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ABSTRACT  

 
In this paper, the thermomechanical characteristic behavior of a shape 

memory alloy (SMA) spring was studied. Under homogenous distribution of 

temperature by immersion in the hot and cold water, the thermal equilibrium 

of the SMA spring was obtained and its performance under different preloads 

applied was measured. The thermomechanical behaviors and properties of the 

SMA spring for one cycle were derived from the analysis of the displacement 

of contraction, pulling force produced and temperature versus response time 

through experimental tests. The experimental results showed that the 

performance of the SMA spring and the response time depend on the 

technique of the heating phase to activate it and the cooling phase to 

passivation it, as well as on the wire diameter and the preload applied. The 

maximum displacement contractions produced from 2.5 N and 1.5 N pulling 

forces for 0.51 mm and 0.38 mm wire diameter of the SMA spring were found 

as 49 mm and 35 mm respectively. The SMA spring was heated by increasing 

the temperature rate 0.3℃ H/s of water and the temperature was decreased 

by adding cold water at a rate -6.1℃/s. The response time of the SMA springs 

that occurred at the temperature 74℃ and 82℃ were respectively 37 s and 

50 s. The experimental results for both contraction-temperature and force-

time responses at different preload, as well as collection of contraction-force-

temperature responses to response time provide a good visualization as 

references for the design dimensioning and fabrication of the SMA spring as 

actuator, sensor and heat engine. 

 

Keywords: Shape memory alloy spring, Reciprocal actuators, Performance 

sensors in heating water, Mechanical actuation of SMA spring 

 

I. INTRODUCTION 
 

Active materials are metallic materials with multiple 

engineering properties such as mechanical, thermal and 

also electrical. These properties are characterized by high 

strength and lightweight, which are used in various new 

and advanced applications [1]. One of the most common 

applications of active materials is that it can 

simultaneously act as sensor and actuator. The sensor 

converts mechanical signal (electrical or thermal) into 

voltage, whereas the actuator converts electrical energy 

into mechanical. Some examples of multifunctional active 
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materials include the piezoelectric, piezomagnetic and 

shape memory materials [2]. In brief, piezoelectric 

materials involve the coupling of mechanical and 

electrical, whereas the piezomagnetic materials include 

the coupling of mechanical and magnetic. Meanwhile, 

shape memory materials involve in the coupling of the 

thermal and mechanical fields. 

In general, shape memory alloys (SMAs) are classes 

of intelligent materials which changes its crystal structure 

when exposed to a change in temperature. Recently, SMA 

is gaining wide interest in aerospace industry and medical 

fields due to the demand for actuation conditions with low-
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grade temperatures such as for smart wings in aircraft and 

demonstration systems in jet engine [3-6]. These materials 

are characterized by their response to deformation in the 

cold martensitic phase and returning to their original form 

in the austenitic phase while maintaining the solid state in 

both phases without going through plasticity deformation 

of the metal [7]. The capability of these smart materials to 

return to their original shape when their temperature is 

increased is due to the shape memory effect (SME) which 

is producing force and contraction at the same time [8-10]. 

SMA is an alloy that consists of nickel and titanium, 

also known as Nitinol, possesses unique physical and 

metallurgical properties [11]. This material is 

characterized by its ability to deform plastically at room 

temperature and return to its previous shape before 

deformation when the material temperature is increased 

while maintaining its solid state in both phases [12]. 

Contraction and extension are the effects of the change in 

the crystal structure that occurs in the material when the 

temperature increases and decreases [13,14]. The SMA 

material gained popularity in various sectors of the 

industry such as nuclear, geothermal, automobiles, 

consumer devices, electronics and medical due to the 

exploitation of water temperature generated by the cooling 

systems [15].  

Many researchers have investigated the capability of 

SMA material to modify and develop a new design of 

engine by using the new technology of manufactured 

material that has a high quality of performance such as 

Nitinol. It can be made to memorize some previously 

defined shape. The material can be deformed plastically, 

and when it is subjected to appropriate thermal conditions, 

it will return to the memorized shape [16]. The change in 

the shape of this material is the resultant of the material 

changing phase while still in a solid state. The alloys of 

NiTi and the copper-based alloys are most commonly used 

because these materials can recover substantial amounts of 

strain or generate significant force upon changing shape. 

