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Abstract. Shape Memory Alloys (SMAs) have been used for a wide variety of 
applications in various fields such as robotics. If these materials subjected to an 
appropriate thermomechanical process, they have ability to return to their initial 
shape. Often, they are used as actuators in robotic applications. The purpose of 
this paper is to present a brief review of literatures which using SMA in differ-
ent robots' structure. First an introduction about shape memory effect of these 
materials will present. Then an assessment of done researches in application of 
these materials in robots' structure will accomplish and is devoted to the follow-
ing area of robotics: Crawler, jumper, flower, fish, walker, medical and Bio-
mimetic robotic hand.  
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1   Introduction 

SMA constitute a group of metallic materials with the ability to recover a previously 
defined length or shape when stand under a thermodynamics process.  

Although a relatively wide variety of alloys present the shape memory effect 
(SME), but only those that can recover from a large amount of strain or generate an 
expressive restitution force are of commercial interest [1]. The typical attribute of 
these materials is that their parameters can’t be determined by simple interpolation of 
properties of alloys included in the compound. Superplasticity, superelasticty, acid 
resistance and SME make these compounds technically important [2]. 

It has been found that many materials exhibit the shape memory effect (SME), 
such as Cu-Zn, Cu-Zn-Se, Fe-Mn-Se, Au-Cd, etc. The most common SMA is a 
nickel-titanium alloy known as NiTiNOL. This SMA is believed to be one of the most 
important candidates for smart materials [3]. SMA based on Ni-Ti are the alloys most 
frequently used in commercial applications because they combine good mechanical 
properties with shape memory effect[1]. 

In 1938, Greninger and Mooradian first observed the SME for copper-zinc alloys 
(Cu-Zn) and copper-tin alloys (Cu-Sn). Yet nearly 30 years elapsed until Buehler and 
his colleagues applied in 1965 for the first patent for a NiTiNOL, from the Naval Ord-
nance Laboratory. Near the end of the 1960s, Raychem developed the first industrial 
SMA applications in aeronautics with the Cryofit connector for F-14 airplane hydraulic 
circuits. Meanwhile at the University of Iowa, Andreasen’s interest in dental alloys led 
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to the implantation of the first superelastic dental braces made from Ni-Ti in 1975. 
Buehler suggested using SMA in dentistry for different implants that could retain the 
shape memory [4]. 

The transition from one form of crystalline structure to another creates the mecha-
nism by which the shape change occurs in SMAs. This change involves transition 
from a monoclinic crystal form (martensite) to an ordered cubic crystal form (austen-
ite)[5]. The austenite phase is stable at high temperature, and the martensite is stable 
at lower temperatures. So typical SMA, the phase transformation between the two 
phases, martensite and austenite, is accompanied by variations in its resistivity [6]. 
The particular mechanical behavior of these materials, related to the existence of a 
structural phase transformation, allows their use as actuator in many applications such 
as: aerospace, instrumentation, robotics, biomaterials (medical prostheses or Micro-
systems) and the other application [7].  

SMAs are usually available in the form of a wire, pipes, springs or ribbons. So, it 
can be used as a low-volume actuator in low-space where it is not possible to use 
huge actuator. In robotics, the SMAs represent a very interesting alternative within 
the field of classical drives, such as the electric or hydraulic motors. Thus the drives 
based on metals with the shape memory effect are the subject of research in many 
institutions, which are interested in the research of robotics. In this paper, there are 
presented an assessment of application of SMA actuators in robotics' different 
branches such as crawler robots, jumper robots flower robots, fish robots, walker 
robots, medical robots and Bio-mimetic robotic hand. 

2   Crawler Robot 

Liu and Liao [8] presented the development and testing of a snake robot that uses 
SMAs as actuators in 2004. An eight-segment robot was designed to move similar to 
the rectilinear motion of a natural snake. A pair of SMA wires had been implemented 
into each segment. One of the SMA wires in each segment was heated at a time, and it 
acted like a muscle to change the shape of the segment. A prototype robot was built, 
and it could move well with the desired locomotion. As shown in Fig. 1, when the 
lower wire is activated, the distance between its two ends is extended to 4 cm, and the 
distance between its two ends of the upper wire is shorten to 2 cm. 

