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Design and modelling of a reversible shape memory alloy torsion 
hinge actuator 

Qiang Liu *, Sepideh Ghodrat , Kaspar M.B. Jansen 
Emerging Materials Laboratory, Department of Sustainable Design Engineering, Faculty of Industrial Design Engineering, Delft University of Technology (TU Delft), 
Landbergstraat 15, 2628 CE Delft, The Netherlands   
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A B S T R A C T   

Conventional hinge actuators often face limitations including excessive weight, large size and unpleasant noise. 
Shape memory alloys (SMAs) offer a solution to address these issues due to their favorable characteristics, such as 
lightweight, high actuation force and small form factor. However, most existing SMA-based hinge actuators rely 
on the tension loading mode. Achieving an ideal actuation angle thereby necessitates the inclusion of long SMA 
wires, which inadvertently constrains the actuator size. Notably, the full potential of SMAs’ deformation ca-
pacities, encompassing torsion and bending, remains largely untapped and underutilized. 

In this research, a reversible torsion SMA hinge actuator is studied, which can reversibly open 60◦ during 
heating and cooling. The actuator weighs 2 g, and can produce actuation forces of up to 5 N. The mechanical 
performances of nitinol at different temperatures are measured. Based on the measurements, a model which can 
predict the opening and closing angle is proposed, with deviations of 13.5 ± 8.2 %. Gripper and butterfly 
demonstrators constructed by the hinge actuators are given as application examples. The actuators hold potential 
in many fields like soft robotics, aerospace and medical instruments.   

1. Introduction 

Mechanical actuators serve to transform various types of input en-
ergy into mechanical motion [1]. During the 1960 s and 1970 s, early 
iterations of these devices predominantly featured arm-like manipula-
tors that employed electric motors or pneumatic and hydraulic actuators 
[2]. Despite offering benefits such as precise control and high actuation 
force, conventional actuators are often bulky, expensive and noisy, thus 
constraining their application scenarios. In addition, pneumatic and 
hydraulic actuators necessitate frequent maintenance due to their 
sensitivity to contamination [2]. To develop portable, lightweight, and 
adaptive devices, some researchers are exploring the integration of 
smart materials into mechanical actuators [3]. Recent advancements 
include the applications of shape memory alloys (SMAs) and shape 
memory polymers (SMPs). These materials have numerous advantages, 
including lightweight, small form factor, simple structure, and wide 
selection of actuation force [2,4–6]. 

Hinges and rotary joints, as prevalent forms of mechanical actuators, 
find widespread application in various fields, such as foldable mecha-
nisms for industrial manipulators and robotics. Smart materials have 
been used to exploit smart hinges in some research. For example, 

Yamamura et al. proposed a large-deformation hinge that combines 
shape memory polymer with a soft elastomer [7]. More studies on shape 
memory polymers and their composites indicate promising applications 
in areas like packaging [8], solar arrays [9] and assembly structures 
[10]. SMP-based hinges offer the advantages of being lightweight and 
capable of large deformation, but they produce low actuation force, and 
need additional heating circuits or other types of external stimulus [4]. 

Shape memory alloys are a type of smart materials which can recover 
to their pre-trained shapes upon heating. They have been used in a va-
riety of fields including aerospace [11,12], medical [13,14] and smart 
wearables [15–17]. SMAs present an option for creating lightweight 
hinges with small form factors and high actuation forces. Pre-stretched 
SMA wires can generate 4–8 % of shrinkage as well as a relatively 
high actuation force when heated. Some researchers take the advantage 
of this property to develop tension-driven hinges [4,18,19]. Typically, 
such hinges are composed of SMA wires, rigid parts and strip-shape 
rubbery elements (see Table S1 and Fig. S1 (d) in supplementary in-
formation). The length of the SMA wires significantly affects the bending 
angles of the tension-driven hinges. Owing to the limited contraction 
strain of the SMAs, these hinges are often designed to be thin and strip- 
like (e.g. 20 cm long) to accommodate enough wire length. Additionally, 
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some researchers developed bending-driven hinges based on the 
bending deformation of SMA [20–22]. Bending-driven hinges that use 
large-diameter SMAs can be engineered with a compact form factor 
while delivering substantial actuation force. However, to prevent frac-
ture at the bending position, the SMA wires or plates must be bent with a 
larger radius, which consequently results in increased hinge thickness. 
Torsion-driven hinges represent another category of hinges that exploit 
the torsional deformation properties of SMAs. These hinges are compact 
and capable of generating high actuation forces. Related research can be 
found in [23]. More details of the three categories of SMA-based hinges 
are provided in the supplementary information. 

A reversible torsion SMA hinge actuator is investigated in this paper. 
As depicted in Fig. 1, the hinge comprises two nitinol wires. The first 
wire (SMA, coloured blue) acts as the actuator wire and has an initial 
training angle of 180◦. The second wire is a superelastic wire (SE, col-
oured red, pre-trained angle 0◦) which supplies the antagonist force. 
Superelastic materials are SMAs which are already actuated at room 
temperature. When an SMA wire and an SE wire are combined at room 
temperature, the hinge finds an equilibrium position with an angle 
somewhere close to the SE’s original angle (denoted as θmin in Fig. 1). 
When the actuator hinge is heated above the SMA’s transition temper-
ature, SMA is actuated, driving the hinge toward its pre-trained angle 
(180◦), and balance with the SE wire at θmax. Therefore, throughout the 
heating and cooling cycles, the actuator hinge can repeatedly alternate 
between two pre-set actuation angles. The actuation span Δθ is defined 
as the difference between the θmax and θmin. 

