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A B S T R A C T   

This research demonstrates how a combination of two-way shape memory alloy (SMA), low-temperature liquid 
epoxy cure composites, and fibre reinforced plastic (FRP) may be utilised to create a novel reversible actuator 
with built driven functionality. The novelty of this work is that the actuator can reverse its original shape and be 
mounted on different customized structures. The strategy is based on a knowledge of SMA wires and the 
manufacturing principle underlying composite structure, as well as experiments to see how soft SMA-FRP can be 
programmed to bend. The folding mechanism is studied in terms of fabrication factors such as SMA training and 
strong interfacial bonding between SMA and epoxy resin, which influence the programming process and shape 
change. The two-way SMA wires are trained using the pre-straining method to programme the SMAs. The 
technique has been used to assemble the SMA wires with bond reliability to enhance the actuator interface’s 
thermal behaviour. The SMA elements are directly inserted into FRP strips and epoxy resin is used as an adhesive, 
resulting in dynamic hybrid composites. The module is actuated using an electrical board with a current value 
between 3 and 6 A. The robustness, controllability, mechanical properties, and 500 life cycles of the actuator are 
tested. Results indicate a bending angle of 58◦ with 30 mm of deflection in 7 s after actuating the module. Also, 
3D printing is used to print a gripper inspired by human fingers and a structure to lift various weights. The 
actuator’s performance as a soft gripper is reliable in terms of grasping objects of different shapes.   

1. Introduction 

Soft robots have been inspired by the outstanding functions of ani-
mals, ranging from muscle contraction/relaxation to mobility [1–3]. 
They are capable of a wide range of tasks, including sophisticated con-
trol in enclosed spaces and unfamiliar situations [4]. Soft robots differ 
dramatically from conventional or rigid manipulators in terms of 
mechanisms, fabrication, and control strategies. Soft actuators and 
smart materials with a wide range of capabilities and manufacturing 
processes have been created [5]. Shape memory materials [6], shape 
memory alloys (SMAs) [7], liquid metals [8], hydrogels [9], and 2D 
materials [10], which can be activated by a variety of external stimuli, 
are promising options to be used as a soft gripper. The power of soft 
robotic grippers is derived using magnetic and/or electric fields, pneu-
matic and/or hydraulic actuators, and thermal actuators [11–13]. 

SMAs are classified as smart materials as they can undergo direct 
electrothermal actuation with high durability. Also, SMA actuators have 
a number of benefits, including low driving voltages, biocompatibility, 

compact size, and noise-free operations, making them ideal for a wide 
range of applications [14,15]. SMAs are a class of heat-activated smart 
materials that rely on the shape memory effect. This means that to make 
the actuator move quickly, a high current is employed to produce 
different robots or complex deployable structures [16–18]. However, in 
real-world applications, their performance is unsatisfactory [19,20]. 
The nickel-titanium (NiTi) alloy has been widely employed in the design 
of SMA actuators because of its improved strain properties (up to 7 %) 
[21]. 

A solid-state shape transition causes the shape memory effect (SME) 
in a SMA. A SMA is austenitic (hard) and martensitic (relatively soft) 
above and below a particular transition temperature, respectively 
[22–24]. A twinned structure is formed by the material grains. The alloy 
may be readily deformed to a new shape in the martensitic phase, and 
the crystalline microstructure de-twins as grains reorient [25,26]. As 
long as the temperature remains consistent, the new form will persist. 
The alloy converts back to the austenite phase if it is heated above the 
transition point, regaining its previous shape [27,28]. SMAs differ in 
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their shape-memory effect. One-way and two-way shape memory are 
two frequent phenomena. While costly training is required for the 
two-way effect, basic pre-straining is sufficient for the one-way effect. 
When a one-way SMA is cold, it may be bent or stretched and retain its 
shape until it is heated over the transition temperature. When heated, 
the form returns to its original state [29]. 

