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Design and Dynamic Simulation of a New SMA Actuated
Snake Robot

M. M. Kheirikhah, A. Khodayari and S. Rabiee

Abstract—Shape Memory Alloy (SMA) wires are currently
employed in robotics, as well as in actuators for various fields
such as prosthetic limbs, medical equipments and snake robot
where they can be a good alternative to traditional actuators.
SMA wires are particularly suitable for small devices with
simple design and high power-to-weight ratio and also an
optimum solution when employed as sensors and actuators at
the same time. In this paper, a new mechanism has been
designed and provided for a snake robot by using properties of
SMA actuators. The designed plant robot has 3 links, 2 revolute
joints, 2 SMA wires in order to adduction links of robot and 2
torsional springs to restore links of robot in original position.
Differential equations of motion are derived using Euler’s
equations and then combined with constitutive equations of
SMAs. The robot model is simulated in MATLAB/Simulation.
Finally, dynamic behavior of robot is studied under different
inputs and effect of various parameters such as spring
coefficient and length of wires on system performance is shown.

Index Terms—Shape Memory Alloy, snake robot, modeling,
dynamic.

In recent decades, the use of mobile robot has grown
considerably. These robots are not work in constant and
controlled condition, such as robotic arms, but like living
organisms can move in their environment. Researchers have
inspired from the living organisms’ motion to designs some
mechanisms for robots motion. The snake is one of the living
organisms that have been considered and developed in
robotics. Snakes pushed forward their bodies by crawling.

Nowdays, the snake robots are widely studied and
developed by many researchers for many various
applications such as relief, rescue operations, mine
navigation and defuse bombs, surgery and inspection of
nuclear reactors. In these robots, a significant improvement
has been developed in actuation mechanism. Shape Memory
Alloys (SMASs) are used as actuators in these robots. SMA
constitutes a group of metallic materials with the ability of
recovering a previous defined length or shape when stands
under a thermodynamic process. The transition from one
form of crystalline structure to another creates a mechanism
by which the shape change occurs in SMAs. This change
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involves transition from a monoclinic crystal form
(martensite) to an ordered cubic crystal form (austenite). The
austenite phase is stable at high temperature, and the
martensite is stable at lower temperatures. So in typical
SMAs, the phase transformation between the two phases,
martensite and austenite, is accompanied by variations in
their resistivity [1]. Shape memory effect (SME) has been
found in many materials such as Cu-Zn, Cu-Zn-Se,
Fe-Mn-Se, Au-Cd, etc. The most common SMA is a
nickel-titanium alloy which known as NiTiNOL. This SMA
is believed to be one of the most important candidates for
smart materials [2]. SMA based on Ni-Ti are the alloys most
frequently used in commercial applications because they
combine good mechanical properties with shape memory
effect [3].

Due to advantages such as reduced of size in the
application, high power-to-weight ratio and elimination of
complex transmission systems, these materials are used as
actuators in different types of robot [4]. Disadvantages of
these materials can be cited to hysteresis property. Despite
these limitations, they are used in robotic hands and
biomaterials [5].

Based of motion, actuators are divided in two types: linear
and rotary, and based on performance they are divided in
various types: electrical, hydraulic and pneumatic. Using
actuators with physical characteristics of them such as weight
and size has some limitation. So much activity on these
systems has been carried out.

In many robots, due to multiple active joints in limited
space, need lightweight, small and powerful actuators for
making large placement. SMA is used in robotics because of
high ability such as reducing the size of robot and
compatibility with the human body. Such as a miniature
finger robot which was presented by Hino and Maeno in
2004 [6]. This finger was driven by SMA wires. The
structure of this robot finger imitated the musculo-skeletal
system of humans, since SMA wires exhibited nonlinear
behaviors similar to human muscles.

Kathryn et al. [7] presented the mechanical design for a
new five fingered, twenty DOF dexterous hand patterned
after human anatomy and actuated by SMA artificial
muscles. Use of SMA actuators combined with the rapid
fabrication of the non-assembly type hand reduced
considerably its weight and fabrication time.

