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Abstract 
 
Bistable shape memory alloy (SMA) actuators have gained significant attention due 
to their ability to maintain stable positions without requiring a continuous supply of 
power. This feature is particularly advantageous in applications where power 
consumption is a concern, as it allows for efficient energy usage and reduced operating 
costs. In addition, bistable SMA actuators have a fast response time and high force 
output, making them suitable for a wide range of applications in fields such as 
robotics, aerospace, and biomedical engineering. The unique properties of SMA 
materials, including the shape memory effect and superelasticity, provide numerous 
benefits for actuator design and operation. The present research introduces the design 
of a bistable actuator that utilizes shape memory alloys (SMA) to generate high forces 
while maintaining a compact and lightweight form factor. 
 
 
Keywords: bistable actuator, shape memory alloys, SMA Actuator, finite element 
method 
 
1. Introduction 
 
In recent years, there has been an increasing demand for intelligent systems with high-
performance functionality [1,2]. Therefore, there is a continuous need for compact 
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and high-performance actuators that can meet stringent performance and weight 
requirements [3-5]. 
 

Actuators used to be a concern due to the increased mass on the component. 
Common pneumatic and hydraulic actuators are extremely heavy and have a large 
footprint as well. In numerous engineering fields, such as aerospace and automotive, 
mass is a critical factor that exerts a significant impact [6]. Excessive weight of 
components can have adverse effects on fuel consumption and cost, necessitating 
continuous improvement in this regard. Therefore, it is important to explore 
alternative technologies that can meet both thermal and mechanical requirements 
while minimizing size and weight. Shape memory alloy (SMA) actuators have been 
the subject of various studies, and have been found to possess desirable characteristics 
in a wide range of applications, including aerospace, automotive, biomedical, and civil 
engineering [7-9].  

 
One of the main benefits of a bistable shape memory alloy (SMA) actuator is its 

ability to maintain its position without requiring a continuous supply of power [10,11]. 
The actuator's inherent bistability enables it to maintain either of its stable positions 
without requiring an external force to hold it in place. The feature renders the actuator 
highly useful for applications where power consumption is a critical consideration, as 
it allows the actuator to sustain a position or support a load with minimal energy input. 
Shape memory alloys (SMA) are a popular choice for actuators due to their unique 
properties, including the shape memory effect and superelasticity. In recent years, 
numerous studies have been conducted to investigate shape memory alloys, which 
belong to the category of "smart materials" [12,13]. Shape memory alloys (SMAs) 
have the ability to restore their original shape after being subjected to either 
mechanical or thermal loads. This is attributed to their capacity to alter their crystalline 
structure in response to applied deformation. The alloys exhibit two distinct effects, 
namely the pseudo-elastic effect and the shape memory effect [14,15]. The first 
concerns the ability of the alloy to return to its unformed configuration after the 
application of mechanical load. The second concerns the material's ability to thermally 
'recover' the undeformed configuration after partial recovery of residual deformation. 
Once the load applied to the material exceeds the threshold value that triggers the 
phase transition, the material will undergo a gradual change in shape that follows a 
plateau. This plateau is primarily influenced by the volumetric fraction of martensite 
and serves to regulate the material's transformation behaviour [16]. The two 
crystalline phases of shape memory alloys are austenite and martensite. The former is 
stable at high temperatures and low stresses, the latter is stable at low temperatures 
and high stresses. Again, by cooling austenite, it is possible to have two different 
phases of martensite. The first, the one mentioned earlier, is stable with temperature, 
the second, the R-phase forms, having a low activation energy, forms earlier and 
therefore have an energy advantage [17].  
 

The objective of this study is to develop a bistable actuator that satisfies demanding 
specifications for strength while also minimizing space requirements. To achieve this 
goal, the actuator employs shape memory alloys as the primary technology for 
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actuation. The issue of direct current is addressed in this study, resulting in a solution 
that not only reduces energy consumption but also prevents the deterioration of the 
alloys themselves. 

 
In Section 2, a Shape Memory Alloy overview is presented. In section 3, a 

description of a bistable SMA actuator is provided. In section 4 the analysis of the 
bistable actuator and an in-depth discussion of the thermo-mechanical behaviour of 
SMA springs is introduced and commented. Conclusions are reported in section 5. 
 