Despite the limited linear stroke of SMAs, a large deformation can be 
achieved by integrating them into a polymeric matrix [30,31]. In a 
single actuator, numerous SMA wires can be employed to create twisting 
or bending [32,33]. Also, SMAs are attractive alternatives for light-
weight devices and particular applications where design space is limited 
because of their comparably low specific weight. As an example, Lee 

et al. [34] developed a wire-based SMA soft actuator with a length of up 
to 350 mm, which was able to bend up to 400◦ with 0.89 N tip force. 
Modabberifar et al. [35] utilised a SMA-wire-based actuator to put a 
shear strain on the gecko-like adhesive pads in a gripper for grabbing flat 
items. Liu et al. [36] proposed a novel SMA-based three-finger gripper 
with variable stiffness. Results indicated that the gripper grasped items 
of various shapes and weights, and the gripper’s maximum force was 
raised by nearly ten times by employing the variable stiffness joints. Niu 
et al. [37] developed SMA/PDMS soft actuators with dual-stimulus 
responsiveness. This study showed that instead of using linked SMA 
wire configurations, the gripper allowed for reversible actuation using 
only single SMA wires. 

Fig. 1. Schematic of (a) simple tensile test of SMA wire and (b) training of SMA wire. (c) Clamping SMA wire and (d) experimental procedure of SMA training 
using weight. 
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Fig. 2. (a) 3D schematic of the SMA actuator’s components. (b) Integration of the SMA actuator with adhesive epoxy. (c) Electrical current direction in the SMA grid. 
(d) Final SMA-FRP actuator. (e) Cantilever behaviour of SMA and FRP. 

Fig. 3. Design of the 3D printed (a) gripper and (b) base structure.  
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Fibre-reinforced plastics (FRP) have been widely used in different 
applications due to their high performance and properties [38,39]. In 
the realm of actuator materials for active composites, SMAs provide 
prospective performance in terms of achievable strain and stress. As a 
result, it is possible to combine them with other materials. SMA wires 
are frequently inserted into various matrix materials, such as epoxy resin 
and laminated FRP composite materials, to create an intelligent com-
posite or smart structure. The specific energy density is the most 
important technical parameter in the application of shape memory 
materials in FRP. SMA has a greater specific energy density (10 MJ/m3) 
than shape memory polymer (SMP) (0.1 MJ/m3) [40]. Hence, SMA is a 
promising material for quick actuation of FRP with reasonable shape 
deformability. Furthermore, they have exceptional chemical stability, 
low brittleness, and thermomechanical characteristics, making them 
ideal for use in adaptable FRP constructions [41]. 

Rogers et al. [42,43] pioneered the use of SMA wires in FRP con-
struction in the early 1990 s. Many studies have looked at incorporating 
SMAs into composites since then [44–46]. Ashir et al. [47] developed an 

adaptive hinged FRP (AHFRP) integrated with SMA hybrid yarn. Results 
showed that by extending the hinged width of AHFRP by two and three 
times from the hinged width of 40 mm, the maximum deformation was 
raised to 42.7 % and 64.6 %, respectively. Mersch et al. [48] created 
SMA-based elastomeric actuators which were able to achieve a bending 
angle of 270◦ at a power input of 18 W. Araújo et al. [49] manufactured 
carbon-fibre-reinforced polymers (CFRP) integrated with NiTi SMA wire 
actuators in a single direction. The samples exhibited standard thermal 
buckling behaviour, which caused the beam specimen’s tip deflection to 
increase as the temperature rose to 100 ◦C. A bigger and more stable 
decrease in thermal buckling was found in CFRP integrated with SMA 
wires. A specified deformation in a FRP may be introduced with little 
effort by using a SMA wire as an actuator. However, there are some 
difficulties to clamp the SMA wire due to the slippage. Bettini et al. [28] 
demonstrated how to resolve difficulties with SMA wire embedding in 
carbon fiber/epoxy laminates. Two stable conformations can be found in 
an unsymmetrically thin FRP sheet. One of these conformations has high 
stiffness against compression for a certain load direction, whereas the 

Fig. 4. (a) Schematic of electrical board to control the actuator. (b) Output voltage and force curve of FSR sensor using different weights.  
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other is already bent, resulting in low stiffness against deformation. It 
helps SMA wires bend the composite structure easily by joule heating 
and enables high forces and a deflection of several percent. To achieve 
optimal performance in integrated SMA–FRP composite structures, 
several aspects must be considered. It is necessary to examine the 
actuator components’ activation and manufacturing processes. 