The proposed hinge actuator in this paper is a torsion-driven hinge, 
where the actual deformation occurs in the torsion part as illustrated in 
Fig. 1. Koh et al. presented a similar configuration, comprising two pre- 
trained SMA wires [23]. By alternately activating the two SMA wires, 
the desired hinge deformation can be achieved. They also proposed a 
constitutive model based on the model of Liang et al. [24] to predict the 
angle-torque relationship. This model involves complex molecular-level 
parameters such as the thermodynamics of nucleation, critical strains 
and transformation tensors [25], which makes it less practical to apply. 
Compared to using two SMA wires, the reversible torsion hinge actuator 
presented in this article consumes less energy, because it does not 
require additional heat sources for shape recovery. In addition, the two 
wires overlap and are situated in the pivoting line, resulting in a hinge 
structure with an extremely small form factor. 

In this article, we develop a lightweight reversible torsion hinge 
actuator which requires a single heating source, and propose a 
phenomenological model to predict their actuation angles based on 
given material properties and geometric parameters. The influences of 
the SMA pre-trained angle and torsion length on the hinge actuation 
angle are investigated. The structure of this paper is organized as fol-
lows: Sections 2 and 3 detail the materials and testing methods, while 

section 4 presents an analysis of the experimental results. A model of the 
SMA-based torsion hinge actuators is proposed in section 5, followed by 
a validation study in section 6. Finally, the influences of SMA pre-trained 
geometric conditions on the hinge actuator angles are discussed and 
application examples are demonstrated in the discussion section 7. 

2. Materials and configuration 

2.1. Materials 

1.00 mm diameter nitinol wires (55.59Ni-44.41Ti wt%) purchased 
from Nanografi Nanotechnology are used in the experiments. The alloy’s 
documented austenite finish temperature spans from 45 ℃ to 50 ℃. 
Additionally, 0.75 mm diameter superelastic wires produced by Kel-
logg’s Research Labs are employed with an equal weight percentage of 
50.00 for both nickel and titanium. The reported austenite finish tem-
perature for these superelastic wires is 20 ℃. 

2.2. Configuration of torsion tests 

A TA instrument Dynamic Mechanical Analyser (DMA) Q800® is 
used for the torsion tests. The SMA wire bending process of a nitinol wire 
is depicted in Fig. 2(a). After annealing for 30 min in an oven at 550 ℃, a 
hinge-shape specimen is acquired. To transform the uniaxial motion of 
the Q800 device into torque deformation, a special tool is constructed 
consisting of the SMA wire, aluminium tabs and a rod (Fig. 2(b)). During 
extensional loading of the tabs, the torsion part of the SMA is loaded in 
torsion deformation. The configuration needs to be lubricated to reduce 
friction between the nitinol wire and aluminium structures before each 
test, and the setup is used in tests of section 3.3 and 3.4. 

3. Testing methods of SMA and SE 

3.1. Transformation temperature tests 

Differential Scanning Calorimetry (DSC) is used to determine the 
transformation temperatures of the SMA and SE materials. To obtain a 
larger contact surface between the nitinol wire and aluminium pan, the 
wire is flattened using a hammer. Subsequently, the nitinol wire un-
dergoes annealing in a 550 ℃ oven for 30 min and are then quenched in 
cold water [26]. 

A TA instrument Differential Scanning Calorimetry Q2000® is used 
for transformation temperatures assessments. Prior to testing, a 16.33 
mg SMA specimen is placed into a Tzero® aluminium pan with a lid, 
weighing 50.72 mg. An empty aluminium pan (50.87 mg) serves as the 
reference. The testing procedure is programmed as follows: initially, the 
temperature is equilibrated at − 60 ℃ and held isothermal for 2 min. It 

Fig. 1. Configuration of the reversible torsion SMA hinge actuator. The blue wire represents the SMA wire, while the red wire corresponds to the superelastic wire. 
The hinge leaves are coloured yellow. 180◦ and 0◦ represent the pre-trained angle of SMA and SE respectively. θmin and θmax is the hinge angle at cold and heated 
states correspondingly. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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then increases to 100 ℃ at a rate of 10 ℃/min, followed by a 2-minute 
isothermal soaking, and finally cools down to − 60 ℃. The preparation 
and testing procedures of the SE wire are identical to those of the SMA, 
with the only difference being the weight of the SE sample (7.59 mg) and 
its corresponding pan (50.39 mg). 

3.2. Young’s modulus tests 

These tests are to investigate the relationship between Young’s 
modulus and temperature, enabling the determination of the shear 
modulus for the SMA and SE materials. The strain-controlled dynamic 
mode of the DMA Q800 is chosen for these experiments. The temperature 
is programmed to decrease from 150 ℃ to − 40 ℃ at a rate of 1 ℃/min, 
followed by a 5-minute isothermal soak, and then reheated to 150 ℃ at 
the same rate. Pre-set parameters in the program include a 5 µm 
displacement amplitude, 125 % force track and 1 Hz frequency. A 23.63 
mm long bare SMA wire is used for the test, while the SE wire measures 
25.22 mm in length. 

3.3. Shear Stress–strain tests at different temperatures 

For understanding the hinge mechanism, we need the mechanical 
behaviours of the SMA and SE during heating and cooling. Therefore, it 
is necessary to conduct shear stress–strain experiments to access their 
torsion performance over a series of temperatures. In this work, for the 
characterization of the SMA, the heated state refers to the temperature 
when the SMA is fully transformed to the austenite state (here taken as 
150 ℃). To obtain SMA’s mechanical behaviour during cooling, the 
temperature range starting from 30 ℃ downwards is selected for the 
shear stress–strain tests. 

SMA 1 is used for tests from 30 ℃ downwards. Prior to the experi-
ments, the specimen is heated to 70 ℃ to guarantee complete recovery 
of its original shape before each test. Subsequently, it is cooled to the 
predetermined constant temperatures. During the testing process, the 
torsion part of SMA 1 is pulled downwards (refer to Fig. 2(b)) at a rate of 
300 µm/min until a displacement of 9 mm is achieved. Displacement- 
control mode is employed for the experimental setup to maintain a 
steadier rotational velocity of the torsion part. The shear stress–strain 
evaluations for the SMA are executed at temperature intervals spanning 
from − 40 ℃ to 20 ℃ in 10 ℃ increments. 