In 2006, Maeno and Hino [8] developed a miniature five
fingered robot hand, for dexterous manipulation of small
tissues and parts in medical and industrial fields. The size of
the robot hand was about one third of human hands. Each
finger had 4 DOF which was same as human’s fingers and
driven by 4 SMA wire actuators.
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A small planar 3 DOF robot arm which actuated by two
SMA actuators and a servomotor was proposed by
Ashrafiuon et al. [9] in 2006. The servomotor drives the first
link and the SMA actuators rotated links 2 and 3. There was
also an additional servomotor operating the gripper.

Kheirikhah et al. [5] designed a robatic finger with 3 DOF.
The SMA wires were used as the tendon in order to adduction
each phalanges of finger. Also, three torsional springs were
used to restore each phalanges of finger to its original
position. The results showed how well the model performs to
reduce the errors and increase the accuracy of the artificial
finger model.

The Simon Inferior Vena Cava filter was the first SMA
cardiovascular device that was presented by Yanli et al. [10]
in 2006. Itis used for blood vessel interruption for preventing
pulmonary embolism.

A micro-catheter which was derived by SMA actuator was
presented by Carrozza [11] in 2003. A catheter or cannula
made of, or containing, an SMA element to cause all or a
portion of the catheter to deploy in a useful form once
introduced into a living body.

An endoscope is a long thin tubular device for
non-invasive inspection of motors or bodies interior cavities,
canals, vessels, etc. Now, an earthworm-like robotic
endoscope actuated by SMA actuators was presented by
Wang et al. [12].

Salle et al. [13] were presented surgery grippers that used
as arm end-effectors by using SMA actuators in 2004.
Gripper actuation was performed by shape memory alloys
wires, SMA springs, miniature motors, etc.

Lee et al. [14] were presented a novel bio-mimetic micro
robot with simple mechanism using SMA to generate
earthworm-like locomotion in 2004. A two-way linear
actuator using SMA spring and silicone bellows had been
applied to the micro robot.

Menciassi et al. [15] were 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 micro-robot, whose locomotion
had been inspired by the peristaltic motion of Annelids, and
in particular of earthworms.

In 2007, also an investigation on the structure of
caterpillar's body was presented by Kate et al. [16] where in
each segments of this robot there were used 2 SMA wires as
an actuator.

The first qualitative research on snake locomotion was
done by Gray [17] in 1946. The first working biologically
inspired serpentine robot with rotational joints was made by
Hirose [18] in 1972. He presented a two-meter long
serpentine robot with twenty revolute 1 DOF joints called the
Active Cord Mechanism model ACM Ill. Joints rotational
axes used in robot are parallel and perpendicular to the
ground.

Also, in 2003, Shammas et al. [19] was designed a robot
that was used binary operator in its structure. This was
reduced the size and the weight of the joint without
compromising strength and rigidity.

In 2005 Pal Liljeback et al. [20] were presented a robot
including 5 same parts with 2 DOF. Each part includes a
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hollow cylinder and one page that are connected with 2 DOF
joint. Robot joints are stimulated by pneumatic actuators.

Another snake robot was created by Dalilsafaei [21] using
motor and string mechanism in 2007. This mechanism was
acted like a snake muscle. Advantages of this design were the
low weight, flexibility, and designing a mechanism similar to
snake muscle.

Also in 2009, Maneewarn and Maneechai [22] were
presented a robot with 12 links in order to inspect pipes. Two
consecutive links in this robot were connected together by a
revolute joint.

In addition to the mentioned robots, other snake robots
used SMA actuators as stimulants. In 2004 Liu and Liao [23]
were designed a shake robot with 8 segments. Each segment
was connected to the other part with a revolute joint. These
joints were stimulated with 2 SMA wires. In this robot, the
movement was in a vertical alignment.