In this study, we show how integrated SMA wires with FRP can be 
used as actuators to drive a polymeric matrix. The feature of this smart 
module is the reversibility and high energy density of two-way SMA 
wires [50]. This gives designers more flexibility when it comes to 
developing actuators that meet the requisite bending angle and force 
parameters. The pre-straining test is used to characterise and pro-
gramme the SMA wires mechanically. Electrical activation of the actu-
ator in a rectangular shape and the performance of the SMA wires in the 
FRP module are investigated to verify bending deformation and force 

effects. The advantage of this actuator is that it can be mounted on a 
customised structure with different shapes. Also, this SMA module is 
mounted on a 3D-printed structure and used to grab a variety of items. 
The key contributions of the essay are listed below:  

• Studying the characteristics and mechanical properties of the two- 
way SMA wires.  

• SMA wire training is conducted using a pre-straining method to 
programme the NiTi alloys.  

• Development of a novel composite structure using SMA wires and 
composite plastics and resin which can be mounted on different 
structures.  

• Design and manufacturing of fast responsive composite-based 
actuator. 

Fig. 5. (a) Stress-Strain of the SMA wire. (b) Contraction and expansion of the SMA wire. (c) Stress-strain curve of heat-activated contraction of the SMA wire. (d) 
Phase transformation of the trained SMA wire. 
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• To operate the actuator and provide data, a control system, bending, 
and force sensor are developed.  

• Design and 3D printing of structure and a gripper inspired by human 
fingers to evaluate the performance of the actuator.  

• The performance of soft actuators in terms of bending, tip force, and 
the life cycle is measured using experimental data for both design 
and manufacturing processes.  

• The ability of the actuator as a gripper is investigated accordingly. 

2. Materials and method 

2.1. SMA training 

The pre-straining, as well as any other treatment of the actuators 
throughout processing, must be done with the overarching goal of as-
suring actuating functionality. A SMA round wire with a 0.5 mm 
diameter from SmartFlex® is used in this work. The SMA wires feature 
some portion of the two-way effect. However, the use of a bias force is 
required to fully and timely recover the cold length. To eliminate any 

earlier active deformation, the SMA wires are heated up to 120 ◦C (well 
above the activation temperature) with a current of 6 A, and then cooled 
to room temperature [49]. Then, a Shimadzu AG-X plus machine is used 
and TRViewX records displacement accordingly. First, to estimate the 
stress level for the thermal cycling under the continuous load training 
technique, a simple tensile test is performed with a 100 mm SMA wire at 
room temperature with a strain rate of 1 mm/min. The pre-straining 
training is accomplished to programme the SMA wire before patching 
on FRP [49,51]. 

A 50 mm free length of SMA wire is chosen while one side of it is 
attached to the clamp and the other side is loaded. A TENMA DC power 
supply is used to heat up the wire for different cycles with a current of 3 
A using patches of metal in the isolating clamps. Fig. 1(a) and 1(b) show 
the schematic of the experimental procedure. During the straining of 
thin SMA wires, the forming strain, and their expansion can be moni-
tored. Two KANT TWIST clamps are used to clamp the SMA wires as 
shown in Fig. 1(c). The second clamp is just for adjusting the wire and 
the needed length throughout the procedure. The holders’ materials are 
plastic and wood. Fig. 1(d) shows the components of SMA training 

Fig. 6. (a) Deflections of the SMA-FRP actuator in different stages with a current of 3 A. (b) Measured deflection of the actuator with 3 A. (c) Thermal buckling of the 
actuator with and without air. 
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Fig. 7. (a) Force measurement using FSR sensor. (b) Bending angle of the actuator using 3 A current in different stages. (c) Actuator’s tip force in different stages with 
5 % error. 

Fig. 8. (a) Tensile test of the actuator in different stages. (b) Tip deflection and (c) temperature recordings during fatigue tests.  
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accordingly. The same clamps are used for the tensile test and two-piece 
rubbers are used to isolate the clamps to achieve accurate results. 