SMA 2 is selected for the heated state tests. The force-control mode is 
used to have better control close to the machine’s force limit. SMA 2 is 
heated to 150 ℃ first and kept at the constant temperature for 3 min. 
Then, the specimen is subjected to the predetermined force (6–18 N at 3 
N interval) at a rate of 1 N/min. Once the pre-set force is reached, the 
sample is unloaded to 0.01 N at the same rate. 

For the SE materials, we do not distinguish between the heated state 
and cooling, as they are expected to show superelastic behaviour, sup-
plying the antagonist force during the whole actuation process of the 
hinge. The experimental methodology of SMA 1 is implemented for SE 1 
and SE 2, albeit with distinct temperature ranges. SE 1 undergoes testing 
from − 20 ℃ to 20 ℃, while SE 2 is subjected to a higher range of 30–50 
℃. 

3.4. Superelastic effect tests for SE 

To assess the superelastic behaviour, sample SE 3 is used for a series 
of displacement-control tests covering a temperature scope from − 40 ℃ 
to 40 ℃ in 10 ℃ intervals. For each constant temperature setting, 4–5 
loading–unloading cycles are performed on SE 3 using the displacement- 
control method with several pre-defined target displacements (2.0 mm to 
8.0 mm in 2.0 mm increments, and 9.0 mm) at a rate of 300 µm/min. For 
the temperature below 0 ℃, where the material starts to lose its 
superelasticity, a heating step to 70 ℃ is incorporated after each loa-
ding–unloading cycle to ensure full recovery. Similar tests can be found 
in chapter 4 of Rao’s work [27]. 

Specific dimensions of nitinol samples used in experiments can be 
seen in Table 1. 

Fig. 2. Construction of the tool for torsion tests on nitinol wires. (a) Bending process before SMA training. The green areas are the bending positions. (b) Config-
uration process for Q800 tests. The red areas are the SMA torsion deformation parts. The blue structures are the Q800 clamps. L is the length of the SMA torsion part. 
La is the length of the SMA arm. θ0 is the initial angle between the two arms. Ls is the length of the aluminium structure. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Dimensions of the configuration SMA and SE samples used in tests.  

Sample Wire 
Radius 
r [mm] 

Torsion 
Length 
L [mm] 

SMA Arm 
Length 
La [mm] 

SMA 
Initial 
Angle 
θ0 

Aluminium 
Structure 
Length 
Ls [mm] 

SMA 1  0.50  12.30  6.60 100◦ 9.37 
SMA 2  0.50  13.24  7.53 148◦ 6.00 
SE 1  0.375  12.77  5.77 111◦ 8.40 
SE 2  0.375  13.35  6.60 140◦ 8.21 
SE 3  0.375  15.91  5.35 113◦ 9.30  
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4. Characterisation results 

4.1. DSC thermogram for transition temperatures 

Fig. 3(a) presents the DSC curves for both SMA and SE, with the black 
arrows on the thermograms denoting the heating and cooling processes. 
For the SMA specimen, the heating process from − 60 ℃ to 100 ℃ results 
in an endothermic peak as the SMA transitions from martensite to 
austenite by absorbing heat energy. Four tangents (indicated by dash- 
dotted lines in Fig. 3(a)) yield two inflection points: austenite start 
(ASMA

s = 30.2 ℃) and finish temperature (ASMA
f = 37.8 ℃). During the 

cooling process, two exothermic peaks can be observed. The first peak at 
a higher temperature corresponds to the transition from austenite to R- 
phase, whereas another exothermic peak corresponds to the reaction 
from R-phase to martensite [28]. Thus, the SMA specimen on cooling 
exhibits a well-defined two-stage transformation sequence of austenite-R 
phase-martensite. Martensite start (MSMA

s ) and finish temperature (MSMA
f ) 

are determined by the exothermic peaks at 16.6 ℃ and − 2.5 ℃ corre-
spondingly. As for the SE specimen, represented by the blue curve in 
Fig. 3 (a), it displays one endothermic and two exothermic peaks. The 
cooling process of SE is plotted on small scales (see Fig. 3(b)) to define 
the MSE

s and MSE
f . All transformation temperatures of SMA and SE are 

listed in Table 2. 

4.2. Young’s modulus and shear modulus 

Fig. 3 (c) shows the variation of Young’s modulus for the SMA and SE 
during the cooling and heating processes, as determined through dy-
namic tests at 1 Hz. When the temperature decreases from 150 ℃ to 18 
℃, the Young’s modulus of the SMA (red line in Fig. 3 (c)) demonstrates 
a mild reduction (around 68.2 GPa), followed by a sharp decline to 25.4 
GPa at 9.4 ℃, which corresponds to the transformation from the 
austenite to R phase (refer to Fig. 3(a)). The modulus then increases to 
39.0 GPa at − 40 ℃. During heating, it produces a gradual decrease to 
30.4 GPa at 27.3 ℃ and subsequently experiences a significant increase 
to 62.3 GPa at 34.9 ℃ due to the martensite-to-austenite phase trans-
formation. A reduction in Young’s modulus prior to reaching the 
austenite start temperature during heating (-40 ℃ to 27.3 ℃ in our 
work) has also been documented in the literature [29,30]. 