E. Gambao et al. [24] were presented a snake robot to
inspect and repair small diameter pipes in 2005. This micro
robot was composed of several modules. Each of these
modules is responsible for different tasks. In this robot were
used spiral-shaped SMA wires as actuator and these wires
were created worm-like movement.

In 2009, Yuk et al. [25] was designed a snake robot with
SMA wires that were located on both sides of the robot as
muscle. This robot was composed of 12 segments that each
part had 2 wires. These wires were acted like muscles in the
body of the robot.

In this paper, a new mechanism is proposed for a snake
robot using SMA actuators. The robot consists of three links
which connected together using two revolute joints. Two
SMA wires are employed to adduct links of robot and two
torsional springs used to restore links of robot to their
original orientation. The motion equations of robot are
derived and combined with constitutive equations of SMAs.
Differential equations are solved in MATLAB/Simulation.
Finally, dynamic behavior of robot is studied under different
inputs.

Fig. 1 shows the schematic of the designed mechanism of
robot which can move along horizontal plane x-y. The robot
consists of three same uniform links with length of 2L that
are connected together with two revolute joints. Two same
SMA wires are connected to the gravity center of two
adjusted-links.

Applying voltage to the SMA wires caused to increase the
temperature of wires and then contract them which adduct
links of robot. When the voltage removed, the torsional
springs restore links of robot to their original positions after
cooling of wires. As shown in this figure when the robot at
the rest, the angles between all links are 90 degrees.

Fig. 2 shows the robot motion steps. At first step, link 1 is
fixed to the ground and then an electrical voltage is applied to
the wire 1 to adduct link 2. Because the wire 2 is not actuated,
links (2, 3) move like an L-shape rigid body. Fig. 2-b shows
the L-shape rigid body motion.

In step 2, link 2 is also fixed to the ground and then an

DYNAMIC
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electrical voltage is applied to the wire 2 to adduct link 3 (Fig.
2-C).

i

Shis wire 2

Spring 1

Fig. 1. Three link robot mechanisms

In last step, link 3 is fixed to the ground and then links 1
and 2 are released and all applied voltages are removed.
Cooling of wires because to elongate them and torsional
springs return links to their original orientation and therefore
the robot moves to the new position. Fig. 2-d shows the new
position of the robot in x-y plant after these steps.
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Fig. 2. Three-link snake robot moving steps

When the electrical voltage is applied to the wire, a link or
an L-shape part turns about a fixed revolute joint. Fig. 3
shows the adduction force which is applied by SMA wire and
the spring torque.
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z

Fig. 3. Schematic of forces that applied to the link
Fui is the ith SMA wire force which is calculated from (1):
(a=rs2) i=1,2 (1)

= L.y

where U; is the normal stress of ith wire, A is the wire
cross-sectional area and r,, is the wire radius. The SMA wire
strain rate (¢;) kinematically related to its joint position and
angular velocity as (2):

F
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where 9 is the angle between the links i and (i+1) and 5i is
the angular velocity of the links. Also, 7 is the torque of the
tensional spring which is calculated from (3):

_ _7g .
1. = K&d, i=12 (3)
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where K is the coefficient of tensional spring. Finally, the
equation of motion can be derived as (4) using Euler’s
equation:
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where L is the half length of the link and I is the inertia
moment of the moving part.

A. SMA Wire Heat Transfer Model

The SMA wire free convection heat transfer model is
required to determine the rate of heating and cooling due to
changes of electric voltage in the wire.

The temperature rate of a wire can be obtained considering
heat generation by applied electrical voltage and free
convection heat transfer from the wire to the surrounding air.
Hence, the temperature rate of the wire is defined by (5) [26],
[27]

8,2
(Y
02 e o
m .c &R w o
wp8

T =

;
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where m,, is the mass of the wire, V is the applied voltage, R is
the resistance of the wire, C,, is the specific heat of the wire, h
is the heat convection coefficient, T is the temperature of the
wire, Ay, is the surface area of wire, and Ty is the ambient
temperature which in this study is considered 23 °C.

