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Abstract. This paper presents an innovative mechanical actuator using a shape memory alloy 

(SMA) with a cooling system based on combined thermoelectric effect and forced air cooling 

systems. The main advantages of using SMAs include the reduction of the system weight, the ease 

and reliability in application, and a simple control strategy. This study focuses on the development 

of the system highlighting the mathematical model of the actuator, and an experimental prototype 

was implemented. Several experiments are used to validate the model and to identify best SMA 

actuator configuration parameters. Experiments were used to evaluate the actuator closed-loop 

performance, stability, and robustness properties.  

Introduction 

One of the main requirements that an actuator needs to satisfy is to guarantee high mechanical 

performances in a limited space. In this way, SMA actuators play an important role to provide the 

highest power-to-weight ratio among light-weight technologies [1,2]. They have become a very 

attractive option for uses in actuators and they are implemented in a broad range of commercial 

applications (consumer electronics, fashion, fasteners, …). SMA actuators can be actuated remotely 

with a low actuation voltage [3-5] guaranteeing reliable performances and ease in installation.  

SMA actuators are widely used in wire or spring configurations, but upcoming applications (e.g. 

medical instrumentations or microsystems) also demand more complex shapes [6,7]. Designing a 

SMA actuator is a challenging task due to the complexity of the material selection and behavior. In 

this manner, the electrical, thermal and mechanical aspects have to be considered simultaneously.  

SMAs are intermetallic compounds able to recover, in a continuous and reversible way, a 

previously defined shape when subjected to an appropriate thermomechanical load. From a 

microscopic point of view, this transformation consists in a transition from a crystallographic stable 

phase at low temperature (e.g.. martensite) to a different crystallographic stable phase at high 

temperature (e.g. austenite). When the SMA is deformed by an external force, instead of breaking 

crystallographic bonds and damaging its structure, it starts a progressively arrangement of planes 

which closes the deformation without achieving significant atomic displacements. During this 

process, atoms have moved only slightly from original positions. When an imposed stimulus occurs, 

atoms move to restore the previous crystal structure before the deformation and then the recovery of 

macroscopic original shape.  

SMAs application to linear motors 

This paper presents the study and realization of a SMA actuator able to achieve linear 

movements in a coil spring configuration. SMA material has an high electrical resistance, it can be 

heated to its transition temperature simply by passing current through it. This approach opens up 

many possibilities for providing mechanical actuation (movement) without any moving parts. The 

purpose of this research is the realization of SMA actuators which perform in defined operating 

temperature a specified movement. Temperatures have to meet limits due to actuator structure and 

application. The duty cycle for current application should be in agreement with user’s needs, so as 
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to allow a movement in a short time. For these reasons, authors have as primary objective the 

shortest working cycle with imposed temperature constraint, especially during the cooling phase.    

A robust approach (Design of Experiment) is accepted for performing tests in order to achieve a 

required output for thermal, voltages, stroke and time point of view [8]. The developed 

experimental tests permitted a performance comparison between different operating conditions. 

This paper focuses on two main issues in SMAs assessment and selection. The first one is the 

characterization of the thermo-mechanical behavior of SMA materials [9] and the other is the 

actuator application of one-way shape memory effect (SME). The selection of the operative 

temperature range is a crucial point in SMA selection [10]. All memory alloys have temperatures 

that characterize the internal structure [11]. In this study, the main temperatures of phase 

transformations for the adopted alloy (NiTiCu5) include the temperature at end of martensitic 

transformation (MF) 26°C, the martensitic transformation start temperature (MS) 37°C, the 

austenite transformation start temperature (AS) 48°C and the end temperature austenitic 

transformation (AF) 59°C (Hysteresis 24°C) [12]. The temperature of 59°C indicates the maximum 

operative temperature for SMA material, in fact for higher temperature no transformation phase are 

pointed out. The SMA element remains in the same position and all exceeded power is dissipated. 

Temperature of 26°C indicates the lower limit of the resting phase of SMA element and internal 

structure of alloy is all in the martensitic phase.  