The SE wire has a lower austenite Young’s modulus (62.2 GPa at 150 
℃) compared to the SMA (68.2 GPa). This could potentially be attrib-
uted to the lower atomic percentage of Ni in the SE alloy [31]. The 

Fig. 3. (a) and (b): DSC thermogram of SMA (red curve) and SE (blue curve). (c): The 1 Hz Young’s modulus of the SMA and SE wires as a function of temperature. E 
represents the Young’s modulus with scale on the left Y-axis. G stands for nitinol’s shear modulus on the right Y-axis, which is calculated with the Young’s modulus 
experimental data and the equation G = E/[2(1 + v)]. Note that the X-axis follows the time line of the experiment: cooling from 150 ℃ to − 40 ℃, followed by 
heating to 150 ℃. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Transition temperatures of Nitinol wires as determined in the experiments.  

Transition Temperatures of Nitinol Wires  SMA SE 

Martensite Start Temperature Ms 16.6 ℃ 0.5 ℃ 
Martensite Finish Temperature Mf − 2.5 ℃ − 44.8 ℃ 
Austenite Start Temperature As 30.2 ℃ − 18.5 ℃ 
Austenite Finish Temperature Af 37.8 ℃ 12.5 ℃  
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cooling process reveals a marked decrease of the modulus, starting at 1.4 
℃, which is close to the martensite start temperatures for SE observed in 
Fig. 3 (b) (0.5 ℃). During the heating process, between − 5.9 ℃ to 23.1 
℃, there is a significant increase in modulus. These temperatures are 
roughly 10 ℃ higher than the austenite start and finish temperature 
(-18.5 ℃ and 12.5 ℃) listed in Table 2, which also can be explained by 
the stress-induced phase transformation [29,30]. 

With the equation G = E/[2(1 + v)], the shear modulus G can be 
calculated. The Poisson’s ratio v, is typically assigned a value of 0.33 in 
the literature [29,32]. The right Y-axis in Fig. 3(c) is designated as the 
shear modulus scale. The measured martensite shear modulus of SMA 
and SE at − 40 ℃ are 14.7 GPa and 9.8 GPa respectively, which is within 
the range of 7.5–15.4 GPa reported in the literature [33,34]. The 
observed austenite shear modulus values for the SMA and SE at 150 ℃ 
are 25.4 GPa and 23.4 GPa, which are also close to the 24.8–31.2 GPa 
documented in [29,34]. 

4.3. Shear Stress–strain curves at different temperatures 

4.3.1. SMA loading during cooling 
SMA shear stress–strain curves at different temperatures in the 

cooling range (from 30 ℃ downwards) are plotted in Fig. 4(a). For the 
SMA shear stress–strain curve at 20 ℃ (yellow colour), an initial elastic 
deformation is observed. A black dash-dotted line, representing the SMA 
martensite shear modulus at 20 ℃ (22.7 GPa derived from Fig. 3(c)), is 
plotted to compare with the slope of the elastic region (yellow dash- 
dotted line). The agreement confirms the reliability of the configura-
tion presented in section 2.2 (Fig. 2). In the second region, the defor-
mation transition from twinned to detwinned martensite results in a 
plateau, during which a minor increase in shear stress induces a sub-
stantial increment in shear strain. Following this, as the shear stress 
increases, the SMA fully transforms into detwinned martensite, and the 
shear stress–strain curve exhibits a steeper slope. Overall, applying a 
150 MPa shear stress on martensite SMA yields an approximate shear 
strain of 8 %, which is consistent with the findings of Melton et al. [30]. 

When comparing the series of shear stress–strain curves at different 
temperatures, it is evident that the elastic modulus and martensite stress 
plateau values decrease with lower temperatures (20 ℃ to − 20 ℃), 
while they increase from − 30 ℃ and − 40 ℃. This is also consistent with 
the SMA cooling process depicted in Fig. 3 (c), which shows an increase 
in modulus during cooling from − 20 ℃ to − 40 ℃. 

4.3.2. SMA loading and unloading at the heated state 
SMA shear stress–strain curves at 150 ℃ are depicted in Fig. 4(b). At 

this temperature, the SMA material is much stiffer as compared to the 
lower temperature curves of Fig. 4(a) (e.g. 1.2 % shear strain at 150 ℃ 

versus 12 % at 20 ℃ with 250 MPa) and does not show the characteristic 
detwinning stress plateaus. 

4.3.3. SE loading 
SE shear stress–strain curves during loading can be observed in Fig. 4 

(c). As the test temperature decreases, the detwinning martensite stress 
plateau consistently reduces, while the shear modulus (slope during the 
first 1 % strain) displays a notable decrease at − 20 ℃, which aligns with 
the low SE shear modulus value at − 19.4 ℃ observed in Fig. 3(c). The SE 
shear modulus at 50 ℃, acquired from the dynamic test, is added for 
comparison (black dash-dotted line in Fig. 4(c)). Good correspondence 
can be observed between the quasi-static tests of Fig. 4(c) and the dy-
namic test of Fig. 3(c) for the measurements at 50 ℃. 

4.4. Superelastic behaviour of SE 

The outcomes of the loading–unloading experiments for the 
superelastic material are presented in Fig. 5, where subfigures 5(a)-(d) 
reveal the performance of SE 3 for temperatures above 10 ℃. It can be 
observed that SE 3 can fully recover to its original shape even after 
applying a strain up to 8 %. For lower temperatures, significant residual 
strains start to build up and the material begins to exhibit diminished 
superelastic properties. Larger applied shear stress results in increased 
residual strains. For instance, a 9 mm displacement alteration of SE 3 at 
− 10 ℃ induces 5.5 % residual strain, whereas a 4 mm displacement 
alteration yields a 1.5 % residual strain (Fig. 5(f)). The test results from 
− 20 ℃ to − 40 ℃ can be seen in section S5 of the supplementary 
information. 

5. Modelling 

With the experimental data obtained in section 4, we now have 
enough information to set up a model to describe the minimum and 
maximum actuation angles (θmin and θmax) of a hinge structure (Fig. 1). In 
this section we will develop a phenomenological model which can 
directly relate the chosen geometrical parameters (wire diameters and 
torsion lengths, initial pre-trained angles) and material properties 
(modulus and its relationship with temperature) to predictions of the 
θmin and θmaxof the hinge actuator. 