In each test, the wire is repeatedly heated to a hot condition and then 
cooled with outside air. With regard to the hot state, it is made sure that 
the temperature is over 70 ◦C, which is significantly above the transition 
temperature, and that the actuation movement has come to a complete 
halt. For the cold state, a temperature of 25 ◦C is set. With regard to the 
cold state, a temperature of 26 ◦C was established. SMA elongation is 
measured by TRViewX to guarantee that the whole strain of the SMA 
wire is recorded. The electrical resistance is determined by recording the 
activation current and voltage drop along the wire, and the temperature 
is monitored using a thermometer. The goal of these procedures is to 
determine the SMA material’s maximum possible actuation performance 
for a single actuation. The wire is heated to a hot state many times 
throughout each test, and then cooled with air. The temperature should 
be well above the transition temperature, and the actuation motion is 
stopped at some point. The integration of SMA with FRP is discussed in 
the next section. 

2.2. Integration of SMA with FRP 

For all the trials, a similar test setup is employed. Apart from the high 
actuation stresses that can be achieved, there are significant benefits in 
terms of FRP integration when SMA material is utilised in wire form [39, 
52,53]. A flat FRP sheet is bent by SMA wire actuators to illustrate the 
performance of SMA-FRP composites. FRP allows for the creation of a 
bistable structure using an asymmetric layup in different applications. 
As a result, a thin sheet made asymmetrically has two stable confor-
mations. One of these conformations has high stiffness against 
compression for a certain load direction, whereas the other is already 
bent, resulting in low stiffness against deformation. The actuator module 
is worked with a simple electrical connection while it has minimal size 
and weight. The ideal active SMA-FRP structure is achieved which has a 
repeatable actuation cycle with high deformation. 

Fig. 2(a) shows the schematic of the manufacturing procedure. The 
wire clamping procedure is the same as reported in Araújo et al. [49]. 
Copper wires are soldered to the SMA wires to ensure an equal distri-
bution of electricity throughout the sample. This allows for better 
stiffness, strength, and electrical contact at the same time. Equal size of 
threads is used with a distance of 1 mm to have a better stable actuator. 
A glass fibre-reinforced plastic (GFRP) is used as a cover for the whole 
actuator. The use of a GFRP guarantees that appropriate electrical 
insulation is maintained. Then, the SMA grid is pressed with an adhesive 
curing epoxy resin (Araldite) with green dye colour and hardener at 
room temperature for 48 h. The operating temperature of epoxy resin, 
FRP, and GFRP is up to 150 ◦C which prevents melting while the SMA 
wires are heated. Extra layers of FRP are employed on two sides of the 
actuator to increase the adhesive bonding and stability in loading (See 

Fig. 2(b)). The size of the actuator is 70 mm in length, 20 mm in width, 
and its weight is 3 g. 

Any hot-curing procedure that exceeds the austenite finish (Af) 
temperature causes the structural phase transition in the SMA material. 
Precautions must be taken during the manufacturing process to avoid 
the shape changing and the resultant actuating action. In this system, the 
entire structure is powered by only two electrical connectors (see Fig. 2 
(c)). If the stiffness of the structure, the temperature, and the applied 
strain of the SMA actuator are all the same at every place, a homogenous 
deformation is obtained using an integrated structure. The thickness of 
the whole product should not be more than 2 mm which provides dif-
ficulties in bending or failure without buckling. Hot curing activates 
SMA wires; hence, the adhesive epoxy contact between FRP and SMA 
filaments must be cured at a low temperature. The final actuator is 
shown in Fig. 2(d). Finally, the actuator is tested under a tensile test with 
a strain rate of 1 mm/min to investigate its mechanical properties. 

The contact between the implanted SMA actuator wire and the sur-
rounding adhesive matrix induces a stress distribution. Because of the 
abrupt increase in stiffness, the stress concentrations near the margins 
are highly noticeable. One way to ensure this loading in the joint is to 
distribute stresses across a suitably broad surface area, for as by reducing 
the diameter of the SMA wires. A gradient in the stiffness of the structure 
or the adhesive layer, on the other hand, can be added to prevent stress 
concentrations. It should be noted that the stress levels produced by the 
SMA components are very different when SMA contraction is signifi-
cantly decreased and the distance to the neutral fibre is short or low SMA 
contraction and a long distance to the neutral fibre. The SMA parts will 
function at a considerably greater stress level since they are located close 
to the neutral axis as shown in Fig. 2(e). 