The SMA wire properties and its heat transfer specifics
used in this study are presented in Table 1 [28].

TABLE I: SMA WIRE AND ITS HEAT TRANSFER SPECIFICS

) . Cp _ To ( R
| W gy | ™D | | " (a)
0.25e-3 0.7 322 0.25e-3 23 85 6

B. SMA Constitutive Model

In this study, the constitutive equation of SMA wires
which defines the relation between stress - strain
temperature - phase transformation in the SMA wire has been
considered in (6) using Liang model [29]:

G=Dé+0;T+Qé (6)

In this model, & is the stress rate, & is the strain rate
which was defined in (2), Tis the temperature rate which
was defined in (5) and £ is the induced Martensite fraction in

the wire. Also D is the Young’s modulus, U+ is the thermal
expansion factor and q is the phase transformation
contribution factor.

C. SMA Transformation Model

Martensite fraction (v) from Martensite to austenite in the
SMA wires which is related to the wire temperature is
calculated as (7) [29]:

(")

&= —%[aA'F+bAcr]Sin(aA(T —AS)+ bAa)

where ay ="/ (As - As), ba= - (an/Cn), and c, are a material
constant indicating the effect of stress on the reverse
transformation temperatures. Also, As and As are start and
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final temperatures of austenite phase transition that are
considered 75 °C and 110 °C, respectively. The parameters
used in Equation 7 are presented in Table 2 [28].

TABLE II: SMA WIRE CONSTITUTIVE MODEL AND PHASE
TRANSFORMATION PARAMETERS

‘As(ic) ‘ A (C) ‘ Ca(Pa/’C) ‘ Q |

Or

‘ Da (Pa)

25e9

75 110 10.3e6 20.6e8 -0.055e6

The state vector of a link can be defined as (8) including
the joint angle and angular velocity of the link, the SMA wire
temperature, the wire stress and its phase transformation by:

x=[o 6 T o & (8)

The state equations are calculated from equation of mation
and derived from SMA wire temperature rate equation and
SMA transformation model as (9):
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é+ x3§eT —*bASm ap\xg3 — A +be4 OB
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g = ‘%(aAj% + bAﬂ4)Sin(aA(X3 - As)+ bAX4)

In this section, the motion equations of robot are simulated
considering the parameters given in Table 1 and solved in
MATLAB/Simulation, and then the joints angles as the
system outputs are obtained.

The half length and mass of links are assumed L=0.1m and
m=1kg, respectively. The coefficient of tensional spring is
assumed 110 N.m/rad.

Fig. 4 shows the state equations modeling and simulation
in MATLAB/Simulation standard area code.

The step voltage that applied to the wire are shown in Fig.
5-a. Fig 5-b shows the variation of temperature of the SMA

RESULTS AND DISCUSSION
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wire subjected to step voltage input with amplitude of 5 V as
a function of time. It can be seen that wire temperature can be
reached to about 62 °C. Also, It be seen that the wire
temperature have nonlinear behavior because of heat
convection.
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Fig. 4. State equations modeling and simulation in MATLAB/Simulation
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Also the step voltage input with amplitude of 6 V that
applied to the wire is shown in Fig. 6-a. It can be seen that
wire temperature can be reached to about 80 °C.

Figs 5-b and 6-b show that increase in the amplitude of the

applied voltage to the wire increases the maximum
temperature of the wire.
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Fig. 5. (a) Applied step voltage with ampliyude 6 V and
(b) coresponding temperature of SMA wire

Fig. 7-a shows the variation of the angle of L-shape rigid
body about first joint under step input voltage with 6 V
amplitude. This figure demonstrates that the links return to
the initial position after removing voltage. The maximum
rotation of the links is approximately 5.5 degree. The
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variation of the angle of link 3 about second joint under step
input voltage with 6 V amplitude is shown in Fig. 7-b. It can
be seen that the link returns to the initial position after
removing voltage.