Our aim is to develop a practical model which can be used by other 
scientists, engineers and designers to understand and optimize the me-
chanical behaviour of objects with the hinge structures proposed in this 
paper. Because of that, we choose to simplify the constitutive behaviour 
(i.e. the loading and unloading curves) as much as possible without 
losing too much in the accuracy of the deformation predictions. Note 
that in general, the shape of the deformation curves of other nitinol SMA 

Fig. 4. (a) SMA shear stress–strain curves from 30 ℃ downwards. The coloured dash-dotted lines and connection points (γcSMA
i , τcSMA

i ) are used for modelling in 
section 5.2.1. (b) SMA shear stress–strain curves at the heated state (150 ℃). The coloured dash-dotted curves are also used for modelling in section 5.2.2. (c) SE 
shear stress–strain loading curves at different temperatures. The coloured dash-dotted curves are used for modelling in section 5.3.1. The dash-dotted black line 
corresponds to the shear modulus obtained from the dynamic measurements of Fig. 3(c). 
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and SE materials will be very similar to the materials used in this study 
and mainly differ in the transition temperatures, which means that the 
model below remain valid and only the parameter values need to be 
adapted. 

5.1. Reversible torsion hinge analysis 

The actuation span of our proposed hinge system in Fig. 1 simply 
follows from a balance between the torque exerted by the SMA wire 
(which tries to open the hinge) and that of the SE (which closes the 
hinge): 

TSMA( θSMA
0 ,LSMA, rSMA) = TSE( θSE

0 ,LSE, rSE) (1) 

where T is the torque of SMA or SE, and it is related to the initial pre- 
trained angle θ0, torsion length L and the nitinol wire radius r. 

What makes the analysis more complex is that both materials have an 
intrinsic mechanical hysteresis (difference between the loading and 
unloading curves, see Fig. 5). When the hinge structure is assembled, the 
SMA wire, which is initially at 180◦, is loaded anticlockwise whereas the 
SE wire is deformed clockwise (see Fig. 1). The initial angle of the hinge 
structure is thus found from the equilibrium of the two loading curves. 
When heated in the first actuation cycle, the SMA tends to move back 
towards its pre-trained initial angle (180◦), while the SE wire further 
deforms to a larger opening angle. That is, during the first (and subse-
quent) heating cycles, the SMA is unloading and the SE is loading. When 
cooling down, the SMA modulus drops and the SE starts to close the 
hinge, i.e., during cooling the SMA is in loading and the SE is in unloading 
mode. 

In the subsequent sections, we will set up approximate phenome-
nological models describing the loading and unloading behaviour of 
both the SMA and SE materials. 

5.2. Modelling of SMA shear Stress–strain curve 

5.2.1. SMA loading during cooling 
The loading is characterised by a large shear stress plateau in which 

further stretching induces a phase transformation (from twinned to 
detwinned martensite [27]). Such transformation only requires a mini-
mum of deformation energy (see Fig. 4(a)). In order to capture the es-
sentials of the deformation curves, we choose to approximate the data in 
Fig. 4(a) with a curve consisting of three connected linear segments. The 
first segment represents the elastic deformation of the SMA in its twin-
ned martensite state, the second part describes the material response 
during detwinning, which is assumed to be horizontal in our work. The 
third segment is the further loading in the fully detwinned state. 

For every temperature, three connection points denoted as 
(
γcSMA

i ,

τcSMA
i

)
(i = 1,2, 3) between the different segments are used to formulate 

the model: 

τcSMA(γ) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(
τcSMA

1

γcSMA
1

)

γ0 ≤ γ < γcSMA
1

τcSMA
2 γcSMA

1 ≤ γ < γcSMA
2

(
τcSMA

3 − τcSMA
2

γcSMA
3 − γcSMA

2

)
(
γ − γcSMA

3

)
+ τcSMA

3 γcSMA
2 ≤ γ < γcSMA

3

(2) 

We use MATLAB software to first determine the connection points 
(
γcSMA

i , τcSMA
i

)
for loading curves from − 20 ℃ to 20 ℃ separately (dash- 

dotted lines in Fig. 4(a)). γcSMA
3 is assigned a same value of 11.5 % for all 

temperatures. To determine the temperature dependency of shear strain, 
we plot (T, γcSMA

i ) (i = 1, 2) as blue triangles and round dots in Fig. 6(a). 
Similarly, (T, τcSMA

i ) are plotted in red colour. As the detwinning plateau 
is assumed to be horizontal, τcSMA

1 and τcSMA
2 have a same value for each 

temperature and both of them are presented as red round dots. MATLAB 
is used to experiment with various models for fitting data points shown 
in Fig. 6(a). The coefficient of determination (R2) is referred to for 

Fig. 5. Superelastic tests in different temperatures. For each experiment, 4–5 loading–unloading cycles are conducted with the displacement-control method. 
Subgraphs (a)-(c) indicate the SE loading and unloading process with arrows. In subgraph (d), the coloured dash-dotted curves are the fits (for the unloading curves) 
established in section 5.3.2. Every unloading curve is divided into four segments: initial unloading part, transition range, reverse transformation plateau and low 
strain. Each segment of the unloading curve has a coefficient (corresponding to Eq. (9) which affects its shape. 
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evaluating and deciding which model to use. Finally, the temperature 
dependency of the shear strain is modelled as a second-order poly-
nomial, while for the shear stress, a combination of a linear and expo-
nential term is used (Eqs. (3) and (4). The fit parameters and its error 
bounds are determined by MATLAB and listed in Table 3. 