Generally, the one-way effect does not provide suitable mechanism of SMA actuator due to the 

host structure that is not able to return to initial shape after cooling process. However, different 

researches [13,14] proposed some designs of SMAs applied to muscles of robot hands 

demonstrating that it is possible to realize a hand actuated by SMAs. In this case, a model based 

controller does not perform in a satisfying way due to the open loop configuration. The control 

problem (e.g. hysteresis) can be partially solved restricting the displacements to a specific range 

simplifying the problem to a linear one. This behavior is linearized using two counteracting shape 

memory elements. This solution is further improved by a temperature sensor on the shape memory 

element. Electrical resistance position feedback is also used in common practice [15]. An example 

of this application has been developed in the proposed actuator system.  

Design of SMA actuator module 

The actuator is designed to obtain a linear movement along horizontal axis of SMA elements.    

The shortest duty cycle was the primary objective in designing the device. This assumption 

highlights that the importance to meet specific functional requirements, severely affected the 

designers’ choices regarding the shapes and configuration that actuators should possess in order to 

produce predefined strokes and output forces [12-14]. Cartesian geometry (Fig. 1) develops 

electrical and mechanical function on several layers. This configuration is a result of movement 

optimization as shown in the followings. 

The actuator needs to moves along an horizontal axis or a plane to perform a linear movement. 

The intuitive geometry for this type of movement is the cylinder, where all the components are 

positioned around the main axis of movement. In this case functional axes (mechanical constraints, 

electrical contacts, movements, thermal heating and cooling) are coincident with the movement axis 

and the model is very compact. A cylindrical geometry does not permit the geometrical 

diversification of the contact points that characterize the different functions. 

These functions need of different materials and physical connections. In order to design properly 

the single elements of the actuator, it is useful to separate functions with Concentric cylinder 

geometry (separate elements, on concentric surfaces) or Cartesian geometry (different functions on 

different parallel plans). The physical model is more complex, but the design phase and 

maintenance activities are simplified by isolating geometrical features, with independent functional 

behaviors. 
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Fig 1. The modular actuation system. 

 

From a Cartesian geometry is possible to develop a modular model (Fig. 2). SMA model is 

designed to have more actuator elements in parallel without changing the conformation of the 

individual components, but increasing overall dimensions, developed force and energy 

consumption. This approach represents an important benefit compared with concentric cylinder 

geometry. In particular, this configuration permits an increment of the nominal force of the actuator 

as shown in Fig.1 [15].  

 

 

Fig. 2. The SMA prototype based on two modules. 

 

Fig. 2 describes the developed prototype, electrical and mechanical functional plans are separate. 

Electrical function is located in the upper part of the SMA actuator (Fig. 2) while the plane of the 

mechanical function is located on the axis of SMA elements. The number of springs has been 

chosen in order to obtain the best control and stability in the movement. In this study four SMA 

elements are used, positioned on each side between central slider and wall. The spiral diameter is 

equal to 4.00 mm and the wire thickness is 0.40 mm. 

The experimental test campaign 

The experimental test campaign has been designed perturbing the input current and operating 

times. Table 1 summarized the obtained results of the position reached by cursor at the end of test 

(Xf) stratified by the main inputs (supplied current of two SMA elements (I), total cycle time (Tc), 

cycle time in which SMA element is active (Ton), number of cycles which elements have been 

subjected (Nt)). 

 

Tab. 1. Summary of the test campaign results. 

