the tissue
within the ring, creating patent anastomosis. The tissue heals around the circular edges
that are held within the ring, and the device along with the compressed tissue is intended
to slough off over the following 8 to 10 days, at which point the ring is expelled from the
body with a later bowel movement. The result is a full circumferential, (hemostatically)
sealed anastomosis without any retained foreign material.”

Furthermore, Masssoomi presented clinical datadtaken from a multinational (16
countries) and multicenter (178 centers) data registry provided by NiTi Surgical Solutions
(Netanya, Israel)dfor 1180 patients who underwent end-to-end anastomosis using the
ColonRing. The data demonstrated that the use of the ColonRing is feasible and safe,
and is a good alternative technology for end-to-end colorectal anastomosis.

A postmarketing study of the ColonRing conducted by D’Hoore et al.74 was based
on the evaluation of 266 patients between 2009 and 2011. The device was rated very easy
and easy in 97.4% of cases, and the study concluded that the NiTi compression anasto-
mosis device is effective and safe.74

As a last example, we mention one of the few NiTi medical applications that exploit
the two-way shape memory effect. The two-way shape memory effect can, for example,
be applied to cases in which a valvelike behavior is necessary, such as in an artificial sphincter.
In the case severe muscle dysfunction, transplantation can be attempted, but the success
rate is still not high. The possibility of replacing damaged tissue with artificial muscles is a
valuable alternative that may be offered by SMAs and may provide relief for patients with
fecal incontinence who experience both physical and psychosocial problems.

Fecal incontinence may be caused by puborectalis muscle dysfunction. Wu et al.75

presented a design of a NiTi actuated device to assist human puborectalis functioning.
The authors also conducted preliminary experiments at body temperature to evaluate
the deformation and mechanical properties of the prototype, and demonstrated the
promising effectiveness of the proposed device.

11.6 OTOLARYNGOLOGY

SMAs have been also investigated in otolaryngologyda surgical field that involves oper-
ation in deep cavities with a complex shape, such as ear canals. A successful application of
SMAs in this field is the stapes prosthesis (Fig. 11.16), which is used to replace the natural
stapes when the stapes footplate is fixed in position, rather than being inherently mobile.
The fixed stapes footplate results in conductive hearing loss.

Many stapes prostheses have been proposed and assessed during the past few deca-
des,76e81 and authors agree that NiTi prostheses are superior to conventional ones
because they improve the quality of the interface with the long process of the incus
and allow one to reduce the duration of the implantation procedure.
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Thanks to the shape memory effect, NiTi stapes pistons allow for the elimination of
manual crimping, which is thought to be a major cause of incomplete postoperative elim-
ination of conductive hearing loss, and postoperative recurrences of conductive hearing
loss. For example, Rajan et al.78 collected preliminary results that evaluated NiTi stapes
prosthesis implantation in patients with otosclerosis. It was suggested that the self-
crimping NiTi prosthesis overcomes the drawbacks of manual crimping in conventional
procedures.

Another evidence of the benefits of an SMA prosthesis is provided by Hornung
et al.81 who presented a new NiTi prosthesis for stapes surgery (Smart! Piston; Gyrus
ENT, Bartlett, TN, USA) and assessed its effectiveness in 85 ear implantations. When
heated to more than 45 "C, the prosthesis crimps itself around the long process of the
incus, allowing for the elimination of manual manipulation and facilitating the implan-
tation procedure, and providing repeatability of the qualitatively high results.

NiTi has another application in the treatment of patients with microtia, which is a
defect of a smaller than normal and usually malformed auricle and affects, according to
Chi et al.82 “approximately one in every 7000 to 8000 infants in the general popula-
tion.” Because the auricle is one of the most complex three-dimensional structures
of the body, reconstruction of a congenitally absent ear is a great challenge to the plastic
surgeon. Chi used 15 New Zealand White rabbits as animal models to explore the pos-
sibility of a NiTi SMA framework in ear reconstruction in vivo. They report that a NiTi
SMA implant was well tolerated, with few complications. The NiTi frame exhibits a
mesh structure that facilitates fibrovascular ingrowth, which provided good results.
They study demonstrated that a NiTi alloy is a valid alternative for ear reconstruction
implants.