γcSMA
i (T) = pcSMA

1i
T2 + pcSMA

2i
T + pcSMA

3i
(i = 1, 2, 3) (3)  

τcSMA
i (T) = pcSMA

4i
epcSMA

5i
T
+ pcSMA

6i
T(i = 1, 2, 3) (4)  

where 
(
γcSMA

i , τcSMA
i

)
are the the connection points of SMA shear-strain 

curves, T is the temperature. 
With the Eqs.2–4 and parameters in Table 3, we can model the SMA 

loading curves at any temperature from 30 ℃ downwards. 

5.2.2. SMA unloading at the heated state 
As explained in section 5.1, during the heating cycles of the hinge 

system, the SMA is unloading and the SE is loading. Therefore, for SMA, we 
only model the unloading curve at high temperature. The shear 
stress–strain curves at 150 ℃ in Fig. 4(b) are used for modelling. 
Although the curves are nearly linear, for accurate prediction of the 
maximum actuation angle, it turns out to be necessary to use a power 
function (Eq. (5) to fit the unloading curves (see dash-dotted lines in 
Fig. 4(b)). 

τhSMA(γ) = phSMA
1 γphSMA

2 (5) 

It can be seen that the SMA unloading curves at 150 ℃ are different 
owing to the distinct initial unload shear strain, which means the co-
efficients phSMA

1 and phSMA
2 are different among these curves. To evaluate 

how the initial unload shear strain affects phSMA
1 and phSMA

2 , we plot (γhSMA
unload,

phSMA
1 ) and (γhSMA

unload, phSMA
2 ) with blue and red triangles accordingly (see 

Fig. 6(b)). It can be seen that phSMA
1 and phSMA

2 vary linearly with the initial 

unload shear strain γhSMA
unload: 

phSMA
i (γhSMA

unload) = qhSMA
i1 γhSMA

unload + qhSMA
i2 (i = 1, 2) (6)  

in which qhSMA
i1 

and qhSMA
i2 

(i = 1,2) are two parameters to define phSMA
i . 

Their values are provided in Table 3. 

5.3. Modelling of SE shear Stress–strain curve 

5.3.1. SE loading 
The SE shear stress–strain curves during loading are showed in Fig. 4 

(c) and can be approximated as: 

τSE(γ) = cSE
1

[
1 − exp

(
− cSE

2 γ
) ]

+ cSE
3 γ2 (7)  

in which the coefficient cSE
1 is a measure of the shear stress level of the 

detwinning plateau, cSE
2 determines the slope of the initial elastic part 

(shear modulus), cSE
3 affects the increase rate of shear stress after the 

detwinning deformation. 
To figure out the effect of temperature on cSE

1 , cSE
2 and cSE

3 , we plot 
(T, cSE

i )(i = 1,2, 3) with green triangles, blue squares and red round dots 
respectively in Fig. 6(c). It can be seen that they can be approximated 
with a linear model: 

cSE
i (T) = pSE

1i
T + pSE

2i
(i = 1, 2, 3) (8)  

5.3.2. SE unloading 
The unloading curves of the SE material are needed to describe the 

closing process of the hinge deformation. Fig. 5 shows that the SE 
unloading curves depend on the temperature and the initial unload shear 
strain. All subgraphs show a large similarity in shapes. To illustrate this, 
we combined the unloading curves of 10–30 ℃ in a single plot. As can be 
observed from Fig. 7(a) and (b), a vertical shift with factor α relative to 

Fig. 6. (a) Modelling for the temperature-dependent connection points (from 30 ℃ downwards). The data points correspond to (γcSMA
i ,τcSMA

i ) of the fitting functions 
in Fig. 4(a) of the manuscript. The full lines are the fitting models (Eqs. (3) and (4). (b) Modelling for the initial unload strain-dependent of the unloading shear 
stress–strain curve (at 150 ℃). The data points are the fitting parameters (Eq. (5) of the SMA unloading model (dash-dotted lines in Fig. 4(b)). The full lines are the 
models which characterize the relationship between phSMA

1 , phSMA
2 and the initial unload shear strain (Eq. (6). (c) Modelling for the temperature-dependent coefficients 

of the SE loading shear stress–strain curve. To simplify, cSE
2 is modelled as a constant. The data points correspond to the fitting parameters of the coloured dash-dotted 

lines in Fig. 4(c). The full lines are the fitting functions of the data points. 

Table 3 
Parameters for the SMA model.  

Parameters 
pcSMA

11
[%/c2] 0 pcSMA

13
[%/c2] 0 pcSMA

43
[MPa] 143 (±32) 

pcSMA
21

[%/c] 0 pcSMA
23

[%/C] 0 pcSMA
53 

0.05 (±0.010) 

pcSMA
31

[%] 0.96 (±0.343) pcSMA
33

[%] 11.5 pcSMA
63

[MPa] − 10 (±2.9) 

pcSMA
12

[%/c2] − 2 × 10-3 (±7.4 × 10-3) pcSMA
41

[MPa] 47 (±16) qhSMA
11

[MPa] 2 × 105 (±0.3 × 105) 

pcSMA
22

[%/c] 0.17 (±0.088) pcSMA
51 

0.07 (±0.013) qhSMA
12

[MPa] 5 × 104 (±310) 

pcSMA
32

[%] 7.1 (±1.93) pcSMA
61

[MPa] − 1.0 (±1.47) qhSMA
21 

3.7 (±1.13)     

qhSMA
22 

1.2 (±0.01)  
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the 10 ℃ curve indeed results in a good overlap. Therefore, we now only 
need to model the shape of 10 ℃ reference curve, to be able to predict 
the unloading behaviour at higher temperatures using the factors α. For 
a good prediction of the hinge angles, it turns out that we require a 
detailed description of the initial part of the SE unloading curve (i.e. the 
steep declining of the initial unloading part as well as the transition range, 
see Fig. 5(d)). For this, we propose to use a tan function (first part of Eq. 
(9). The second part of Eq. (9) describes the shear stress–strain behav-
iour near the origin. The fitting results are shown as coloured dash- 
dotted curves in Fig. 5(d). 