In the same year, Lee et al [9] introduced a novel bio-mimetic micro robot with 
simple mechanism using SMA to generate earthworm-like locomotion. A two-way 
linear actuator using SMA spring and silicone bellows had been applied to the micro  
 

 

Fig. 1. Segments with activated SMA wires [8] 
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robot. Fig. 2 shows the locomotive principle of the proposed micro robot. The front 
needles clamp a contact surface and the rear body slides forward when SMA spring is 
contracted by heating. After the contraction of the SMA spring, the deformation energy 
of the silicone bellows makes the SMA spring elongate when it cools. At that time, the 
rear needles clamp the contact surface and the front body slides forward. Finally, the 
bellows’ spring force is equal to that of SMA spring as initial equilibrium state. 

 

Fig. 2. Principle of locomotion [9] 

The undulatory locomotion of living earthworms had been investigated deeply 
from the biological point of view by Menciassi et al [10] in 2004, but attempts of 
replication of earthworm models in real size were limited. Their robot had some mod-
ules that each module was actuated by one or more SMA springs. Preliminary tests 
demonstrated that the earthworm prototypes can move with a speed of 0.22 mm/s, 
thus approximating the behavior of biological earthworms. 

Also in 2004, by investigating the biological field, the Menciassi et al [11] devel-
oped artificial earthworms by mimicking the structures and locomotion principles of 
real ones. Prototypes with or without micro-legs (which affect the locomotion per-
formance) had been developed.  

Along them, in 2004 Qin et al [12] that presented the design of a SMA driving mi-
cro-wheeled-robot, which had a 45mm×15mm×30mm size. Their paper shows the 
design principles of a resilient-rigid coupling SMA actuator (RRSA). This robot was 
controlled by Yao et al [13] in the same year. In this robot the SMA spring was heated 
by pulse current by PIC controller (a kind of single-chip) and was cooled by air. 

Pipe inspection is a very important issue in construction. The inspection of low di-
ameter  canalizations is a pending issue nowadays, however it would help to repair and 
maintain a large amount of installations. Conventional in-pipe moving mechanisms for 
pipe inspection, driven by electromagnetic motors, have large volume and mass. The 
SMA actuator can be an alternative for a small-sized in-pipe moving mechanism due to 
its great power-to-weight ratio and simple structure. In 2005, Gambao et al [14] pre-
sented a robot that was able to move inside pipes of less than 26mm diameter and nego-
tiate bends while carrying a camera to make an efficient in-pipe search. Each module of 
this robot had three degrees of freedom (DOF) with 3 SMA wires. 

In year 2005, using twelve novel SMA linear actuators, which could stretch and 
shrink along its axis and could bear some radial force and bend, a miniature worming 
robot with a cubic form was presented by Yu et al [15]. Besides, the robot had a cer-
tain ability of passing through pipelines with large curvature or variable radius in a 
certain span.  
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Menciassi et al [16] expanded the development of segmented artificial crawlers 
with passive hook-shaped frictional microstructures in 2006. There were described the 
mechanical model, the design and the fabrication of a SMA-actuated segmented mi-
crorobot, whose locomotion had been inspired by the peristaltic motion of Annelids, 
and in particular of earthworms (Lumbricus Terrestris). 

Caterpillars are some of the most successful scansorial and burrowing animals and 
yet they lack a hard skeleton. Their hydrostatic body and prolegs provide astonishing 
fault-tolerant maneuverability and powerful, stable, passive attachment. Trimmer et al 
[17] in 2006 described some of the biomechanics of caterpillar locomotion and grip-
per. They described their recent work to build a multifunctional robotic climbing 
machine based on the biomechanics and neural control system. This robotic caterpil-
lar under development was a contoured cylinder constructed from highly elastic sili-
cone rubber. It moved by SMA springs as actuators, bonded directly to the inside of 
the body wall. Also a kind of gripper was designed for this robot that provided its 
vertical movements by 3 SMA springs. 

In the next year, 2007, also an investigation on the structure of caterpillar's body 
was presented by Kate et al [18] where in each segments of this robot there were used 
2 SMA wires as an actuator too. 

Spring type SMA actuators are selected to fabricate an inchworm-like moving 
mechanism that consists of clamping and moving modules (Fig.3). For selection of 
proper operating type (a bias type or a differential type) for clamping module and 
moving module, displacements and dynamic characteristics of each operating type 
were investigated by Lee and Kim [19] in 2008. A moving speed of 34 mm/min and 
traction force of 0.4N were obtained from the driving experiment in a pipe with the 
diameter of 39mm. 