 
2. Shape Memory Alloy overview 
 
Shape memory alloys are metal alloys capable of recovering their shape after applying 
a mechanical or thermal load. The pseudo-elastic and shape memory effect makes 
them particularly suitable for use in engineering as actuators. 
 

To conduct a numerical simulation of the thermomechanical behaviour of SMA 
materials using User subroutine MATerial, only a subset of the characteristic 
parameters of these alloys are utilized. Regarding temperatures, four specific 
temperatures can be established to delineate the crystalline phase alteration of the 
alloy, namely Ms, Mf, As, and Af. 

- Ms: martensite start transformation. 
- Mf: martensite finish transformation. 
- As: austenite start transformation. 
- Af: austenite finish transformation. 

 
Temperatures are related to mechanical behaviour as illustrated in Figure 1. Once 

the reference temperature has been set, the characteristic phase change stresses are 
determined: 𝜎 , 𝜎  𝜎 , 𝜎 . 

- 𝜎 : martensite start transformation stress. 
- 𝜎 : martensite finish transformation stress. 
- 𝜎 : austenite start transformation stress. 
- 𝜎 : austenite finish transformation stress. 

 
In the (σ, T) diagram, the band slope corresponds to the forward and reverse phase 

transformations, with CA and CM representing the band slope for the forward and 
reverse transformations. The critical stress values for the start and end of the austenite 
to martensite phase transformation are σscr and σfcr. 
 

The phase change is relevant as it is linked to a change in material stiffness that 
affects the response of the SMA structure. According to an experimental study made 
by Petr Šittner et al., the Martensite phase has a lower stiffness (EM) than austenite 
(EA) due to the combination of elastic anisotropy of the B19’ martensite and strong 
martensite [18]. 
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Figure 1: σ-T diagram phase. 

 
The unique physical and thermal properties of shape memory alloys, along with their 
capability to undergo phase changes that affect their stiffness, render them highly 
suitable for a diverse range of applications. Moreover, the combination of their 
pseudoelastic and shape memory effects make them an excellent choice for actuation 
purposes. Figure 2 illustrates the pseudoelastic effect. If the reference temperature is 
greater than the Af temperature, the material can regain its original shape without 
requiring the application of a thermal load to reverse deformation.  
 

 
Figure 2: Pseudoelastic effect. 

 
When the reference temperature is lower than the Af temperature, the material is not 
able to recover residual strain, so the application of thermal load is required to have 
zero residual strain (Figure 3). 
 
3. SMA Actuator 
 
SMA actuators are very efficient in terms of exerted forces and low mass. According 
to a study by Mohd Jani et al. [19], SMA actuators have 200% more work per volume 
than hydraulic actuators and 150% more power per volume. 
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Figure 3: Shape memory effect. 

 
Generally, they have a low efficiency compared to other actuators, as they have a 

low actuation frequency and low controllability. In addition, they need continuously 
applied current to be activated. Furthermore, to reduce time, heating takes place in 
very short times with high currents that deteriorate the material [20-22]. 
To overcome some of the limitations listed above, a bistable actuator has been 
designed (Figure 4). This approach mitigates the likelihood of material degradation, 
as it does not depend on continuous electrical input. Furthermore, it notably enhances 
the cooling process [23]. 

 

 
Figure 4: SMA Actuator. 

 
The actuator consists of a central body, two SMA springs working in phase 
opposition, two blocking springs, and an outer case. The components of the system 
that remain fixed include the external case, which serves to connect with external 
parts, the blocking springs designed with a stiffness of 7 N/mm, and the external 
segments of the SMA springs that are confined to fit within the case.  
 

The two SMA springs are previously precompressed 55mm at a temperature of 298 
K. At this temperature, the springs cannot recover all the residual deformation and 
therefore a thermal load of 100°, alternately on one or the other spring, is required for 
activation. The object that moves due to the thrust of the SMA spring is the central 
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body, which slides along the longitudinal direction for a maximum of 5 mm (actuator 
stroke). Upon passing the initial position, the central body is secured in the second 
position with the assistance of two locking springs that exceed the force of the SMA 
springs (Figure 5). 

 
Figure 5: Bistable actuator. (a) First stable positions; (b) Second stable positions. 