I [A] Tc [s] Ton [s] Nt Ne Xf [mm] 

1.00 10.00 10.0 10.00 10.00 2.00 

1.50 10.00 5.00 10.00 10.00 0.00 

1.50 20.00 10.00 5.00 5.00 10.00 

1.50 20.00 10.00 10.00 10.00 36.00 

2.00 5.00 3.00 5.00 5.00 10.00 
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2.00 5.00 3.00 10.00 10.00 35.00 

2.00 10.00 5.00 5.00 5.00 21.00 

2.00 10.00 5.00 10.00 10.00 60.00 

2.00 20.00 10.00 5.00 5.00 55.00 

3.00 5.00 3.00 5.00 3.00 60.00 

3.00 5.00 3.00 10.00 3.00 60.00 

4.00 3.00 3.00 5.00 3.00 60.00 

 

In particular, when the input current is equal to 1.00 A, the tests show that the operating time is 

not able to satisfy the requirements (expected in 60-90 seconds). This result suggested that the 

transformation phase needs to increase the power in input. Fig. 3 shows the effect of the main inputs 

(Tc and I) on the response (Xf). It is noted that a input current greater than 3A guarantees a response 

(Xf) able to satisfy the defined requirements.  
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Fig. 3. Experimental test results: inputs (Tc (a), I (b)) vs. output (Xf). 

 

In order to identify the optimal cycle time, the highest time values of heating and cooling were 

selected and then gradually reduced to find the best time in satisfying the restriction criteria on the 

temperature (maximum temperature at the end of cooling phase equal to 35°C) and the actuator 

position (SMA element has to reach its maximum stroke). In this way, Tab. 2 lists data relating to 

input currents (I), activation time of SMA elements (Ton), maximum temperature reached during 

test (Tmax), cooling time of SMA actuators (Tr), minimum temperature reached during the test 

(Tmin) and test duration (Ttot). 

 

Tab 1. Experimental results for optimizing input current and operating times. 

I [A] Ton [s] Tmax [°C] Tr [s] Tmin [°C] Ttot [s] 

2.00 20.00 76.28 30.00 33.59 100.00 

3.00 15.00 78.23 25.00 33.98 80.00 

4.00 10.00 87.14 25.00 31.10 70.00 

5.00 7.00 75.94 25.00 32.47 64.00 

 

The activation and cooling times have been considered and analyzed for each input current level. 

Fig. 4 describes the temperature on SMA element when the SMA activation time is equal to 15 

seconds, SMA cooling time is equal to 25 seconds and input current is equal to 3A. This 

configuration is able to satisfy the required performance and constrains. To study the problem in 

detail and optimize the system configuration for the control strategy, Fig. 5 underlines the relations 

between the main inputs (i.e. Ton, Tmax and I) to maximize the position reached by the cursor at 

the end of test (Xf). 
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 (a) 

 

 
(b) 

Fig. 4. The temperature behaviour (a) on the SMA element and IR data collection (b). 
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Fig. 5. Input correlation for control strategy optimization. 

Using the temperature charts, it was possible to determine correct input time in agreement with 

the selected criteria. Fig. 6 shows the decrease of Voltage during the cooling phase. The detected 

Voltage is defined as the multiplication between the established input current and the resistance of 

the SMA spring. The Voltage growth means that both electrical resistance and temperature are 

increasing. In this test (Fig. 6) the SMA activation time is equal to 7 seconds, cooling time is 25 

seconds and supply current is equal to 5 Amperes. 

Fig. 7 shows a summary of the SMA actuator performance. The relation between the operating 

time (s), the central cursor stroke (mm) and the test voltage (V) is highlights in Fig 7b. These results 

confirm that the developed actuator is able to satisfy the functional requirements optimizing the 

input setting.  

Conclusions 

This paper presents the development of a modular actuator based on shape memory alloy 

material. Starting from theoretical observations, this study wants to highlight the main relations  

between the functional and geometrical properties of this device. A set of experiments perturbing 

the main inputs have been executed in order to analyze the actuator performances and features (i.e. 

hysteresis). The preliminary prototype shows acceptable results in terms of functionalities and 

potential application (i.e. rehabilitation medical devices). The next steps include to improve some 

theoretical aspects and develop new prototypes to optimize the required perfomances. 
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Fig. 6. Voltage on SMA elements during the work cycle. 

 

 
(a) 

                                     
(b) 

Fig. 7. The cursor stroke (a) and the comparison between cursor stroke and voltage input (b). 

