
  
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. 

 

I. INTRODUCTION 
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 (SMAs) 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 robotic 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. It is 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 III. 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 

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 snake 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. 

 

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

 
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. 

 
(a) 

 
(b) 

 

(c) 

 
(d) 

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.  

 
Fig. 3. Schematic of forces that applied to the link 

Fwi is the ith SMA wire force which is calculated from (1): 
A

iwiF .σ=
              ( )2. wrA π=  i = 1, 2  (1) 

 
where σi is the normal stress of ith wire, A is the wire 
cross-sectional area and rw is the wire radius. The SMA wire 
strain rate ( ε& i) kinematically related to its joint position and 
angular velocity as (2): 
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where θ i is the angle between the links i and (i+1) and θ&

i is 
the angular velocity of the links. Also, τi is the torque of the 
tensional spring which is calculated from (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] 
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where mw is the mass of the wire, V is the applied voltage, R is 
the resistance of the wire, Cp is the specific heat of the wire, h 
is the heat convection coefficient, T is the temperature of the 
wire, Alw is the surface area of wire, and T∞ is the ambient 
temperature which in this study is considered 23 ºC.  

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 

rwi (m) lwi (m) Cp 
(J/kg˚c) mwi (kg) T∞ (˚ 

C) h R 
( Ω ) 

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]: 

 
ξεσ &&&& Ω+Θ+= TTD      (6)

 
In this model, σ&  is the stress rate, ε&  is the strain rate 

which was defined in (2), T& is the temperature rate which 
was defined in (5) and ξ&  is the induced Martensite fraction in 
the wire. Also D is the Young’s modulus, ΘT is the thermal 
expansion factor and Ω is the phase transformation 
contribution factor. 

C. SMA Transformation Model 
Martensite fraction (ξ) from Martensite to austenite in the 

SMA wires which is related to the wire temperature is 
calculated as (7) [29]: 
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where aA = π / (Af - As), bA= - (aA/cA), and cA are a material 
constant indicating the effect of stress on the reverse 
transformation temperatures. Also, As and Af are start and 

final temperatures of austenite phase transition that are 
considered 75 ºC and 110 ºC, respectively. The parameters 
used in Equation 7 are presented in Table 2 [28]. 
 

TABLE II: SMA WIRE CONSTITUTIVE MODEL AND PHASE 
TRANSFORMATION PARAMETERS 

As (˚ C) Af (˚ C) CA (Pa /˚ C) Ω  Θ T DA (Pa) 

75 110 10.3e6 20.6e8  -0.055e6  25e9  

 
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: 

 
[ ]ξσθθ Tx &=  (8) 

 
The state equations are calculated from equation of motion 

and derived from SMA wire temperature rate equation and 
SMA transformation model as (9): 
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III. RESULTS AND DISCUSSION 
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 
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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 ºC. Also, It be seen that the wire 
temperature have nonlinear behavior because of heat 
convection. 

 

 
Fig. 4. State equations modeling and simulation in MATLAB/Simulation 

 
 (a) 

 
(b) 

Fig. 5. (a) Applied step voltage with ampliyude 5 V and  
  (b) coresponding temperature of SMA wire  

 
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 ºC. 

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.  

 

 

(a) 

 
(b) 

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.   

 
(a) 

 
(b) 

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 Ш: RESULT OF SIMULATION WITH DIFFERENT COEFFICIENT OF 

TENSIONAL SPRING 

Row V 
(v) 

K 
(N/m.rad) 

Lw 
(m) 

Temperature 
(˚C) 

Rotation 
Link 2,3 

(Deg) 

Rotation 
Link 3 
(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 

 

 
(a) 

 
(b) 

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

 
TABLE IV: RESULT OF SIMULATION WITH DIFFERENT INITIAL WIRE 

LENGTH 

Row V 
(v) 

K 
(N/m.rad) 

Lw 
(m) 

Temperature 
(˚C) 

Rotation 
Link 2,3 

(Deg) 

Rotation 
Link 3 
(Deg) 

1 8.2 110 0.9 88 96.2 6.2 

2 6 110 0.7 80 95.5 5.5 

3 3.2 110 0.4
2 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 Lw = 0.7 m and V = 6 V, 
respectively. It can be seen that decrease in springs 
coefficient cause to increase in rotational angle of both links. 

 

(a) 
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(b) 

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 Lw = 0.42 m and Lw = 0.9 m, 
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 V and V = 8.2 V, 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. 

 
(a) 

 
(b) 

Fig. 10. Rotational angle of (a) links 2 and 3 (b) link 3 (K =120 Nm/rad) 

 
(a) 

 
(b) 

Fig. 11. Rotational angle of (a) links 2 and 3 (b) link 3 (Lw=0.42 m) 
 

 
(a) 

 
(b) 

Fig. 12. Rotational angle of (a) links 2 and 3 (b) link 3 (Lw=0.9 m) 
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