2.3. 3D printing procedure 

3D printing is used to fabricate structures to show the capabilities of 
the developed actuator. Fused deposition modelling (FDM) is the most 
suited technique among the 3D printing technologies used due to the 
high accessibility, low cost, and creation of complicated geometries with 
different material resources [54]. The technology prints samples layer 
by layer from the bottom with an abundance of material choices, from 
plastic to metal alloys. A filament wire is melted and quickly placed on a 
flat platform to create a cross-sectional feature of the desired product. 
The procedure is continued indefinitely, with layers on top of layers 
forming a solid item. The FDM prints a gripper which replicates human 
fingers as shown in Fig. 3(a) followed by a base structure (Fig. 3(b)) to 
evaluate the actuator performance. The material to print structures is 
black polylactic acid (PLA) filament with a 2.85 mm diameter from 
Ultimaker. PLA is used due to its sustainability and biodegradability. It 
has quite low strength and low fatigue resistance which makes it a good 
option for robotic applications. The Cura 4.13 software is used to slice 
and generate G-codes which can be read by the 3D printer. The Ulti-
maker S3 machine prints base structures accordingly. The structures are 
printed with constant parameters of 0.15 mm layer thickness, 100 % 
infill density, linear pattern, 210 ◦C nozzle temperature, 60 ◦C bed 
temperature, and 0.4 mm nozzle diameter. After printing, the actuators 
are mounted on the structures with screws and hexagonal nuts to eval-
uate their performance. 

2.4. Controlling the actuator 

To actuate the composite actuator, an electrical board is being built. 
The system is programmed using an open-source Arduino board. An 
electrical relay switch is used to turn on and off the actuators. In the 
meantime, the relay switches off the input current as soon as the actu-
ator reaches its maximum bending. Fig. 4(a) depicts a schematic of the 
system. A video camera is used to capture the actuator’s action, and a 
bending resistive sensor is used to measure the bending angles. During 
the procedure, the actuator is horizontally clamped, and data is captured 

Fig. 9. Overheating damage to the actuator.  
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Fig. 10. (a) Lifting weights using the SMA actuator. (b) Trajectory path of the actuator module bending.  
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concurrently. The actuator’s produced force is also measured using a 
force-sensing resistor (FSR). To acquire precise results in terms of 
actuator force, the force sensor is calibrated using the voltage divider 
approach. Fig. 4(b) shows how various weights are used to determine 
the force sensor’s resistance. The sensor’s resistance steadily decreases 
when the weight is increased. This calibration is used to accurately 
measure each actuator’s tip force. Kinova software is also utilised to 

record motion and produce soft actuator trajectory paths. 

3. Results and discussions 

3.1. Training of SMA wires 

Because the hybrid composite structure (epoxy resin) is cured at 

Fig. 11. Gripper in the vertical position gripping (a) rectangular metallic bulk and (b) different objects.  
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room temperature, only the training process is of importance. The hot- 
pressing technique may actuate the SMA wires during the curing of 
epoxy resin. This activates the SMA wires and as a result bonding is 
failed. The stress-strain behaviour of NiTi SMA wire is shown in Fig. 5 
(a), along with the critical stresses that initiate and complete martensite 
reorientation. Stress levels of more than 300 MPa have been proven to 
generate full martensite reorientation in this case. Also, Fig. 5(b) illus-
trates the contraction of a trained 50 mm SMA wire. The introduced 
strain might range from 1 % to 6 % depending on the application’s 
needs. The trained SMA wire’s electrical activation under continuous 
tensile tension is studied. A tensile test imposes a maximum strain of 12 
%. The actuation capability of the SMA wire is limited by the top strain 
limit of the detwinning plateau of the martensitic phase, which is around 
6 %. Fig. 5(b) shows that increasing the electrical current up to 3 A, 
increases the SMA strain up to 3.2 %. The electrical current hysteresis 
decreases in tandem with the increase in memory effect. The trained 
SMA wire is activated around 0.5 A and terminates at 3 A. 