A certainly more critical supporting frame that is another possible field of application
for SMAs is a tracheal cartilaginous framework, which is fundamental in maintaining struc-
tural integrity of the airway that, when damaged, can lead to dyspnea.83 Surgical recon-
struction of the trachea is a challenging operation, because end-to-end anastomosis is not
always possible, such as in cases when the resected segment involves more than half the
total length of the trachea, when the lesion involves both the larynx and the trachea,

Figure 11.16 Nitinol Stapes Piston.
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when the defect is very close to the glottal area, and when previously attempted resection
and end-to-end anastomosis failed. An alternative method to treat tracheal stenosis is
homografting (i.e., use of autologous materials such as costal or nasal cartilage), but, as
Luo et al.83 explains, “the process of obtaining the graft introduces a new site of injury
and, furthermore, the shape of the cartilage is often not ideal for the recipient site; so
homografting is not recommended as a primary treatment.”83 Therefore other materials
to replace the tracheal framework are required.NiTi stents, mentioned previously to treat
other body canal injuries, are proposed for tracheal reconstruction. Luo et al.83 used a
mesh patch of NiTi as extraluminal stents in eight experimental animals for reconstruction
of a surgically created tracheal stenosis. Because the operation showed good results in an-
imals, it was then used successfully by Luo to repair a tracheal wall defect in a human
involved in a traffic accident.

11.7 NEUROSURGERY

Since the mid 1990s, SMAs have been used in various applications in neurosurgery,
mainly in the form of stents, coils, microguidewires, and optimized surgical microinstru-
ments. The small-dimension requirements of neurosurgery push researchers toward
investigating new materials and novel instrument design. Of the benefits provided by
SMAs are the possibility of miniaturizing instruments and reducing the number of the
components needed as a result of a more simple design.

In an article by Guber et al.84 the need for small, flexible surgical instruments for the
extremely confined and complex neurosurgical operative environment is addressed. They
describe the design and manufacture of NiTi-based microforceps (Fig. 11.17) for endo-
scopic neurosurgery, with no need for mechanical joints, thanks to NiTi’s superelastic
behavior.

Another SMA neurosurgical instrument description is provided by Kitamura et al.86

who compared the bending characteristics and fatigue properties of two SMA brain spat-
ulas with those of conventional Cu spatulas. The two SMA spatulas were less stiff and
more fatigue than those comprised of Cu.

Currently, the challenging conditions of intracranial surgery make it difficult for sur-
geons to remove brain tumors completely using traditional surgical tools. However, Ho
and Desai87,88 propose the use of a highly dexterous, small cross-section, magnetic reso-
nance imaging-compatible robot. The robot uses two antagonistic SMA wires to move
each joint, so each joint can be controlled separately through temperature feedback,
which produces relative SMA wire bending. Magnetic resonance compatibility of the
designed tool is extremely important because intraoperative magnetic resonance imaging
improves the surgeon’s capabilities by providing an excellent soft-tissue contrast,
traducing in less damage to surrounding healthy tissue.
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Because aneurysm rupture and consequent cerebral hemorrhage are among the major
causes of death in the occidental countries, many studies have addressed SMA devices
able to treat aneurysm.89e91 Of the devices for aneurysm treatment are coils, which are
ball-shaped wires positioned in the aneurysm to induce clotting to avoid rupture. These
coils are usually made of platinum, but recently a mixture of platinum and NiTi has been
used by Ev3 Neurovascular (Irvine, CA) to achieve less stretching and better resistance to
compaction.28,89

In addition to coils, NiTi stents can be used to treat intracranial aneurysms, especially
when the aneurysm has a large neck. After the coil is placed in the aneurysm, a stent is
released in the corresponding zone of the artery to prevent coil migration.28,90

In 1996, a tiny SMA-actuated microgripper, as small as a grain of sand, was devel-
oped,92 intending to be used as a grasping device in brain aneurysm treatment.