Also, the variation of the angle of L-shape rigid body
about first joint under step input voltage with 5V amplitude is
shown in Fig. 8-a. The maximum rotation of the links is
approximately 3.5 degree. The variation of the angle of link 3
about second joint under step input voltage with 5 V
amplitude is shown in Fig. 8-b.

It can be seen in Fig. 7 and Fig. 8, the rotation angel of
links decreases with decrease in the applied voltage to the
wires.

Rotation Cegree)
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Fig. 7. Rotational angle of (a) links 2 and 3 (b) link 3 subjected to step input
voltage with amplitude of 6 V

Several parameters affected on the performance of this
system such as springs coefficient and length of wires. Tables
3 and 4 show the effect of the spring coefficient and the
length of wire on the rotation angle of links.

The results of Table 3 show that in constant wire lemngth
and applied voltage, increase in spring coefficient decreases
the rotation angle of the link. However, if the spring
coefficient is chosen too small, the rotation angel increases
but the links may not be able to return to their original
orientation. Also, if this coefficient is chosen too large, the
rotation angel of links decreases.

TABLE = RESULT OF SIMULATION WITH DIFFERENT COEFFICIENT OF
TENSIONAL SPRING

Rotation | Rotation
Row (\\f) o m'fra " z‘r;’]‘; Tem?,ecr;"t”re Link2,3 | Link3
' (Deg) (Deg)
1 6 100 0.7 80 96.1 6.1
2 6 110 0.7 80 95.5 5.5
3 6 120 0.7 80 95 5

Rolation Degree)

Rotation Degres)

o 10 20 30 40 650
(b)

Fig. 8. Rotational angle of (a) links 2 and 3 (b) link 3 subjected to step input
voltage with amplitude of 5V

TABLE IV: RESULT OF SIMULATION WITH DIFFERENT INITIAL WIRE

LENGTH
Rotation | Rotation
Row (\\f) " m'fra " E_r:; Tem(‘iecr;"t“re Link23 | Link3
' (Deg) (Deg)
1 |82 110 0.9 88 96.2 6.2
2 6 110 0.7 80 95.5 5.5
3 |32 110 0;‘ 70 94.4 4.4

The results of Table 4 show that increase of the wire length
in constant spring coefficient cause to increase in the
maximum temperature of wire and rotation angel of the links.
However, the applied voltage to the wire must be increased
by increase in the wire length because the wire resistance
increases with the wire length.

Figs. 9 and 10 show the variation of the rotational angle of
the links with springs coefficients of K = 100 Nm/rad and
K =120 Nm/rad, respectively. In both Figs the length of wire
and the applied voltage are assumed L, =0.7 mandV =6V,
respectively. It can be seen that decrease in springs
coefficient cause to increase in rotational angle of both links.
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Rotation Degree)

o 10 20 30 40 50

©)
Fig. 9. Rotational angle of (a) links 2 and 3 (b) link 3 (K =100 Nm/rad)

Figs. 11 and 12 show the variation of the rotational angle
of the links with wire lengths of L, =0.42mand L, =0.9m,
respectively. In both Figs the spring coefficient is assumed
K =110 Nm/rad. But, the applied voltages of Figs. 11 and 12
are assumed V =3.2 Vand V = 8.2V, respectively. It can be
seen that decrease in the wire length cause to decrease in
rotational angle of both links.

IV. CONCLUSION

In this paper, a new snake robot with SMA actuators was
designed and its dynamic model was presented. The designed
robot mechanism had 3 links which were connected together
by revolute joints. Two SMA wires were employed to adduct
links of robot and two torsional springs used to restore links
of robot to their original orientation. The motion equations of
robot were derived and combined with constitutive equations
of SMAs. Differential equations were solved in
MATLAB/Simulation.