Fig. 5(c) depicts the total contraction of the material during the 
heating process, which reaches 3 % at 220 MPa. The hot and cold state 
lines are shown accordingly. The entire process is shown for both load 
situations, beginning with the introduction of start strain followed by 
the initial heating and five further heating and cooling cycles. Step 1 is 
the strain of the SMA wire up to 250 MPa using a load which is close to 
the training stress. Subsequently, step 2 is the initial heating of SMA wire 
around 80 ◦C. Step 3 is the contraction of the first heating. Steps 4 and 5 
are the heating and cooling cycle up to 1.3 % strain. The second 
contraction noticeably increases as the stress level rises over the stress 
plateau in the martensitic phase. The results of the resistance test and 
wire temperature are shown in Fig. 5(d). The martensite start (Ms), 
austenite start (As), and austenite finish (Af), temperatures are shown in 
Fig. 5(d). These critical temperatures correlate to the beginning and end 
of the austenite to martensite transformation during cooling, as well as 
the beginning and end of the martensite to austenite transformation 
during heating. Due to the wire’s reduced contraction, the austenite 
phase’s resistance rises. Hence, to cover a wide range of actuation fields 
using the resistance model, alloy system, heat treatment, and type of 
training must be modified in the model based on the mechanical 
characteristics. 

The data provides information that the rising mechanical stress has 
essentially little effect on the austenite initiation temperature. These 
findings need to be taken into account the actual loading circumstances 
when characterising the SMA, especially as the austenite start temper-
ature is impacted by the applied load during static loading. A contrac-
tion of 3.2 % is resulting in a deflection for an actuator with a length of 
50 mm, which can withstand substantial buckling under pressure load. 
However, the final deformation can be greater when the number of wires 
in the structure is increased. The entire amount of actuation strain for 
wires is determined throughout this procedure. 

3.2. Actuator’s bending and force 

In fact, it is difficult to achieve completely uniform heating and 
prevent elongation and contraction effects at the same time in the SMA- 
FRP structure. A combination of SMA with a thin structure with medium 
stiffness leads to a good deflection with reliable stability. The point is to 
place the SMA wire near the neutral axis which leads to a higher stress 
level in the SMA wires. Due to the highest fracture strain and the lowest 
modulus, epoxy resin is a great option as a base structure. Since the 
working temperature of the FRP structure is 150 ◦C, the deflection of the 
SMA-FRP actuator is investigated to find out the behaviour of the 
actuator. The bending angle of the actuator is the actuator performance 
that is most immediately influenced by utilizing the SMA wire. The 
bending actuator works because the SMA wire is arranged at the shifted 
location of the neutral axis when they are activated. 

The deflection of the actuator with the electrical current of 3 A in 
different stages is shown in Fig. 6(a). The deflection of the actuator is 

recorded from the beginning to the end of the procedure. The maximum 
deflection occurs in 7 s by switching on the electrical power. After that, 
the electrical power is turned off and the actuator returns to its original 
shape. The recovery timing of the actuator is 40 s after turning the 
power off. Retaining to the original shape happens when the SMA wires 
are started to cool down with the generated force from FRP base 
structure. The maximum deflection of the actuator is 30 mm as recorded 
and shown in Fig. 6(b). Also, the bending angle is around 58◦, which is 
good enough to be used as a gripper. The actuator creates a bending 
deformation with no torsion. Due to the actuator’s capacity to bend 
freely within the restricted structure, the results reveal that the SMA’s 
contraction is dispersed evenly on the FRP structure. 

As stated in the datasheet of SMA wires, it is possible to increase the 
electrical current up to 6 A and more. This helps to decrease the heating 
time of SMA wires and results in faster bending of the actuator. No 
differences in bending are observed with a current of 6 A, and the 
actuator deflection is the same as in 3 A. However, increasing the cur-
rent (I) leads to a faster heating time, which can damage the FRP. In fact, 
higher temperatures melt the FRP structure. The temperature is recor-
ded to evaluate the relation between electrical current and temperature 
in terms of timing. The temperature of SMA alloys is around 100 ◦C at 
maximum deflection with the value of 30 mm. The response of the 
actuator is fast enough, however, after switching off the electrical cur-
rent, it takes time for the actuator to recover to its original shape. Hence, 
an air compressor is used to make the actuator cool down faster after 
switching off the electrical source. The airflow with the pressure of 1 bar 
is used as soon as the electrical power is cut off. Fig. 6(c) depicts the 
temperature and deflection of the actuator composite in response to the 
electrical current of 3 A and 6 A with and without airflow. The same 
bending angle is also recorded for 6 A, while the bending time is reduced 
significantly. 

