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be accessed and controlled. Their rapid advancements offer 
many benefits to applications in microscale, especially in 
the biomedical field (Erismis et al. 2010; Nisar et al. 2008), 
microrobotics (Donald et al. 2006) and telecommunication 
(Rangra et al. 2005). Microactuators can be classified based 
on their actuating principles into electrostatic, electro-
magnetic, piezoelectric, thermal and shape-memory-alloy 
(SMA) actuators (Bell et  al. 2005). These actuators have 
their own properties and advantages that allow them to be 
used in various applications, based on the specific require-
ments of those applications.

Electrostatic microactuators have been applied in many 
applications such as hard disc drives and aeronautical fields 
(Fan et al. 1999; Rashedin et al. 2006). These actuators pro-
vide fast response, small energy loss and reversible motion, 
while they often suffer from a limited displacement range, 
short lifetime and high voltage requirements for their opera-
tion (Donald et al. 2006; Nisar et al. 2008). Electromagnetic 
microactuators have been utilized in several devices, such as 
micropumps and optical switches (Chang et al. 2007; Su and 
Chen 2007). However, this type requires complicated con-
trol systems, due to its magnetic nature (Braun et al. 2009). 
Piezoelectric microactuators are applied extensively in print-
ers and digital cameras (Uchino 2008), due to their fast 
response, high accuracy and large stress tolerance (Nafea 
et al. 2014). Despite their advantages, piezoelectric actuators 
require high actuation voltages and involve a complicated 
fabrication process, which make them uncomplimentary 
(Liu et al. 2014). Thermal microactuators have limited appli-
cations compared to other types of actuators, for their slow 
response, high power consumption and the high temperature 
required for actuation (Iamoni and Somà 2014). One of the 
most popular types of thermal microactuators is the bimorph 
actuator, which actuates using the difference in the coeffi-
cient of thermal expansion (CTE) of two different materials.

Abstract  Shape-memory-alloy (SMA) has attracted con-
siderable attention in recent years as a smart and efficient 
material, due to its unique properties. SMA microactuators 
became one of the potential solutions for unresolved issues 
in microelectromechanical systems (MEMS). This paper 
presents a thermomechanical behavior analysis of bimorph 
SMA structure and studies the effect of varying the SMA 
layer thickness, the type of stress layer and its thickness, 
and the processing temperature on the displacement of 
the microactuator. Furthermore, the analyzed results were 
verified by experimental work, where the fabrication of the 
SMA microactuators followed the standards of the MEMS 
fabrication process. SiO2, Si3N4 and Poly-Si were used 
as stress layers. The fabrication results showed that the 
bimorph SMA structure achieved maximum displacement 
when SiO2 was used. The SMA structure with dimensions 
of 10 mm (length) × 2 mm (width) × 80 µm (thickness), 
had maximum displacement of 804  µm when 4.1  µm of 
SiO2 layer was deposited at a temperature of 400 °C.