The results show that the decreasing of spring coefficient
and increasing of wire length cause to increase in the rotation
angel of links and increasing of spring coefficient and
decreasing of wire length cause to decrease in the rotation
angel of links. Also, It be concluded that the wire temperature
have nonlinear behavior versus time because of the heat
convection of wire with ambient.
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Fig. 10. Rotational angle of (a) links 2 and 3 (b) link 3 (K =120 Nm/rad)
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Fig. 12. Rotational angle of (a) links 2 and 3 (b) link 3 (L,=0.9 m)

REFERENCES

J. Wakjira, “The VT1 Shape Memory Alloy Heat Engine Design”.
Blacksburg, 2001.

C. Y. Chung, “Applications of Shape Memory Alloys”, Department of
Physics and Materials Science, City University of Hong Kong.

L. G. Machado, M. A. Savi, “Medical applications of shape memory
alloys”, Brazilian Journal of Medical and Biological Research, 36:
683-691, 2003.

M. M. Kheirikhah, S. Rabiee, and M. E. Edalat, “A Review of Shape
Memory Alloy Actuators in Robotics”, Speringer-Verlag Berlin
Heidelberg, 2011.

M. M. Kheirikhah, A. Khodayari, and M. Tatlari, “Design a New
Model for Artificial Finger by Using SMA Actuators”, IEEE



[6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

InternationalJournal of Modelingand Optimization,Vol. 1, No. 4, October2011

International ~ Conference Robotics  and
(ROBI02010), China.

T. Hino, T. Maeno,“Development of a Miniature Robot Finger with a
Variable Stiffness Mechanism using Shape Memory Alloy”,
International Symposium on Robotics and Automation, México, 2004.
J. Kathryn, D. Laurentis and C. Mavroidis, “Mechanical design of a
shape memory alloy actuated prosthetic hand”, Technology and Health
Care, 2002.

T. Maeno, T. Hino, “Miniature five-fingered robot hand driven by
shape memory alloy actuators”, Proceedings of the 12th IASTED
International Conference, Robotics and Applications, Hawaii, USA,
2006.

H. Ashrafiuon, M. Eshraghi and M.H. Elahinia, “Position Control of a
three link Shape Memory Alloy Actuated Robot”, Journal of Intelligent
Material Systems and Structures, 2006.

C. Yanli, L. Chunyong, Z. Shengli, C. Zhenduo, Y. Xianjin,
“Formation of bonelike apatite-collagen composite coating on the
surface of NiTi shape memory alloy”, Scripta Materialia 54 (2006)
89-92, 2006.

M. C. Carrozza, P. Dario and L. Phee Soo Jay, “Micromechatronics in
surgery”, Transactions of the Institute of Measurement and Control 25,
4 (2003), pp. 309-327, 2003.

G. Wang, W. Liu and R. Bashirullah, “A closed loop transcutaneous
power transfer system for implantable devices with enhanced stability”,
In: ISCAS, 2004, pp. 17-20.

D. Salle, F. Cepolina and P. Bidaud, “Surgery Grippers for Minimally
Invasive Heart Surgery”, IEEE International Conference on Intelligent
Manipulation and Grasping IMG 04, Genova, Italy, 1-2 July, 2004.

P. Lee Young, K. Byungkyu, G. L. Moon and P. Jong-Oh,
“Locomotive Mechanism Design and Fabrication of Biomimetic Micro
Robot Using Shape Memory”, IEEE International Conference on
Robotics & Automation, New Orleans, April, 2004.

A. Menciassi, D. Accoto, S. Gorini, and P. Dario, “Development of a
biomimetic  miniature  robotic crawler”, 21:155-163, DOI
10.1007/s10514-006-7846-9, 2006.

M. Kate, G. Bettencourt, J. Marquis, A. Gerratt, P. Fallon, B.
Kierstead, R. White and B. Trimmer, “SoftBot: A soft-material flexible
robot based on caterpillar biomechanics”, Tufts University, Medford,
MA 02155.

J. Gray, “The mechanism of locomotion in snakes,” J. Exp. Biol., vol.
23, no. 2, pp. 101-120, 1946.

S. Hirose, “Active code mechanism no.3 ‘ACM I11°,” 2003. [Online].
Available:http://www.robot.mes.titech.ac.jp/robot/acm3_e.html.