The bending angle is limited because the actuator folds against a 
2.5 mm thick FRP matrix. Using this method, it is feasible to select the 
required matrix shape in order to achieve the necessary deformation. 
When the FRP matrix limits the active length of the SMA wire, thicker 
matrixes create smaller bending deformations, reducing the utility of the 
actuator despite being capable of higher forces. Hence, using longer 
SMA wire may increase the bending angle. By utilising a longer actuator, 
it is also feasible to maintain the same bending deformation with a 
thicker matrix, allowing the actuator’s force to be scaled up even 
further. 

The results reveal that the air is highly effective in recovery form. 
The air decreases the recovery time of SMA-FRP from 47 s to 20 s with a 
3 A electrical current. Also, the same tests are conducted for 6 A current. 
The experimental deformation for the actuator operating at 100 ◦C is 
30 mm. It is also feasible to enhance the deflection by heating the SMA 
material to over 100 ◦C. The bending angle and generated force of the 
actuator are also recorded until the maximum bending angle is achieved. 
Force measurement is conducted using FSR as shown in Fig. 7(a). Fig. 7 
(b) and 7(c) show the actuator can bend up 58◦ to and generate force up 
to 83 g with a 5 % error using a 3 A current. 

3.3. Mechanical properties and fatigue test 

The actuator’s behaviour is recorded under the tensile test. Fig. 8(a) 
shows the force-displacement curve and behaviour of the actuator 
accordingly. Results indicate that the actuator is strong enough due to 
the existence of SMA wires to carry heavy loads without failures. The 
conducted results show that the failure occurs in the epoxy structure and 
the structure is started to tear apart after 300 N force. However, the SMA 
wires are not broken, and they tolerate the tensile load afterwards. Also, 
a fatigue test is conducted on a single actuator 500 times to determine its 
cyclic behaviour. A relay switch is used to turn off and turn on the 
current. The temperature is recorded using a thermometer and deflec-
tion is recorded using the bending sensor. The tip deflection is seen in 
Fig. 8(b) as it progresses 500 times. The deflection ranges between 18 
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and 25 mm. For the last cycles, there was no evidence of a reduction in 
deflection. The cooling of the system is the limiting element for the 
dynamic behaviour due to the temperature-based effects of SMA. The 
temperature is also recorded using a thermometer to evaluate the 
changes after 500 times (see Fig. 8(c)). The results indicate the tem-
perature has not changed and it has been constant. This demonstrates 
that the system can operate for many cycles without performance 
degradation. For the current design, however, a further rise in SMA 
element contraction for temperatures beyond 100 ◦C might result in 
permanent bending of the FRP composite or damage to the actuator. The 
heat results in melting of the epoxy and GFRP structures as shown in 
Fig. 9. However, the system is able to actuate, but due to the non- 
uniform distribution of stress in the structure, the bending deflection 
is not uniform. 

3.4. Actuator’s performance 

The actuator is mounted on the 3D-printed structure to evaluate the 
strength of the SMA actuator in lifting different weights. The actuator is 
attached to the 3D-printed sample using screws and nuts. Different 
weights, ranging from 20 g to 150 g, are used to be lifted up with the 
SMA actuator. The electrical current is set to 3 A giving enough time to 
lift the weights. Fig. 10 illustrates the mechanism of the actuator in 
lifting different weights in two conditions. The actuator can lift 150 g 
without any issues. However, increasing the weight loads leads to lower 
bending due to the restricted force. The deflection is also recorded to 
measure the bending of the actuator. Fig. 10(b) shows the bending 
trajectory path of the SMA actuator in lifting different weights. The 
deformation is almost 30 mm with the presence of 20 g and 50 g 
weights. Meanwhile, the deformation is decreased to the value of 23 mm 
and 22 mm when 100 g and 150 g loads are applied. Due to the high 
energy density of the SMA materials, which makes them less susceptible 
to fluctuations in loading, the changes in deformation are minor. 
Meanwhile, the buckling between the 3D-printed structure and the SMA 
actuator is visible due to the force that is generated from the actuator. 
This can be prevented by using glue or by applying more restrictions 
between SMA actuator module and 3D-printed structures. The generated 
force is reliable enough to be used as a soft robotic gripper. 