NiTi microguidewires are another example of an SMA device used exploited success-
fully the intricate spaces of the neurosurgical environment. When treating aneurysms
and conducting angioplasties flexible, NiTi microguidewires smaller than 0.5 mm are
required to guide the advancement and positioning of other devices (such as angioplasty
balloons, stents, and filters) by following tortuous paths without kinking. Because of their
greater control and flexibility, high strain recovery, and resistance to torsion and kinking,
NiTi wires cause fewer problems in bending than conventional materials,28 reducing
operative times and facilitating the surgeon.

SMA guidewires have been also investigated for possible use in minimally invasive
electrocorticographic recording, a test that provides beneficial information for clinical
diagnosisdin particular, in neurosurgerydbut that still requires invasive procedures
such as craniotomy.93 A minimally invasive method to deploy electrodes based on an
SMA guidewire was proposed by Yamakawa et al.93 A monkey was used for testing.
The electrode array was inserted in the subdural space via an 8-mm hole made in the
skull, and the electrodes were deployed to the desired position, effecting a minimally
invasive procedure that allowed for the correct measurement of the somatosensory
evoked potential.

Figure 11.17 Microforceps forBrain
Surgery.85
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11.8 OPHTHALMOLOGY

Because advances in MIS are particularly prominent in ophthalmic surgery, especially in
cataract surgery,94 several SMA applications have been investigated. Olson et al.95 con-
ducted a preliminary study to demonstrate the ocular biocompatibility of NiTi. The exper-
iments were performed on Yucatan mini pigs, using a 30-gauge prototype injector to
attach NiTi clips to the iris. The NiTi clip prototype was well tolerated and showed
no toxicity in the short term. Moreover, the injectable delivery system was 15 times faster
and technically less challenging than conventional suture techniques.

Furthermore, Olson et al.94 detailed the design and testing of a microsurgical injector
that delivers an SMA clip for wound closure. Testing was performed on enucleated
porcine eyes, simulating different surgical settings, in which the new SMA clip suture
demonstrated a clear advantage over conventional suturing techniques (using nylon
stitches) both in terms of surgical time and wound strength. In terms of suturing perfor-
mance in space-confined surgical settings, deployment of the SMA clip was 16 times
faster during pupilloplasty and 20 times more rapid during intraocular lens fixation sur-
gery. Moreover, the apposition of the tissue was qualitatively equal or superior to tradi-
tional suturing in all the procedures performed. Because, normally, shorter surgical times
correlate with less endothelial damage, NiTi clips can be considered less invasive with
respect to conventional suturing. Moreover, NiTi clips were more resilient and reliable
than conventional ones. Indeed, recovery of the original shape occurred even when
pushed to leak, unlike conventional sutures that, if pushed to failure, break irreparably.
Through other experiments performed on porcine eyes, Olson et al.94 also concluded
that the injectable SMA suture clips ensure a decreased risk of late suture failure, which
is a main cause of complications in intraocular lens fixation. They point out that a possible
use of this new suturing procedure is in surgical settings in which suturing is “difficult and
time intensive, such as during glaucoma extraocular drainage device placement.”94

Another example of a novel SMA device for ophthalmology was presented by Khme-
levskaya et al.96 who used a biocompatible synthetic implantdcalled a dynamic plugdfor
the surgical treatment of extremely complicated myopia. A NiTi-based alloy is a well-suited
choice for the implant, which has to be nontraumatic and easy to use, and must provide a
fixed level of compression for a long period of time. Khmelevskaya et al. noted that “the
application of this device allows low-traumatic correction of the shape of the posterior
eye pole and strengthening of the sclera,” and they go on to describe testsdperformed
in more than 20 eyes of chinchilla rabbitsdthat showed promising results.

A commonly known SMA application is superelastic eyeglass frames (Fig. 11.18).
Different from conventional frames, these frames press against the head with a constant,
comfortable stress, thanks to the constant stress exhibited by the alloy over a large range of
strains. Moreover, they can be twisted and deformed, undergoing unconstrained recov-
ery of their original shape on unloading.
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11.9 UROLOGY

Among SMA applications in urology, flexible, steerable. and kink-resistant urethral and
prostatic stents (Fig. 11.19) to treat urinary duct occlusions have been investigated and pro-
posed. Matsuzaki et al.98 studied 15 patients with prostatic hyperplasia who showed no
recovery on administration of a-1 blockers. These patients were then treated with a ure-
thral stent (MEMOKATH") made of NiTi. Examinations showed that the MEM-
OKATH" was effective and improved the quality of life in all patients during the
early phase of treatment.