E. Shammas, A. Wolf, H. B. Brown, and H. Choset, “New Joint Design
for 3D Hyper Redundant Robots”, International Conference on
Intelligent Robots and System, 2003.

P. Liljeback, O. Stavdahl, and K. Y. Pettersen, “Modular Pneumatic
Snake Robot 3D Modelling, Implementation and Control”, Dept. of
Engineering Cybernetics, Norway, 2005.

S. Dalilsafaei, “Dynamic Analyze of Snake Robot”, World Academy
of Science, Engineering and Technology 29, 2007.

T. Maneewarn, and B. Maneechai, “Design of Pipe Crawling Gaits for
a Snake Robot”, IEEE, International Conference on Robotics and
Biomimetics, Bangkok, Thailand, 2009.

C. Y. Liu, and W. H. Liao, “A Snake Robot Using Shape Memory
Alloys”, Proceeding of IEEE International Conference on Robotics
and Biomimetics, China, 2004.

E. Gambao, M. Hernando, and A. Brunete, “Multiconfigurable
Inspection Robots for Low Diameter Canalizations”, 22nd Symposium
on Automation and Robotics in Construction, ISARC, 2005.

on Biomimetics,

[25] H, Yuk, J. H. Shine, and S. Jo, “Design and Control of Thermal SMA
based small crawling robot mimicking C.elegans”. Korean National
Research Foundation, 2009.

V. Bundhoo, “Design and evaluation of a shape memory alloy-based
tendon driven actuation system for biomimetic artificial fingers”,
BEng., University of Mauritius, 2009.

M. Elahinia, and H. Ashrafioun, “Nonlinear control of a shape memory
alloy actuated manipulator”, Trans, ASME, J. Vib. 2002.
http://www.robotshop.com/PDF/flexinol-technical-data.pdf

C. Liang, and C. A. Rogers, “Design of Shape Memory Alloy Actuators
For Robotics”. Proceeding of the 4th ASME International Symposium
on Robotics and Manufacturing, New Mexico, 1992.

[26]

[27]

[28]
[29]

Mohammad Mahdi Kheirikhah was born in Qazvin,
Iran in 1980. He received the B.S. and M.S. degrees in
mechanical engineering from Khaje Nasir Toosi
University of Technology (KNTU), Tehran, Iran, in
2002 and 2004, respectively. He received his PhD in
mechanical engineering from the Islamic Azad
University, Science and Research Branch in 2011.

He has worked as a researcher in the Advanced Robotic and Automation
Systems (ARAS) laboratory at K. N. Toosi University of Technology, Iran
from 2000 to 2002. Since 2005, he has become a faculty member of Qazvin
International Azad University (QIAU), Iran. His research interests include
dynamic modeling and simulation of robots and automated systems, motion
control, and mobile robot navigation.

Alireza Khodayari was born in Tehran, Iran, in 1980.
He received the B.S. and M.S. degrees in mechanical
engineering from Khaje Nasir Toosi University of
Technology (KNTU), Tehran, Iran, in 2003 and 2006,
respectively. He is currently working toward the Ph.D.
degree with the Department of Mechanical
Engineering, K. N. Toosi University of Technology.

Since 2000, he has worked as a researcher in the Control and Robotic
Laboratory at K. N. Toosi University of Technology, Iran. His research
interests include digital control systems, neural-fuzzy control systems,
motion control, intelligent vehicle, mobile robot navigation.

Mr. Khodayari is a member of the IEEE Control System Society and was a
reviewer of IEEE Transaction on Controls Systems Technology in 2006 and
13th International IEEE Annual Conference on Intelligent Transportation
Systems in 2010.

Samaneh Rabiee was born in Qazvin, Iran in 1982.
She received the B.S. degree in computer engineering
from Islamic Azad University, Qazvin Branch,
Qazvin, Iran, in 2004. She received his M.S. degrees
in mechatronic engineering from the Islamic Azad
University, Qazvin Branch in 2011.



	58-M30104