Flexinol NiTi actuator is a commercial name of shape 

memory alloy that is becoming popular in the industry [17]. 

The only difference is that Flexinol has a better actuation 

property along the line of deformation compared to other 

SMA materials [18,19]. 

SMA material is a thermomechanical device (sensor 

or actuator) that generates different contractions and forces 

based on the shape, temperature and applied preload. This 

sensor or actuator cannot simultaneously produce 

maximum values for both contraction and force. The SMA 

spring generates maximum displacement of stroke with a 

minimum force, while the SMA wire produces maximum 

force with minimum displacement of stroke [20]. 

Additionally, the difference in the SMA performances is 

correlated with the heating technique, especially for the 

joule effect stream flow in SMA spring because of the 

inhomogeneous distribution temperature due to resistance 

of the material [21]. The maximum performance of the 

SMA spring is produced when it is activated by immersion 

of the spring in hot and cold water. The heating and 

cooling are represented by the thermal energy reserved in 

the SMA material. The activity of SMA is generated by 

increasing and decreasing temperature to operate the 

actuator. However, the low operating frequency for the 

applications of SMA actuators is due to high relative heat 

capacity and density that leads to the difficulty in 

transferring the temperature rapidly [22,23]. 

The optimum cooling rates can be obtained from the 

SMA actuator when cooling in a fluid medium yet it still 

need a special design for preventing leakage into the 

environment [24]. The forced air for cooling the SMA 

actuator produces minor effects on the performance and 

some drawbacks like higher consumption of energy and 

noise production. In addition, active cooling cannot be 

practical for commercial applications because of its cost, 

weight, volume, as well as the control and mechanical 

complexity [25]. Some measures should be taken to 

prevent the SMA actuators from overheating, 

overstraining and overstressing to ensure safe 

performances over a large number of cycles (around 106 

cycles). The maximum strain recommended should not 

exceed 3% to 4% strain and load 100 MPa [22]. The cycle 

period is defined as the total time of SMAs in heating and 

cooling. It is possible to control the heating time by 

changing the rate of heating. In opposite direction of the 

operation, the cooling time of SMAs should consider 

losing the temperature to the ambient [26]. There are 

several factors associated with cooling time such as the 

amount temperature, wire diameter of the SMA, the 

coefficient of thermal conductivity and the temperature of 

the operating ambient [27,28].  

Most of SMA actuators are activated by transferring 

the temperature by means of conduction, convection, 

radiation or combination of those methods. Most common 

heating methods that can lead to the shape memory effect 

are by joule current, laser and water, whereas the cooling 

is carried out by forced air. However, there are several 

defects in these ways such as the limited passing of current 

may burn the SMA and requirement of higher 

consumption energy to increase performance due to the 

changing in the metallographic organization. Meanwhile, 

the heating by laser or hot air has a slow response and is 

uncontrollable due to center heating as a point on the 

surface of the SMA and lead to loss of thermal energy. 

These specific deficiencies of the SMA spring actuators 

require a new improved method such as by increasing and 

decreasing temperature through immersion of the SMA 

spring in water container to characterize its characteristic 

behavior and increase its response time in one cycle. 

 

II. METHODOLOGY 
 

The manufacturing of the SMA spring was carried out 

according to specifications of DYNALLOY, Inc, Makers 

of Dynamic Alloys Company, as tabulated in Table 1. The 

comparison and analysis of the characteristic properties of 

the two different SMA wire diameters in different preloads 

were conducted by measuring linear motion produced 

from the contraction and extension. The contraction and 

extension of wire is due to increasing and decreasing of 

the water temperature on which the wire is immersed in. 

The chosen SMA spring was the helical spring type due to 

its high-tension force ability of returning to the original 

shape by thermomechanical effects. 