 

Fig. 3. Structure of in-pipe moving mechanism [19] 

3   Jumper Robots 

Locomotion over rough terrain has been achieved mainly by rigid body systems  
including crawlers and leg mechanisms. Sugiyama and Hirai [20] presented an alter-
native method of moving over rough terrain, one that was employed deformation  
in 2004. 
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The circular soft robot consisted of a circular elastic shell with a set of soft actua-
tors inside. The robot has eight SMA actuators which deforms the robot body. Fig. 4 
shows a sequence of snapshots of the prototype jumping. The prototype can jump a 
distance of 80mm, which is twice its diameter. 

 

Fig. 4. Circular soft robot jumping [20] 

In 2005, the principle of crawling and jumping as performed through deformation 
of a robot body was described by Sugiyama et al [21]. Then, in a physical simulation, 
they investigated the feasibility of the approach. Next, authors showed experimentally 
that prototypes of a circular robot and a spherical robot could crawl and jump.  

In the same year, Shiotsu et al [22] created two prototypes of a spherical soft robot 
to assess experimentally the feasibility of a deformable robot crawling and jumping. 
Prototype A was for crawling and consisted of 18 SMA coils and shells made of 
spring steel. The core inside the spherical body included circuits to drive SMA coils, a 
microprocessor, and a serial communication circuit. Prototype B was for both crawl-
ing and jumping. This prototype consisted of 22 SMA coils – 18 for crawling and 
jumping and 4 for jumping. Circuits to drive SMA coils and a microcomputer were 
outside of the prototype. 

4   Flower Robots 

As a smart home service robot, the flower robot has various intelligent functions, such 
as moving mechanism, sensing ability, and home appliance functions. Especially, the 
moving function is very important function among the various function. The moving 
function of flower robot has consisted of the blooming of flower, the swaying of the 
stem and the stirring of the leaves in the wind. 

Huang et al [23] in 2007 focused on the swaying of the stem structure. As an actua-
tor for stem structure, authors adopted coil type SMA and then proposed silicone stem 
structure with 3 coil type SMA. They designed and fabricated the stem structure with 
8mm of diameter and 50mm of length. 

After a year, in 2008, Huang et al [24], focused on the movement of the flower ro-
bot structure. As an actuator for flower structure, they adopted coil type SMA and 
proposed silicone stem, petal and leafage structure used 6 coil type SMA. There were 
embedded 3 coil type SMA actuators in a silica gel rod. In the center hole of the  
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Fig. 5. The movement of stem and flower petal [24] 

silicone rod, a spring and a wire with one side of SMA were connected to drive the 
petal of the flower robot. In the design of leafage, a SMA wire was bonded to one 
surface of the leafage. The fashion of motion in leafage was same with the stem struc-
ture. Fig.5 shows the movement of stem and flower petal. 

5   Fish Robots 

Fishes are regarded as highly maneuverable and effortless swimmers due to their 
extraordinary capability of moving in aquatic environs in terms of noiseless locomo-
tion, rapid turning, fast starting and long distance cruise. Fish robots are inspired from 
natural fishes. In some of them, SMA is used as an actuator. 

In 2006, Tao et al [25] presented the design of a caudal peduncle actuator, which 
was able to furnish a thrust for swimming of a robotic fish. The caudal peduncle ac-
tuator was based on concepts of ferromagnetic shape memory alloy (FSMA) compos-
ite and hybrid mechanism that could provide a fast response and a strong thrust. The 
caudal peduncle actuator was inspired by Scomber Scombrus. The morphology of an 
average size Scomber Scombrus was investigated, and a 1:1 scale caudal peduncle 
actuator prototype was modeled and fabricated. The tail was a composite consisted of 
superelastic NiTi SMA framework and two polymer impermeable membranes, which 
were adhered mutually by a superglue. 

After two years, in 2008, Cho et al [26] presented the design and fabrication of a 
centimeter-scale propulsion system for a robotic fish. SMA spring actuators were 
customized to provide the necessary work output for the microrobotic fish. The flex-
ure joints, electrical wiring and attachment pads for SMA actuators were all embed-
ded in a single layer of copper laminated polymer film. Finally this package was 
sandwiched between two layers of glass fiber. Instead of using individual actuators to 
rotate each joint, each actuator rotated all the joints to a certain mode shape and undu-
latory motion was created by a timed sequence of these mode shapes.  