A current open issue concerns urethral sphincters. M€uller et al.99 affirm that “the
commercially available artificial urethral sphincters do not mimic natural muscle function
and therefore have met with only limited success.” As mentioned earlier, during the dis-
cussion of the puborectalis assistive device, SMAs have been investigated to fill this gap.
At this time, advanced prototypes of SMA-activated sphincters are available for animal
experiments.99

Figure 11.18 Shape Memory Eyeglass Frame.

Figure 11.19 Allium Round Posterior Urethral Stent (a) Picture of the stent, Made of a Nitinol Frame-
work with a Polymeric Coating. (b) Representation of an implanted urethral stent. Courtesy of Allium
Medical Ltd., Caesarea Industrial Park South, Israel.97
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11.10 GYNECOLOGY AND ANDROLOGY

Probably the first SMA minimally invasive product on the market was the Homer Mam-
malok, which is used by radiologists to locate breast tumors. It consists of a NiTi wire
hook and a stainless steel cannulated needle. Before insertion, the hook is withdrawn
into the cannula, then the needle is inserted into the breast through a small opening
and adjusted until its tip is at the site of the tumor. Afterward, the NiTi wire is advanced,
regaining a tight hook configuration and allowing marking of the tumor. If needed, the
hook can be retracted and the needle repositioned.1

Another application of NiTi in the gynecological field is a permanent birth control
device, named Conceptus (by Essure). It is a superelastic NiTi coil that, when inserted
without incisions into the fallopian tubes through the cervix, encourages tissue
ingrowth and acts as a barrier. The first patent for which NiTi was used in contraceptive
applications was released in 1971.100

The TUNA prostate ablation device is an SMA device used in andrology. It is a cannula
with a curved tip, from which straight NiTi needles are deployed elastically. The needles
can be deployed for use, withdrawn into the cannula, moved to another site, and
deployed again as many times as necessary.30

Another clinical application of SMAs in andrology is related to penile implants,101 in
which NiTi is used in the form of a rod or wires. The shape memory effect is exploited
in these devices to restore erection ability in damaged organs.

11.11 PHYSIOTHERAPY

The shape memory effect is used also in physiotherapy for atrophied muscles. An example
is a glove activated by shape memory wires that reproduces the activity of the muscles and
simulates original hand motion (Fig. 11.20). In this case, there is a two-way shape mem-
ory effect. When the glove is heated, the wires become shorter; when the glove is cooled,
the wires regain their former shape, opening the glove.28

Viscuso et al.102 presented a device that promotes spastic elbow relaxation based on two
superelastic NiTi elements put on the opposite sides of the elbow joint, connecting two
shells that are affixed to the upper arm and forearm (Fig. 11.21). The novelty of the
mechanism is that, unlike conventional devices that fix the arm in a stable position,
the NiTi element imposes a stable torque to promote stretching of the muscles. The first
clinical outcomes have showed promising results, with improvement in patient postures
and high acceptability of the device by the patients.

Another example was provided by Pittaccio and Viscuso,103 who presented a passive
assistive device for ankle dorsiflexion to be used in cases immobility or spasticity of the ankle
after stroke. The device is based on SMA actuation and its aim is to train the immobilized
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Figure 11.20 Shape Memory Glove for Physiotherapy at Low Temperature (a) and at High Temper-
ature (b), Respectively.28

Figure 11.21 Superelastic Device for Spastic Elbow Relaxation.102

334 Shape Memory Alloy Engineering



joint passively, providing the capability of repeatable movement, which helps maintain
joint flexibility and normal muscle tone.

A robot mask to assist in the physiotherapy of a patient with hemifacial paralysis was
presented by Jayatilake et al.104 This idea may open the door to a novel range of phys-
iotherapy devices, but significant differences in the proportion of human heads among
different people demand a customized design.