Thermomechanical Performance of Shape Memory Alloy Spring by Homogeneous Distribution of Temperature 

 

119 

 

Table 1 Physical properties of the SMA spring [27] 
 

Symbol Item Value 

SMA Shape memory alloy spring 
Flexinol® (50% / 50%) ratio of nickel 

and titanium 

d Wire diameter of SMA springs 0.51 mm, 0.38 mm 

D Outer diameter of SMA springs 3.45 mm, 2.54 mm 

n Number of active coils 15 

ρ Density 6.45 g/cm3 

c Specific heat 0.2 Cal/g * °C 

L Latent heat of transformation 5.78 Cal/g 

k Thermal conductivity 0.18 W/cm * °C 

αA Thermal Expansion 

Coefficient 

Martensite 6.6 x 10-6/°C 

αM Austenite 11.0 x 10-6/°C 

ν Poisson Ratio 0.33 

 

 

Significant specific temperatures of the SMA spring 

were denoted as 𝐴𝑠  , 𝐴𝑓 , 𝑀𝑠 , and 𝑀𝑓  (austenite start 

and finish transformation temperatures, and martensitic 

start and finish transformation temperatures). In the 

beginning, the SMA spring temperature was in low-

temperature 𝑀𝑓. It was deformed plastically by the tension 

force of preload that occurred at the start transformation of 

increasing temperature and at the end transformation of 

twinned martensite at T = 30℃ (T> 𝑀𝑓 ). When the 

temperature of water was increased gradually, the SMA 

spring contraction started and moved the preload by the 

tension force. This means the austenite transformation 

temperature 𝐴𝑠  started at T = 30℃ (T< 𝐴𝑠 ). The 

maximum displacement of the SMA spring contraction in 

the minimum period, followed by fluctuating contraction 

behavior representing the austenite 𝐴𝑓  is finished at 

T=100 ℃ (T >𝐴𝑓) as shown in Figure 1. At this point, the 

transformation of twinned martensite into austenite was 

gradually completed. The pulling tension force was also 

increased gradually due to the contraction of stroke in one 

cycle of active and passive phase to the SMA spring by hot 

and cold water. The required response of the SMA spring 

actuation for the displacement contraction and force 

generated could be achieved through homogeneous 

temperature distribution via immersion in the water-

changing temperature. 

The thermomechanical test device of the SMA spring 

performance and actuation response were shown in Figure 

2. The device can measure mechanical characteristics such 

as displacement of contraction and tension force produced 

from the SMA spring due to lifting of the preloads when 

the water temperature was increased and decreased. The 

prime components to be involved for the test include the 

IEC60825-1 2014 laser displacement sensor from 

Panasonic, which was used to identify the contraction (i.e., 

strain) in the SMA spring. A transducer kit load cell model 

with a capacity of 10 kg was used to determine the tension 

force exerted by the pulling force of the SMA spring to lift 

the weight. The K-type thermocouple was used to measure 

and monitor the water temperature to activate the SMA 

spring. 

 

 
Figure 1 Austenitic and martensitic deflections of SMA spring [29] 
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Figure 2 Assembly apparatus to measure the displacement and force resulting from activation  
of the SMA spring actuator 

 

 

The experimental setup combines thermomechanical 

parts, which represent linear motion and force, and also 

electronic parts, which represent data collection for the 

behavior of the SMA spring when the temperature changes. 

Note that all essential components were denoted in Figure 

2 and the following description was made with reference 

to this numbering. Thermodynamic experimental 

procedures were started by immersing the SMA spring 

actuator (1) in the water container (2) and the SMA spring 

contraction was driven by increasing the water 

temperature using an induction electric water heater (3). 

The two ends of the SMA spring were connected to two 

carts (4) that moved on a horizontal shaft through two 

vertical clamps. The first cart was connected to the load 

cell (5) to measure the tension force generated while the 

SMA spring contraction was identified by the laser sensor 

(6). The second cart was connected to the preloads (7) by 

a rope passing over the pulley (8). In addition, the K-Type 

of the thermocouple sensor (9) measured the temperature 

of the water. The National Instrument (NI) data acquisition 

system (10) was comprised of LABVIEW® software (11) 

to collect data in terms of force, displacement and 

temperature. Finally, the force data produced by the load 

cell due to displacement contraction of the SMA spring, 

data by the laser sensor and the source of activation 

temperature data of water by the k-type thermocouple 

were all collected by the LABVIEW software in the 

computer for later analysis. 

This employed device mainly identified the relation 

between the displacement of the SMA spring contraction, 

tension force and temperature. The thermomechanical 

activation of the SMA spring was started by switching on 

the water heater from the normal temperature of 30℃ 

before starting the test. A different preload was hanged for 

every test, which started from 1 N to 3.5 N by 0.5 N 

increment. The water heater was switched off at 80 ℃ and 

all the experimental data were recorded. 