1  Introduction

Microelectromechanical systems (MEMS) utilize various 
types of microactuators that allow microenvironments to 
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Utilizing SMA material is an emerging technique that 
overcomes some of the major drawbacks in thermal micro-
actuators. SMA microactuators offer various advantages, 
such as high work density, large actuation force, simple 
mechanical structures, resistance to corrosion, low cost, 
biocompatibility and large displacement range (Stirling 
et al. 2011). These factors give SMA microactuators unique 
advantages over other actuation techniques. SMA actuators 
have been applied in several areas, such as microrobotics 
(Donald et  al. 2006), micropumps (Xuesong et  al. 2009), 
medical tools and biomedical applications (Fu et al. 2004). 
The actuation principle of SMA actuators can be classi-
fied into two actuating methods. The first method is called 
“two-way SMA actuation”, which allows an SMA actua-
tor to remember its shape in the austenite phase (the high 
temperature phase) and martensite phase (the low tem-
perature phase) (Mehrabi et al. 2013). This method allows 
actuation in two directions. However, the SMA tends to 
lose its original shape after several actuations and does 
not return to the desired position. This reduces the accu-
racy of SMA microactuators, which makes this method 
unfavorable. The second actuation method is called “one-
way actuation”, which allows the SMA to actuate to its 
original shape when the temperature reaches the austenite 
phase. However, this method requires the application of an 
external force, such as a spring, to actuate the SMA back 
to its cold-state shape (Nespoli et  al. 2010; Pemble and 
Towe 1999). This constrains its use in microdevices, in 
which the handling and space are crucial factors. A promis-
ing method has been reported to cause a reversed force by 
depositing a stress layer onto the SMA material. As a result 
of the CTE mismatch between the SMA and stress layers, 
the structure will bend and provide displacement in cold 
(martensite) state (Mohamed Ali and Takahata 2010). This 
method is similar to the bimorph-type actuator, except that 
the SMA actuators only require austenitic phase tempera-
ture for maximum displacement, in contrast to conventional 
bimorph actuators, which need a very high temperature for 
maximum actuation (Braun et  al. 2009). The transforma-
tion phase temperature of the SMA totally depends on the 
material composition. A MEMS-based SMA microactua-
tor mainly includes nickel and titanium alloy (nitinol). The 
composition level of these metals will essentially determine 
the transformation temperature. Thus, the composition 
can be intentionally changed in order to achieve a specific 
transformation temperature. This offers great flexibil-
ity to apply SMA microactuators for various applications 
depending on the suitable temperature range (from −50 to 
110 °C) (Braun et al. 2009).

Several actuation mechanisms of SMA microactua-
tors were described, including external joule heating using 
heaters to heat up the SMA (Mohamed Ali et  al. 2014) 
and internal heating by passing current through the SMA 

parts (Mineta et al. 2011; Pieczyska et al. 2014). These are 
among the most widely used methods for actuating SMA 
microactuators (Jani et al. 2014). The concept of manufac-
turing bimorph bulk SMA microactuators was introduced 
to reduce the power consumption of the microactuator and 
to eliminate the potential mechanical weakening of the 
SMA material.

This paper reports on the thermomechanical behavior of 
SMA bimorph microactuators and analyses the displace-
ment level of the structure when four parameters (the SMA 
sheet thickness, the type of the deposited material, the thick-
nesses of the deposited layer and the deposition tempera-
ture) are varied. The working principle of the SMA bimorph 
microactuators and the effect of the four parameters men-
tioned above on the displacement are highlighted, and the 
simulation results of the thermomechanical behavior of the 
SMA bimorph microactuators are presented. Moreover, the 
effects of the thickness of the SMA layer, the thickness of 
the stress layers and the deposition temperature on the dis-
placement are studied. The results are accomplished using 
the finite element analysis (FEA) method via COMSOL 
Multiphysics. The fabrication process and results of SMA 
microactuators that have different thickness values of their 
SMA and stress layers are also described. The outcomes of 
using three materials (SiO2, Poly-Si and Si3N4) as stress lay-
ers are studied and experimentally verified.

2 � Working principle and design

This section discusses the working principle of the SMA 
bimorph microactuator under study. Bimorph actuation 
depends on the difference in CTE between two materials, 
i.e. SMA material and the stress layers deposited on top of 
SMA (Poly-Si, SiO2 and Si3N4 in this case). When the stress 
layer is deposited onto the surface of the SMA sheet at a 
high temperature (usually in hundreds of degrees Celsius), 
a stress will be induced when the SMA is cooled down to 
room temperature due to the mismatch in CTE between 
these two materials (SMA and the stress layer). This stress 
will cause the curvature, r, of the structure to extend depend-
ing on the amount of stress applied in cold state (Fig. 1). For 
the returning motion, the actuator only needs to be heated 
to SMA’s austenitic phase temperature (hot state) instead of 
the deposition temperature, which is a lot higher.

When one end of the SMA cantilever is fixed, a specific 
displacement can be measured at the other end in cold state. 
The level of displacement of the SMA actuator can be con-
trolled by varying the thicknesses of the materials, includ-
ing the SMA sheet and the stress layer, and by varying the 
temperature used during deposition of the stress layer. The 
displacement forms the arc whose radius of curvature, r, 
can be expressed as:
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where E is Young’s modulus of the materials, w is the width 
of the beam, t is the thickness of the layer, α is CTE, ∆T is 
the temperature difference between the initial flat condition 
and the deformed state, and subscripts 1 and 2 represent the 
SMA and the stress layer, respectively.