 
 

4. Results 
 
To simulate both effects of shape memory alloys, it has been necessary to use a User 
subrotuine MATerial (UMAT). This made it possible to study the behaviour of the 
alloy in the martensitic phase, in the austenitic phase and in the plateau phase. The 
routine is able to define, inside the numerical model, the volume fraction of martensite 
(the value that defines how much of the austenite has turned into martensite). This 
value is of great significance, as it serves as an indicator of how well the spring is 
optimized with respect to the required force and whether its shape can be further 
optimized to enhance performance. 
 

The thermal and mechanical properties of NiTiNOL were obtained by internal 
testing, the approach of which is similar from that reported in [24, 25]. 
 

Nitinol 

𝝈𝒔𝒄𝒓 𝑴𝑷𝒂  15 𝜶𝑴 𝟏 °𝑲⁄  2.2 10  
𝝈𝒇𝒄𝒓  𝑴𝑷𝒂  100 𝜶𝑨 𝟏 °𝑲⁄  2.2 10  

𝑬𝑴 𝑮𝑷𝒂  51.87 𝜺𝒍 0.05 
𝑬𝑨 𝑮𝑷𝒂  115.87 𝑴𝒔 °𝑲  338 

𝑪𝑴 𝑴𝑷𝒂 °𝑲⁄  8 𝑴𝒇 °𝑲  303 
𝑪𝑨 𝑴𝑷𝒂 °𝑲⁄  8 𝑨𝒔 °𝑲  328 

𝝂𝑴 0.33 𝑨𝒇 °𝑲  381 
𝝂𝑨 0.33   

Table 1: NiTiNOL thermo-mechanical properties. 
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To evaluate the mechanical performance and force output of the springs, it has been 
necessary to conduct a preliminary analysis of the SMA spring using the UMAT. As 
previously stated, a precompression of 55 mm has been applied to one end of the 
spring while the other end has been clamped. Subsequently, the 55 mm load has been 
removed, so the spring is permitted to deform, recovering roughly 3% of the initial 
load. After the spring has been stabilized, a thermal load is applied, resulting in the 
recovery of 90% of the deformation and the exertion of a force of roughly 750 N. The 
behaviour of the spring is shown in Figure 6. The green area corresponds to the 
loading phase in which the spring reaches 55 mm and a force value of 200 N. During 
the unloading phase, in blue, the spring recovers 3 mm and a force value close to 200 
N. During the heating phase, in red, the spring recovers 50 mm and exerts a force of 
750 N. 

 
Figure 6: SMA spring. Force – displacement graph. 

 
In Figure 7, the evolution of the volume fraction of martensite in the SMA spring 

(variable SDV7) is presented at different load step (spring unloaded at 298 K, spring 
fully preloaded at 298 K, spring unloaded and spring at 373 K).  

 
According to Figure 7, the SMA spring has not undergone a complete 

transformation into martensite (ξ<1), this suggests that there is potential to enhance 
the spring's efficiency with respect to the specific load by optimizing its geometric 
features. 
 

Regarding the complete dimensioning of the SMA actuator, seven numerical steps 
are necessary. The first step is referred to the compression of the two SMA springs. 
The second step is related to the compression of the two conventional springs. The 
unloading phase is in the third step. The fourth step is the heating of the first SMA 
spring. Then the cooling and the stabilisation. The seventh and the last step is the 
heating of the second SMA spring. The actuator, made of aluminium, shows no critical 
stresses. The maximum value occurs on the central part at the side of lateral springs 
(20 MPa). Figure 8 illustrates the movement of the actuator and the SMA springs. The 
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displacement is driven by the SMA springs, which push the actuator to move to the 
next equilibrium position. 
 

 
Figure 7: Volume fraction of martensite. 

 
 

 
Figure 8: SMA actuator displacement. 

 
 
5. Conclusions 
 
The study's conclusions demonstrate the successful design of a bistable actuator based 
on shape memory alloys. The use of these alloys allowed for the development of an 
efficient actuator capable of providing high output forces with reduced energy 
consumption, thanks to the unique properties of shape memory alloys. Additionally, 
the actuator has been designed to be compact and lightweight, making it suitable for 
applications with limited space and weight.  
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