11.12 OTHER APPLICATIONS: ACTIVE PROSTHESES AND
ROBOT-ASSISTED SURGERY

Shape memory characteristics of SMAs are promising for the creation of a lightweight,
silent, dexterous anthropomorphic hand. Much work has been done in the past several years
toward reaching the objective of providing motion and dimensions as close as possible to
those of the human hand. Currently, there are numerous commercially available pros-
thetic hands, such as the i-Limb! Hand, which was first launched in 2007 by Touch Bi-
onics;Ottobock’s SensorHand! Speed, and theMotion Control Hand.105 Usually DC motors
are used in these applications, but the dimensions and weight of this kind of motor does
not match human proportions, compelling one to decrease the number of degrees of
freedom, and making the prosthesis uncomfortable for the user. Therefore, development
of new design techniques, such as SMA actuation mechanism, have been undertaken that
take advantage of the shape memory effect, providing a motion similar to muscle
behavior. Moreover, SMA actuators show a high power-to-weight ratio, allowing for
smaller dimensions of the prosthesis.105

Several studies have reported efforts being made toward the creation of an effective
prosthetic hand involving SMA actuators or wires.106e108 Kaplanoglu105 presented the
design of a tendon-driven SMA actuated finger, with the aim of developing a prosthetic
hand that exploits SMA actuation using an electromyographic signal.

Matsubara et al.108 described a new, light, quiet prosthetic hand that uses SMA-type
artificial muscles. Their experiments, which were performed to examine the motion of a
prosthetic finger, demonstrated that the device could grasp an object, so a hand config-
uration was set up and tested, with an energy source provided by a lithium battery. The
final results demonstrated that the prosthetic hand could grasp different kinds of objects,
providing promising results for additional research in this area.

As described previously, the medical world is pushing towards minimally invasive
procedures. Impressive results in MIS have been achieved also thanks to the ever
increasing advances in robotics.109 Regarding the use of SMAs in the robotics field,
the shape memory effect has been exploited using SMA wires and actuators to optimize
robotic arm operation. In MIS, the robot is required to provide a big output with the
smallest volume. Local, lightweight, powerful actuators at end effectors could help
simplify surgical robot design and optimize the number of degrees of freedom achieved.
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SMA actuators meet these requirements because they have high energy density, exhibit
large recoverable strain, and can be miniaturized.110 Shi et al.110 showed that the electric
resistance of SMAs has an approximate linear relationship with strainda fact that makes
accurate self-sensing possible.

In the past few years, many studies have been carried out on the use of SMAs in
robot-assisted MIS. For example, Kode and Çavusoglu111 presented a novel hybrid actu-
ator to increase the number of degrees of freedom in MIS through local actuation of the
end effector. In their case the end effector consisted of a 5-mm-diameter laparoscopic
needle driver. As pointed out earlier, in the state-of-the-art of robotic tools MIS, the
number of degrees of freedom is limited by the fact that the actuators used to activate
the end effectors are located outside the patient’s body, with the power transmitted by
means of sliding link or tendon-driven mechanisms. In these conditions, the design of
the wrist gets complicated. The proposed millimeter-scale hybrid actuator design consists
of two stages: a DC micromotor stage and an SMA actuator stage, the limited dimensions
of which allow local actuation of the end effector, thus simplifying the design of the
spherical wrists and increasing the number of degrees of freedom.

Giataganas et al.109 described another SMA actuated robotic application that is a pro-
totype MIS robotic tool that uses SMA wires in an antagonistic tendon configuration,
which results in low stiffness. According to the authors, the low weight (150 g) of this
tool “makes it suitable for most surgical operations.”

11.13 CONCLUSION

As deduced from the wide overview provided in this chapter about the numerous appli-
cations of SMAs in the biomedical field, SMA technology has been explored extensively
during the past few decades. The ever-increasing exploitation of SMAs in medical de-
vices is proved by the increasing number of publications and patents produced on the sub-
ject during the past few decades. The success of SMAs in medicine is only beginning.
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