The displacement characterization in the cold state is 
performed using FEA by COMSOL Multiphysics soft-
ware. The SMA material used is nitinol (45 % Ti and 55 % 
Ni), with a fixed length and width of 10 and 3 mm, respec-
tively. The thickness of the SMA sheet and the stress layers 
(SiO2, Poly-Si and Si3N4), and the depositing temperature 
are varied according to Table 1.

For the purpose of the analysis, the SMA sheets was 
fixed at one end so that the displacement can be measured 
at the free end as shown in Fig.  1. All the displacement 
measurements were taken at room temperature (21  °C). 
The thermomechanical properties of SMA and stress layers 
are defined as in Tables  2 and 3, respectively (AbuZaiter 
and Mohamed Ali 2014).

3 � Simulation results and discussions

This section presents the simulation results of the thermo-
mechanical behavior of SMA bimorph microactuator. The 
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simulations were performed to determine the displacement 
of the bimorph SMA microactuator by varying the thick-
ness of the SMA and the stress layers, and the deposition 
temperature. The analyses of the characteristics of the 
SMA microactuator are presented in the following sections. 
The performance was evaluated through the amount of dis-
placement it undergoes when the thickness of the SMA and 
the stress layers, and the deposition temperature, were var-
ied (Davis 2005; Johnson and Rowcliffe 1985; Tada et al. 
2000). As an example of FEA, Fig.  2 demonstrates the 
maximum displacement (1057  µm) of the SMA microac-
tuator that consists of a 5 µm layer of SiO2 deposited on a 
70 µm layer of SMA sheet at 400 °C.

The following subsections independently present, the 
effect of varying the thickness of the SMA and the stress 

Fig. 1   The design and working 
principle of a bimorph SMA 
microactuator during hot and 
cold states

Table 1   Microactuator design parameters

Properties Values

Thickness of SMA (µm) 50, 60, … 200

Thickness of stress layer (µm) 1, 2, … 6

Deposition temperature (°C) 200, 250, … 500

Table 2   Thermomechanical properties of nitinol (Davis 2005)

Properties Values

Coefficient of thermal 
expansion (1/K)

6.6 × 10−6 (martensite phase)
11 × 10−6 (austenite phase)

Density (kg/m3) 6450

Young’s modulus (Pa) 20.6 × 109–70.33 × 109

Poission’s ratio 0.3

Table 3   Thermomechanical properties of stress layer material (Fu 
et al. 2005; Johnson and Rowcliffe 1985; Tada et al. 2000)

Properties SiO2 Poly-Si Si3N4

Coefficient of thermal 
expansion (1/K)

0.5 × 10−6 2.6 × 10−6 2.3 × 10−6

Density (kg/m3) 2200 2320 3100

Young’s modulus (Pa) 70 × 109 160 × 109 250 × 109

Poission’s ratio 0.17 0.22 0.23
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layers, and the deposition temperature, on the displacement 
of the microactuator.

3.1 � The effect of the SMA thickness on bending

The mismatch of CTE between the SMA and the stress layer 
material has a significant effect on the displacement of the 
SMA microactuator. In addition, the amount of displacement 
also depends on the thickness of the SMA material. To opti-
mize the SMA thickness, a study was performed by keeping 
the deposited material (SiO2, Poly-Si and Si3N4) thickness 
and the temperature constant at 4  µm and 400  °C, respec-
tively. The results in Fig. 3 show the change in the displace-
ment when the thickness of the SMA structure was varied.

From the graph, it can be seen that increasing the thick-
ness has a negative effect on the displacement. The results 
show that when the thickness of the SMA was 50 µm, the 
displacements were 1859, 1541 and 1512 µm for the Si3N4, 
SiO2 and Poly-Si stress layers, respectively. On the other 
hand, when the thickness was increased to 200 µm, the dis-
placements decreased to 263, 141 and 184  µm for Si3N4, 
SiO2 and Poly-Si, respectively. This variation in the dis-
placement is caused by the change in the stress generated 
between the SMA layer and the stress layer in each case. 
For each material, the reduction in displacement occurs due 
to the increment in the amount of stress that the SMA layer 
can exert when its thickness is increased. A relatively thin 
SMA layer has a very low yield strength, which allows the 
microactuator to achieve higher displacement in cold state 
(Braun et al. 2009). Further observations in Fig. 3 show that 
the amount of displacement dropped dramatically when the 
thickness of the SMA layer was reduced to lower values 
another observation was, the difference in the amount of 
displacement started to slowly converge at higher thickness 
values of the SMA layer. For instance, increasing the thick-
ness of the SMA layer from 50 to 60 µm led to a reduction 