During this year, an embedded SMA wire actuated bio-mimetic fin was presented 
by Wang et al [27]. Fish swims by their undulating body and/or fins.To simplify en-
gineering modeling, the undulating swimming movement was assumed to be the inte-
gration of the movements of many flexible bending segments connected in parallel or 
in series. The musculature of a cuttlefish fin was investigated to aid the design of the 
bio-mimetic fin. SMA wires acted as muscle fibers to drive the bio-mimetic fin just 
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like the transverse muscles of the cuttlefish fin. During the bending phase, elastic 
energy was stored in the elastic substrate and skin, and during the return phase, it was 
released to power the return movement. 

6   Walker Robots 

Walker robots are a kind of robots which can move with some legs and something 
like them. They can be in various areas like a gecko, hexapods and so many other 
kinds of bio-mimetic robots.  

The design, fabrication, and evaluation of two novel bio-inspired climbing robots 
were presented by Menon and Sitti [28] in 2005. Both were inspired by the locomo-
tion of Geckos, a highly skilled natural climber. There were developed for terrestrial 
and extra-terrestrial environments. The first relatively large robot actuated by conven-
tional motors was designed to operate at both in Earth and space scenarios. The sec-
ond robot, whose motion was controlled using SMA actuators and size could be 
miniaturized to few centimeters scale, was designed for terrestrial applications. Pre-
liminary prototypes of these robots were developed. One of these robots had a com-
posite material frame and SMA wires provided motion that mimicked gecko muscles 
(Fig. 6). Also in the other paper, these authors [29] presented some other kinds of 
analysis of this gecko robot. 

 

Fig. 6. Locomotion of Rigid Gecko Robot (RGR)[28] 

In 2006 Nishida et al [30] presented a study on the development and control of a 
micro biped walking robot using SMAs. They proposed a flexible flat plate (FFP) 
consisted of a polyethylene plate and SMAs. Based on a detailed investigation of the 
properties of the SMA-based FFP structure, they developed a lightweight micro walk-
ing robot incorporating multiple SMA-based FFPs. This walking robot had four DOF 
and was controlled by switching the on-off current signals to the SMA-based FFPs. 

Hoover et al [31] presented the design, fabrication and testing of a novel hexapedal 
walking millirobot using only two actuators in 2008. Actuation was provided by SMA 
wire. First, SMA was integrated very nicely with the smart composite microstructures 
(SCM) process. Alignment and routing features could be directly achieved into the 
composites to enable easy attachment and tensioning of the SMA wire. On the Sec-
ond, SMA wire provided a force in a single direction. 

In the same year, Berry and Garcia [32] presented the design and testing of a SMA 
and spring steel flexture actuator to use in a meso-scale 18 DOF hexapod. In the field 
of walking robots, the use of SMA as an actuator is mainly limited to micro-scale 
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applications, in which they considered robots measuring less than 5cm in any dimen-
sion micro-scale. 

7   Medical Robots 

One of the other application areas of SMAs is in medical robots. In 1999, Reynaerts et 
al [33] described a prototype gastro-intestinal intervention system based on an inch-
worm-type of mobile robot which was a kind of vehicle for inspection through the 
colon. The robot consisted of three main modules that all these modules were actuated 
by SMA elements. 

Also in 2001, Mi et al [34] presented the robot mainly consisted of soft mobile 
mechanism for earthworm locomotion and turning mechanism based on SME. The 
soft mobile mechanism contacted colon wall with air-in inflatable balloons, so the 
robot had better soft and non-invasive properties. The turning mechanism could be 
actively bent by SMA components. Therefore, this colonoscopic robot had good 
safety, lower working strength of surgeon and higher efficiency of colonoscopy. 

The other kinds of these automotive tools and robots are Paris intestinal endoscope 
which were investigated by Cepolina and Michelini [35] in 2004. The Laboratorie de 
Robotique de Paris (L.R.P.) endoscope had been made by a series of modules articu-
lated to each other by pin joints. On every link, two SMA springs had antagonist con-
figuration to change the relative orientation. Although, there were investigated on 
Leuven intestinal worm and Pisa intestinal worm which used SMA as an actuator. 