τSE
unload(γ

SE
unload) = cSE

4 tan
(

πγSE
unload

cSE
5

)

+ cSE
6

[
1 − exp

(
− cSE

7 γSE
unload

) ]
(9) 

where γSE
unload is SE shear strain of the unloading phase, τSE

unload is the SE 
shear stress as a function of shear strain at 10 ℃, cSE

4 , cSE
5 , cSE

6 and cSE
7 are 

coefficients of the model. cSE
4 determines the transition range (see Fig. 5 

(d)). cSE
5 relates to the initial unloading part. cSE

6 affects the shear stress 
level of the reverse transformation plateau, while cSE

7 has influence on the 
slope of low strain part before recover to 0. 

A Similar shifting can be done for the temperatures below 10 ℃, as 

shown in Fig. 6(c) and (d). Note that with vertical shifting the low strain 
part is not captured well, however, as mentioned before, we only need a 
detailed description of the initial unloading behaviour. 

For a given temperature (10 ℃), the unloading curves differ from 
each other owing to the distinct initial unload shear strain. To model this, 
we plot the coefficients cSE

4 , cSE
5 and cSE

7 as a function of the initial shear 
strain γSE

unload (see Fig. 7(e)), and model these as linear functions: 

cSE
j (γSE

unload) = pSE
1j

γSE
unload + pSE

2j
(j = 4, 5, 7) (10) 

The coefficient cSE
6 is modelled as: 

cSE
6 (γSE

unload) = pSE
16

(
γSE

unload

)− pSE
26 (11) 

In addition, the vertical shifts α are plotted as a function of tem-
perature and also fitted to a linear model (full line in Fig. 7(f)): 

α(T) = qcSE
1 T + qcSE

2 (12) 

With the Eqs. 7–12 as well as the Table 4, we can obtain the SE 
loading and unloading curve with given initial unload shear strain and 
temperature. 

Fig. 7. (a)-(d): SE unloading curves at other temperatures overlap with the curves at 10 ℃ after vertical shifting. (e): Modelling for the initial unload shear strain- 
dependent coefficients (at 10 ℃). The data points are the fitting parameters of the coloured dash-dotted curves in Fig. 5(d), which corresponds to Eq. (9). Full lines 
characterize their relationships with the initial unload shear strain. (f): Modelling for the temperature-dependent vertical shifting parameter α. 

Table 4 
Parameters for SE loading and unloading model.  

Parameters 
pSE

11
[MPa/c] 6.3 (±0.45) pSE

12 
0 pSE

13
[MPa/C] 403 (±30) 

pSE
21

[MPa] 226 (±1) pSE
22 

99 (±3) pSE
23

[MPa] 2 × 104 (±29) 

pSE
14

[MPa] 84 (±12) pSE
15 

2.0 (±0.02) pSE
16

[MPa] 2.7 (±0.90) 

pSE
24

[MPa] 0.15 (±0.719) pSE
25 

7 × 10-4 (±14.0 × 10-4) pSE
26 

− 1.6 (±0.09) 

pSE
17 

486 (±46) qSE
1 [MPa/c] 5.5 (±0.82)   

pSE
27 

4.1 (±10.91) qSE
2 [MPa] − 45 (±21.3)    
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6. Model validation 

In order to validate our hinge angle prediction model (Eqs. 1–12), we 
construct five different hinge structures, which differ in the lengths of 
the torsion element as well as in the initial deformation angles. These 
hinges are subjected to heating and cooling cycles and the corresponding 
angle changes are monitored. Using the models proposed in section 5, 
we then predict how the angle changes vary with temperature and 
compare this with our measurements. 

6.1. Experiments with 5 reversible hinges 

The validation tests of an opening and closing hinge structure could 
in principle be done by placing the hinge in an oven and using a camera 
system to infer the hinge angle changes during heating and cooling. In 
order to have a more accurate control of temperature and hinge defor-
mation however, we prefer to do these tests in the DMA Q800 with a tool 
as shown in Fig. 8. The hinge system is integrated with a SMA and SE 
using three galvanized steel spring pins. During the testing, only a small 
force (0.01 N) is applied and the testing machine essentially follows the 
movements of the hinge system. Eqs. (S1)-(S4) and (S8) in supplemen-
tary information are used to calculate the opening angle from the 
detected displacement. 

Five tests are conducted with different hinge systems (labelled as Sys 
1–5 in Table 5) to examine the effect of SMA pre-trained initial angle and 
torsion length variation on the system angle change. The SEs of Sys 1–5 
are identically configured and trained in terms of initial angle (0◦) and 
torsion length (10.45 ± 0.25 mm). SMA with varying initial pre-trained 
angles but an equal torsion length (11.0 ± 0.4 mm) is used for Sys 1–3. 
Conversely, Sys 3–5 consist of SMAs with different torsion lengths but an 
equal initial angle (270◦). 

Prior to the test, the temperature is decreased to − 40 ℃ and main-
tained constant for 5 min. Subsequently, the temperature is increased to 
150 ℃ at a rate of 5 ℃/min, followed by another 5-minute isothermal 
soaking. Then, the system is cooled down to − 40 ℃ at the same rate. The 
heating–cooling cycle is performed twice. The second recorded 
displacement variation of five systems is converted to the actuation 
angle of the hinge system, which is plotted versus temperature in Fig. 9 
(Sys 1–3 in (a), Sys 4 and Sys 5 in (b) and (c) respectively). 

As shown in Fig. 9(b), during the heating process, the hinge angle of 

Sys 4 (green curves) remains constant for a large part at 90◦ (minimum 
actuation angle), and only changes in a narrow temperature range from 
46 ℃ to 92 ℃ during the SMA’s phase transition. When the torque 
produced by SMA balances with SE’s, the system angle becomes stabilize 
after 92 ℃. For the cooling process, the system angle starts to reduce at 
around 20 ℃. It completely recovers to 90◦ at − 16 ℃. Similar results can 
also be observed with other specimens (see Fig. 9(a) and (c)). For defi-
nitions of the minimum and maximum actuation angle, as well as the angle 
span refer to Fig. 1. 