in the displacement by 25.38 %, while it was only 8.72 % 
when the SMA layer thickness increased from 190 to 
200 µm. This was caused by the change in the ratio of the 
thickness of the SMA layer (50–200 µm) to the thickness 
of the stress layer (4 µm), thereby increasing the radius of 
the curvature in Eq. (1).

3.2 � The effect of the stress layer thickness on bending

Some applications require high actuation force, which con-
sequently require higher thickness values of the SMA layer. 
However, a high SMA layer thickness limits the displace-
ment of the microactuator. Thus, varying the SMA layer 
thickness to achieve a specific displacement is not always 
a possible option.

One of the simpler ways to adjust the displacement level 
is by varying the thickness of the stress layer. Figure  4 
shows the displacement of the SMA when the thickness 
of the stress layers were varied between 1 and 6 µm, while 
keeping the deposition temperature and the thickness of the 
SMA constant at 400 °C and 100 µm, respectively.

Fig. 2   FEA displacement result when the deposition temperature is 
400 °C, the SMA sheets with dimensions (3 mm × 10 mm × 70 µm) 
and stress layer (SiO2) thicknesses 5 µm

Fig. 3   Displacement of SMA by changing the thickness of the SMA 
sheet using different stress layers

Fig. 4   Displacements of SMA vs. thickness of stress layer
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The thickness of the stress layer has a positive effect 
on the displacement in contrast to the SMA thickness (as 
described in the previous section). The results indicate that 
when the stress layers thicknesses were increased from 1 
to 6  µm, the displacements showed an increasing trend in 
all the stress layer types used. For instance, an increment 
of 326.23, 216.41 and 162.17 % was observed when SiO2, 
Poly-Si and Si3N4 were used, respectively. The difference 
between the three ratios can be explained as the result of the 
thermomechanical properties of the materials of the stress 
layer (SiO2, Poly-Si, and Si3N4), as stated earlier in Table 1. 
It is indicated that Si3N4 has the highest displacement val-
ues for all the thickness ranges, while SiO2 shows the lowest 
displacement range. However, it is not practical to deposit 
a very thick Si3N4 layer, as the deposition process takes a 
very long time and it may lead to cracking the stress layer 
(Fu et al. 2005). Moreover, Poly-Si shows poor adhesion to 
SMA (Krulevitch et  al. 1996). Thus, SiO2 was considered 
as the most suitable material to achieve good displacement 
with reliable results.

3.3 � Deposition temperature effect on displacement

The deposition temperature of the stress layer contrib-
utes to the level of curvature and the displacement of the 
SMA bimorph microactuator as stated earlier in Eq.  (1). 
This section focuses on analyzing the effect of the tem-
perature using SiO2 as a stress layer, due to its advantages 
over the other materials. The most practical method for 
achieving an optimum displacement is by simply chang-
ing the temperature of the deposition chamber. As illus-
trated in Fig.  5, when depositing SiO2 at different tem-
peratures while keeping the thickness of SMA and SiO2 
layers constant, the displacement amount varied. For 
example, keeping the thickness of the SMA at 70 µm and 
SiO2 at 5 µm, while changing the temperature from 200 to 

500 °C, caused the displacement of the SMA to increase 
by 814.13 µm.

The deflection of each SMA microactuator was a 
result of the strain mismatch between the SMA and the 
SiO2 layers, due to temperature rise. When the tempera-
ture increased, the SMA layer will have both contracting 
and expanding properties due to shape memory effect and 
thermal effect, respectively. On the other hand, SiO2 has 
thermal expansion only, which causes a mismatch in CTE 
between the two layers. As the temperature raised, this 
mismatch increased and caused the SMA microactuator to 
deflect more.