8   Bio-mimetic Robotic Hands 

The ideology of this research is to utilize advanced actuators to design and develop 
innovative, lightweight, powerful, compact, and dexterous robotic technology. The 
key to satisfying these objectives is the use of advanced or smart materials, such as 
SMAs to power the joints of a prosthetic hand, and other dexterous robotic hands. 

DeLaurentis and Mavroidis [36] in 2000 presented the mechanical design of a four 
fingered, fourteen DOF dexterous robotic hand, patterned human anatomy. A light-
weight aluminum four DOF finger prototype had been made. The robotic hand con-
cept was presented based on the using of SMA artificial muscles. 

Alsoin 2002, DeLaurentis and Mavroidis [37] presented the mechanical design for 
a new five fingered, twenty DOF dexterous hand patterned human anatomy and actu-
ated by SMA artificial muscles. Two experimental prototypes of a finger, one fabri-
cated by traditional means and another fabricated by rapid prototyping techniques, 
were described and used to evaluate the design. The using of SMA actuators com-
bined with the rapid fabrication of the non-assembly type hand to reduce considerably 
its weight and fabrication time. 

After two years, Hino and Maeno [38] described a miniature robot finger which 
used SMA as the actuator. The miniature robot finger proposed in this paper, was 
driven by SMA wires. The structure of the robot finger imitated the musculo-skeletal 
system of humans, since SMA wires exhibited nonlinear features similar to human 
muscles. 
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Fig.7 show miniature five fingered robot hand was developed by Maeno and Hino 
[39] in 2006, for dexterous manipulation of small tissues and parts in medical and 
industrial fields. The size of this robot hand was about one third of human hands. It 
had 4 DOF per a finger that was almost the same as humans. The entire DOF of the 
hand was 20. The hand was driven by SMA wire actuator. 

 

Fig. 7. Developed five-fingered robot hand [39] 

Ashrafiuon et al [40] in the same year proposed a small planar 3 DOF robot arm 
actuated by two SMA actuators and a servomotor. The servomotor drove the first link 
while the SMA actuators rotated links 2 and 3. There was also an additional servomo-
tor operating the gripper. 

A finger spelling robot hand was also recently developed by Terauchi et al [41] 
which was driven by a combined action of a DC motor and SMA wires. The hand 
developed had 20 joints and DOF. The DC motor actuated the first joint (knuckle) of 
the finger. The second and third finger joints were directly driven by SMA wires. A 
pair of SMA wires was used in a push-pull configuration to actuate one finger joint. 

Price [42] in 2007 presented SMA enabled devices promise to be of major  
importance in the future of dexterous robotics, and of prosthetics in particular. He 
investigated the design, instrumentation, and control issues surrounding the practical 
application of SMAs as artificial muscles in a three-fingered robot hand.  

Also in the same year, O’Toole and McGrath [43] proposed mechanical design of a 
12 DOF SMA actuated artificial hand. It was proposed that the SMA wires be embed-
ded intrinsically within the hand structure which will allow for significant flexibility 
for use either as a prosthetic hand solution, or as part of a complete lower arm pros-
thetic solution.  

A new bio-mimetic tendon-driven actuation system for prosthetic and wearable ro-
botic hand applications was presented by Bundhoo et al [44] in 2008. It was based on 
the combination of compliant tendon cables and one-way SMA wires that form a set 
of agonist–antagonist artificial muscle pairs for the required flexion/extension or 
abduction/adduction of the finger joints. The performance of the proposed actuation 
system was demonstrated using a 4 DOF (three active and one passive) artificial fin-
ger tested, also developed based on a bio-mimetic design approach. 
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9   Conclusions 

Based on the above discussions, the following conclusions can be drawn: 

1. The SMA actuators can be an alternative for small robots due to their great 
power-to-weight ratio and ease of construction. 

2. NiTinol alloys are compatible with human body, thus they can be used as ei-
ther finger tendons or actuators in the medical robots. 

3. The SMA actuators can be used in pipe inspection robots to move into the 
pipes and repair a large amount of installations. 

4. One of most important applications of SMA actuators is in crawler robots 
such as snakes or earthworm robots. 

5. The SMA actuators can be produced required loads for slowly or highly 
movement of some robots such as flower or fish robots. 

6. Another application of SMA actuators is in walker robots such as gecko, 
hexapods and so many other kinds of bio-mimetic robots. 
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