 

III. RESULTS AND DISCUSSION 
 

The SMA spring was immersed in water and was 

heated uniformly at a rate of 0.3℃ H/s (Heating/s). It was 

observed that the initial change in length and slope was 

small due to the gradual increase in temperature. After that, 

a large change in length and slope occurred in the progress 

of attaining transformation temperature. The SMA spring 

was fully transformed into an austenitic phase and all the 

deflections that occurred was recovered. In the cooling 

cycle, the water temperature was decreased at a rate of -

6.1℃ C/s (Cooling/s) by adding cold water into the 

chamber. The SMA spring stretched to attain its previous 

length due to the preload tension and returned to the 

martensite phase in one complete cycle as depicted in 

Figure 3. 

The experimental results of two SMA springs with 

diameter of 0.51 and 0.38 mm and different preloads 

applied in the same condition of increasing and decreasing 

water temperature highlighted the difference in the 

response time as represented in Figure 4. Furthermore, the 

relationship between the force and the increase in water 

temperature at different preloads as obtained from the 

experimental test is shown in Figure 5 for the SMA springs 

of diameter 0.51 mm and 0.38 mm. There were different 

𝐴𝑠 temperatures based on the preloads, which showed an 

increasing monotonous trend. In contrast, the response of 

𝐴𝑓  was not in a monotonous trend. It started with an 

increasing trend with increasing preload but after peaking 

at the optimum preload, the response started to decrease.  
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Figure 3 One cycle of increasing and decreasing water temperature of the SMA spring 
 

 

  

(a) SMA spring with diameter of 0.51 mm          (b) SMA spring with diameter of 0.38 mm 

 

Figure 4 Start and finish of contraction period in the austenite phase 
 

 

   

(a) SMA spring with diameter of 0.51 mm           (b) SMA spring with diameter of 0.38 mm 
 

Figure 5 Force generated from SMA springs in different preloads 
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In Table 2, the optimum contraction for an SMA 

spring with a diameter of 0.51 mm occurred at a preload 

of 2.5 N. For the SMA spring with a diameter of 0.38 mm, 

the optimum contraction occurred at a preload of 1.5 N as 

indicated in Table 3. When the SMA spring was activated 

using the hot water as smart thermomechanical actuators, 

it was necessary to identify the speed and output work in 

the applications. By estimating the displacement of SMA 

spring contraction versus temperature or time in active 

period, which was the power phase from 𝐴𝑠 to 𝐴𝑓, it was 

easier to identify the speed of the activity and the work 

generated. This is presented in Table 4 based on the 

obtained results from the conducted experiment. 

The SMA spring response time were correlated with 

optimum preload and temperature. For SMA spring with a 

diameter of 0.51 mm, the maximum contraction of 49 mm 

was achieved at preload 2.5 N with a response time of 37 

seconds. Meanwhile, for SMA spring with a diameter of 

0.38 mm, a maximum contraction of 35 mm was achieved 

at preload 1.5 N with a response time of 50 seconds. The 

force produced from the SMA spring was dependent on the 

temperature of the thermal drive performance conducted 

in the test of the water heater setup. There were two 

important inflection points when the temperature was 

increased.  When the water temperature was increased 

uniformly, it was noted the inflection curve of the force 

versus temperature changed in the behavior at 𝐴𝑠 and 𝐴𝑓. 

When the temperature reached to 𝐴𝑠 , the curve for the 

force dropped and then started to go up. The curve then 

started to drop again at 𝐴𝑓. This behavior can be observed 

in Figure 6, which indicates that the variation of 

contraction and force generated was nonlinear when the 

temperature of the SMA spring was increased in a constant 

rate. The uniform increase of the temperature produced 

continuous increase in the contraction and force between 

the 𝐴𝑠  and 𝐴𝑓 . In the meantime, in the sensitive 

temperature region between the 𝐴𝑠 and 𝐴𝑓 points, there 

were two inflection points in the SMA spring behavior. In 

each inflection point of contraction, the force degradation 

such as loss of stability and return increases regularly. 