4 � Experimental characterization

This section presents the fabrication process and results of 
three SMA bimorph microactuators with different thick-
ness values of SMA and stress layers.

4.1 � Fabrication process

The fabrication process is divided into four stages as shown 
in Fig. 6. An SMA sheet (SAES Memory, Germany) with a 
transformation temperature of 65 °C and 100 µm thickness 
was used. First, the SMA sheet was covered with a masking 
layer, except for the surface that needed to be etched. Then, 
the SMA sheet was etched in an HNA solution [nitric acid 
(HNO3) 30 % + hydrofluoric acid (HF) 20 % + DI water 
(H2O) 50 %] to reduce the thickness of the SMA sheet to 
80  µm. The etching rate observed was 2  µm/min. In the 
third step, the SMA sheet was cut to the desired dimensions 
by using a micro-electrical-discharge machining (µEDM, 
EM203, SmalTec International, IL, USA), where the length 
and the width of the microactuators were 10 and 2  mm, 
respectively. Lastly, the stress layer (SiO2) was deposited 

Fig. 5   Displacement of different SMA microactuators vs. deposition 
temperature Fig. 6   Fabrication process of the microactuator
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on top of the SMA sheet at 350 °C using plasma enhanced 
chemical vapor deposition (PECVD) with a deposition rate 
of 1 nm/s. Thus, the deposition time of actuators 1 and 2 
was 3500, and 2400 s for actuator 3.

4.2 � Fabrication results

The actuators were fabricated with different thicknesses of 
SMA and stress layers. As shown in Table 4, the first and 
the second SMA actuators have a 4.1 µm SiO2 stress layer 
thickness, and a 100 and 80  µm SMA layers thickness, 
respectively). The third SMA actuator has the same thick-
ness as the SMA layer with the second actuator (80 µm), 
while it has a different stress layer thickness (3.4 µm). The 
results of fabrication are as shown in Fig. 7.

The results from the fabricated device were similar to 
the simulation results. The displacement decreased when 
the thickness of the SMA layer increased, while it also 
decreased by increasing the thickness of the stress layer 
(SiO2). The effect of the thickness of the SMA and the 
stress layers on the displacement is illustrated in Fig.  8. 
It can be seen clearly that decreasing the thickness of the 
SMA layer has a positive effect on the displacement, while 
decreasing the thickness of the stress layer has a negative 
effect on the displacement. These results verify the simula-
tion results presented in Sect. 3. Furthermore, these results 
show that achieving the desired displacement of the SMA 
microactuator can be accomplished by varying the thick-
ness of the SMA and the stress layers.

5 � Conclusion and future work

This paper presented displacement analyses of an SMA 
bimorph microactuator when stress layers were deposited 
onto its surface using a finite element model. The analyses 
were performed in various conditions by varying the thick-
ness of the SMA and the stress layers, varying the deposi-
tion temperature and also by applying different stress lay-
ers. SMA bimorph microactuators have been fabricated 
using a MEMS fabrication process to verify the simula-
tion results. Both the simulation and experimental results 
showed that the displacement of the SMA microactuator 
was increased when the thickness of the SMA sheet was 
decreased. The displacement was also affected by the type 
of the stress layer material and the thickness applied (SiO2, 
Poly-Si and Si3N4). Although Poly-Si and Si3N4 proved to 
have larger displacement, SiO2 is recommended in practi-
cal applications, as it has good adhesion to SMA and depo-
sition of a thick layer is possible. Higher deposition tem-
perature was seen to provide larger displacement. However, 
this will induce excessive stress and might cause cracking 
in the stress layer. In this work, a maximum displacement 
of 804 µm was achieved using a 4.1 µm-thick SiO2 stress 
layer at 400  °C onto an 80 µm-thick SMA structure with 
a length of 10 mm. Future work will include the develop-
ment of a new structure of a micromanipulator by integrat-
ing multiple SMA microactuators. The design will aim to 
develop a micromanipulator with high degree of freedom, 
small size and a simple actuation mechanism. Furthermore, 
the biocompatibility of the SMA bimorph microactuator 
will be considered to extend the range of applications of the 
micromanipulator to medical applications, such as micro-
surgery tools.
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