References 

[1]  Otsuka K, Ren X.: Physical metallurgy of Ti-Ni-based shape memory alloys, Prog Mater Sci, 

(2005), p.511- 678. 

[2]  A. Borboni, D. De Santis, R. Faglia: Large deflection of a non-linear, elastic, asymmetric 

Ludwick cantilever beam, ASME 2010 10th Biennial Conference on Engineering Systems 

Design and Analysis, ESDA2010 2, (2010), p. 99-106. 

[3]  F. Aggogeri, F. Al-Bender, B. Brunner, M. Elsaid, M. Mazzola, A. Merlo, D. Ricciardi, M. de 

la O Rodriguez, E. Salvi: Design of piezo-based AVC system for machine tool applications, 

Mechanical Systems and Signal Processing, Vol. 36 (2013), p. 53-65. 

[4]  M. Nishida, T. Nishiura, H. Kawano, T. Inamura: Self-accommodation of B19 martensite in Ti–

Ni shape memory alloys – part I, Morphological and crystallographic studies of the variant 

selection rule, Philos. Mag. 92, (2012), p. 2215– 2233. 

[5] L.C. Brinson: One-dimensional constitutive behavior of shape memory alloys: 

thermomechanical derivation with non-constant material functions and redefined martensite 

internal variable, J. Intell. Mater. Syst. Struct. 4, (1993), p. 229–242. 

[6]  D. Reynaerts, H. Van Brussel: Design aspects of shape memory actuators, Article Mechatronics 

8, (1998), p. 635-656. 

[7] F. Aggogeri, A. Borboni, R. Faglia: Reliability roadmap for mechatronic systems, Applied 

Mechanics and Materials 373-375 (2013), p. 130-133. 

74 Advances in Mechatronics



[8]  M. Tiboni, A. Borboni, M. Mor et al.: An innovative pneumatic mini-valve actuated by SMA Ni-

Ti wires: design and analysis, Proceedings of the Institution of Mechanical Engineers Part I-

Journal of Systems and Control Engineering 225, (2011), p. 443-451. 

[9] C. Mavroidis: Development of advanced actuators using shape memory alloys and 

electrorheological fluids, Res Nondestr Eval 14, (2002), p. 1–32. 

[10]  F. Aggogeri, A. Borboni, R. Faglia, A. Merlo, S. De Cristofaro: Precision Positioning Systems: 

An overview of the state of art, Applied Mechanics and Materials 336-338 (2013), p. 1170-

1173. 

[11]  M. Rahim, J. Frenzel, M. Frotscher, J. Pfetzing-Micklich, R. Steegmuller, M. Wohlschlogel, H. 

Mughrabi, G. Eggeler: Impurity levels and fatigue lives of pseudoelastic NiTi shape memory 

alloys, Acta Mater. 61, (2013), p. 3667–3686. 

[12]  Z. Guo, H. Yu, Liang B.Wee: Design of a novel compliant differential shape memory alloy 

actuator, Proc.IEEE/RSJ Int.Conf. Intelligent Robots and Systems, Tokyo, (2013), p. 4925-

4930. 

[13]  A. Borboni, F. Aggogeri, R. Faglia: Fast Kinematic Model of a Seven-Bar Linkage With a 

Single Compliant Link, Proceeding of 12th Biennial Conference on Engineering Systems 

Design and Analysis, Volume 3, (2014). 

[14] S. Kim, E. Hawkes, K. Choy, M. Joldaz, J. Foleyz, R. Wood: Micro artificial muscle fiber 

using NiTi spring for soft robotics, in: Proc. IEEE/RSJ Int. Conf. Intelligent Robots and 

Systems, St. Louis, (2009), p. 2228–2234.  

[15]  M. Langelaar and F. van Keulen: Sensitivity analysis of shape memory alloy shells, Comput. 

Struct. 86, (2008), p. 964–976. 

Applied Mechanics and Materials Vol. 783 75