 

Table 2 The response properties of 0.51-mm SMA spring in different preloads  

 

Preload 

(N) 

Temperature 

𝐴𝑠 (℃) 

Time 

𝐴𝑠 (s) 

Contraction 

𝐴𝑠 (mm) 

Temperature 

𝐴𝑓 (℃) 

Time 

𝐴𝑓 (s) 

Contraction 

𝐴𝑓 (mm) 

Contraction 

response  

(𝐴𝑠–𝐴𝑓) (mm) 

Period 

response 

 (𝐴𝑠–𝐴𝑓) (s) 

1.0 61 77 4.7 65 96 34 29.3 19 

1.5 63 78 5.5 68 100 38 32.5 23 

2.0 65 87 5.8 71 115 43 37.2 28 

2.5 68 88 6.8 74 125 49 42.2 37 

3.0 72 96 7.3 78 136 47 39.7 40 

3.5 74 112 7.6 80 161 45 37.4 49 

 

 

Table 3 The response properties of 0.38-mm SMA spring in different preloads 

 

Preload 

(N) 

Temperature 

𝐴𝑠 (℃) 

Time 

𝐴𝑠  (s) 

Contraction 

𝐴𝑠 (mm) 

Temperature 

𝐴𝑓 (℃) 

Time 

𝐴𝑓 (s) 

Contraction 

𝐴𝑓 (mm) 

Contraction 

response 

(𝐴𝑠–𝐴𝑓) (mm) 

Period 

response 

(𝐴𝑠–𝐴𝑓) (s) 

1.0 68 97 3.7 76 126 34 30.3 29 

1.5 72 110 3.7 82 160 35 31.3 50 

2.0 73 125 4 82 184 19 15 59 

2.5 66 100 0.4 82 188 8 7.6 88 

3.0 68 98 0.2 82 173 5 4.8 75 

3.5 70 103 0.2 82 176 4 3.8 73 
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Table 4 Work produced and speed from homogeneous heating of the SMA spring  

 

Preload 

(N) 

0.51-mm SMA spring 0.38-mm SMA spring 

Contraction 

(𝐴𝑠–𝐴𝑓) (mm) 
Work (Nmm) Speed (mm/s) 

Ontraction 

(𝐴𝑠–𝐴𝑓) (mm) 
Work (Nmm) 

Speed 

(mm/s) 

1.0 29.3 29.30 1.5 30.3 30.30 1.04 

1.5 32.5 48.75 1.4 31.3 46.95 0.62 

2.0 37.2 74.40 1.3 15.0 30.00 0.25 

2.5 42.2 105.50 1.1 7.60 19.00 0.08 

3.0 39.7 119.10 0.9 4.80 14.40 0.06 

3.5 37.4 130.90 0.7 3.80 13.30 0.05 

 

 
(a) SMA spring with a diameter of 0.51 mm 

 
(b) SMA spring with a diameter of 0.38 mm 

 

Figure 6 Response between 𝑨𝒔 and 𝑨𝒇 points at the optimum preloads for the SMA springs  

 

 

IV. CONCLUSIONS 
 

An experiment was carried out to identify the SMA 

spring activation characteristics, which was conducted in 

homogeneous distribution temperature by complete 

immersion in hot water. The shape memory effect in 

constant increase of temperature was monitored for two 

different wire diameters of SMA spring and different 

preloads. The thermomechanical characteristic of the 

SMA spring was represented by the displacement from the 

contraction and force produced to the response time in the 

power phase of activation. The results showed that the 

SMA spring produced a nonlinear behavior response for 

the contraction and force when temperature was increasing. 

For SMA spring with diameter of 0.51 mm, the maximum 

contraction of 49 mm was achieved at preload 2.5 N with 

response time of 37 seconds. Meanwhile, for SMA spring 

with a diameter of 0.38 mm, maximum contraction of 35 

mm was achieved at preload 1.5 N with a response time of 

50 seconds. Furthermore, the work generated and speed 

for moving this preload thermomechanical was 105 Nmm 

and 1.14 mm/s for SMA spring with diameter of 0.51 mm. 

On the other hand, thermomechanical was 47 Nmm and 

0.62 mm/s for SMA spring with diameter of 0.38 mm. All 

in all, this experimental characteristic response obtained 

from this study is useful as a reference in the design and 

fabrication of sensors, actuators and heat engine using this 

shape memory alloy. 
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