Because of the bending deformations and tip forces described pre-
viously, a robotic gripper with the actuator is able to have better- 
grabbing performance. The use of an actuator and a 3D-printed 
gripper necessitates a routing solution in order to create a compact 
gripper that may be used in a variety of applications. The two parts are 
assembled in a modular fashion to create a gripper with the required 
form and number of two fingers. The advantage of this actuator is that it 
can be mounted on a customised structure with different shapes. The 
fundamental configuration investigated in this study is a two-finger 
grasper in parallel. The module is tested for 50 cycles with 10 s of 
heating and 15 s of cooling time. Due to heat accumulation inside the 
matrix, the bending angle increases during cooling. However, after 
complete cooling, the actuator restores its original unactuated bending. 
The actuator’s grasping ability is evaluated by grabbing items of various 
shapes and weights with a fixed current of 3 A applied to the SMAs. 

The basic purpose of soft grippers is to be able to capture items of 
various forms, sizes, and weights. The gripper is tested in the vertical 
position. The gripper can be subsequently attached to a robotic arm as 
the end-effector. The gripper is suited to grasp different cylindrical and 
rectangular items. The gripper successfully handled and released a 
rectangular metallic shape weighing 300 g as shown in Fig. 11(a). The 
objects are examined with weights ranging from 20 to 300 g (see Fig. 11 
(b)). Despite the use of the SMA-FRP actuator, the developed actuator 
can be simply integrated into a robotic arm. The SMA wires are attached 
to the polymeric matrix and are in contact with the matrix throughout 
the SMA wire-based soft actuators. Various designs have been proposed 
to overcome the constraint and generate reliable deformations, but often 
the generated force is not enough to lift weights. Mounting this actuator 

into customized structures can be used in different applications. 
In brief, the deflection of 30 mm appears to be confirmed by the 

maximum deformation of the actuator, with the possibility of additional 
bending. Additional bending can be achieved by modifying the 3D 
printed design. This result happens only if the 3D-printed structure can 
bear complete deflection without failure. Hence, more adhesive bonding 
improvements are required to have a more flexible structure. This study 
demonstrates the key impacts of soft actuators on the experimental 
description of SMA–FRP structures. The SMA wires are bonded to the 
framework in a repeatable manner thanks to our manufacturing tech-
nique. To alter the distance between the SMA actuator module and the 
3D-printed structure, the thickness of layers beneath the actuator wires 
might be utilised. The bonding of the actuator to the structure needs to 
be investigated in the future since measurements of the actuation 
behaviour of various pre-strain values reveal the SMA wire’s consider-
ably increased actuator performance. 

4. Conclusion 

Because of the high actuation stress of SMA, they are suitable can-
didates for combination with high-performance FRP composites. In this 
study, a soft SMA-FRP actuator was developed, which can be mounted 
on various structures. Pre-straining of SMA wires was discussed to 
programme the wires before inserting them into the FRP matrix. As-
sembly is simpler since only two electrical connections are required. An 
electrical current with a value of 3 A was used to actuate the actuator. 
The performance of bending and deformation of the actuator was 
evaluated. Tensile tests were conducted on SMA wires and SMA-FRP 
structure to investigate their properties. An electrical board was devel-
oped to control the actuator and record the bending angle and generated 
force. A bending angle of 58◦ and 86 g force were achieved with 30 mm 
maximum deformation. The recovery time was also investigated, and 
airflow cooling was highly effective in reducing cooling time. The fa-
tigue test of the actuator in terms of deflection and temperature is also 
evaluated using 500 cycles. The FDM process was used to print a gripper 
inspired by human fingers and a structure for lifting weights. The 
actuator was able to lift the weights from 20 g up to 300 g with different 
shapes. Also, the SMA actuator was mounted on the 3D-printed gripper 
and was able to pick and release the objects without issues. The pro-
posed actuator can be used in different applications due to the promising 
features such as high bending and the capability of mounting on 
different structures. Further development of this actuator in terms of a 
softer actuator with reasonable bending and stiffness can be investigated 
as well. The focus of future development will be on identifying and 
implementing the most promising applications that will considerably 
boost the product’s value. 
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