6.2. Model predictions 

To better understand how the torques of the SMA and SE wires 
interact during the different parts of the cooling curves, we identify 
three states: the heated state, locked state, and actuation state. The heated 
state, denoted by the symbol in Fig. 9(c), describes the condition where 
the system is held at its highest temperature (150 ℃). During the first 
and the last parts of the cooling (and as shown in Fig. 9(c)), the hinge 
system angle remains constant, which will be referred to as the locked 
state. The actuation state, represented by the part, refers to the temper-
ature range in which the hinge angle changes. Our objective is to 
investigate how the SMA and SE behaviour determine the hinge angle of 
the system in each of these states. 

6.2.1. The heated state 
As stated in section 5.1, the heating actuation process corresponds to 

the loading phase of the SE and unloading phase of SMA. In order to 
visualize the torque equilibrium between SMA and SE wires (Eq. (1), we 
plot the unloading curves of SMA in Fig. 10(a) and (b), together with the 
loading curves of the corresponding SE wires. The intersections indicate 
that the torques of the SE and SMA wire (from the same system) balance 
out, resulting in 5 predictions for the maximum actuation angles (all at 
150 ℃) [23]. The relationship between shear strain and shear stress is 
given by Eqs. 1–12. Additionally, to achieve the angle-torque graphs, 
another three equations are required. 

T =
τJ
r

(13)  

θ =
γL
r

(14)  

J =
πr4

2
(15) 

where T is the torque, J is the polar moment of inertia of SMA or SE, r 
is the radius of SMA or SE, L is the length of torsion part (see Fig. 2). 

Fig. 10(a) and (b) illustrates the heated state of Sys 1–5. As listed in 
Table 5, Sys 1–5 share the same initial angle of 0◦ and have similar 
torsion lengths for the SE. Consequently, their angle-torque curves 
almost overlap in the graph (black curves in Fig. 10(a) and (b)). Sys 1–3 
have different SMA initial pre-trained angles (see black arrows in Fig. 10 
(a)), resulting in different starting angles. The deformation curves 
however have identical shapes. The equilibrium angles for Sys 1–3 
follow from the intersection points are determined as 58◦, 101◦ and 
154◦, respectively. The effect of the torsion length for systems with 
constant SMA initial angles of 270◦ is shown in Fig. 10 (b). In this case, 

Fig. 8. Configuration of the reversible torsion hinge system for validation tests 
in the Q800. 

Table 5 
Geometric parameters of hinge systems. Definitions of parameters refer to Fig. 2.  

Hinge System Initial Angle θ0 Torsion Length L [mm] Arm Length La [mm] Aluminium Structure Length Ls [mm] 

Sys 1 SMA 104◦ þ SE 0◦ SMA 10.6 mm + SE 10.2 mm 7.3 mm 13.9 mm 
Sys 2 SMA 175◦ þ SE 0◦ SMA 11.1 mm + SE 10.7 mm 7.2 mm 13.8 mm 
Sys 3 SMA 270◦ þ SE 0◦ SMA 11.3 mm þ SE 10.3 mm 7.3 mm 13.1 mm 
Sys 4 SMA 270◦ + SE 0◦ SMA 13.4 mm þ SE 10.2 mm 7.3 mm 13.1 mm 
Sys 5 SMA 270◦ + SE 0◦ SMA 17.6 mm þ SE 10.2 mm 7.5 mm 13.4 mm  
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the intersection points turn out to be 142◦, 149◦ and 154◦, which are 
seen to vary much less. 

6.2.2. Locked state 
During the first part of cooling, the hinge angle remains locked at the 

heated state angle in Fig. 9(c)). The reason for this can be explained by 
the details of SMA and SE mechanical behaviour. As illustrated in Fig. 10 
(c), when cooling toward 30 ℃, the SMA wire is in its torque plateau 
region, which is above the torque generated by the SE material. This 
indicates that the SE, within the system, is incapable of producing and 
transferring sufficient torque to move the SMA. During further cooling of 
the system, the SMA torque plateau decreases (to about 0.06 Nm at 28 
℃) until the unloading torque of the SE surpasses that of the SMA and the 
actuation state starts. 

After the actuation, a second locked state can be observed (in Fig. 9 
(c)). As can be seen in Fig. 10(d), this happens below 0 ℃, where the SE 
torque drops below the torque generated by the SMA. 

6.2.3. Actuation state 
During the cooling, the equilibrium hinge angles at the actuation state 

can be analyzed in a similar way. In Fig. 10(e), we use Sys 2 as an 
example. At 14 ℃, the SMA balances with SE at 84◦ P14C in Fig. 10(e)). 
When the temperature is decreased to 12 ℃ and 10 ℃, the intersection 
points shift to 71◦ (pointP12C) and 59◦ (pointP10C) respectively. Note 
that the angle change is relatively large for only a small temperature 
variation. 

Fig. 9. Experimental results of 5 reversible torsion hinges: Sys 1–3 are plotted in (a), while Sys 4 and Sys 5 are in (b) and (c) respectively. The full lines are the 
experimental data, whereas the coloured dash-dotted lines are the prediction model of the cooling process. The shaded areas reflect the hysteresis. Minimum and 
maximum actuation angle, as well as the angle span correspond to Fig. 1. The cooling curve in (c) is divided into 4 parts (, and), of which more details are discussed in 
section 6.2. 

Fig. 10. (a) and (b): The heated state of Sys 1–3 and Sys 3–5 at 150 ℃. The initial pre-trained angles of the nitinol wires are shown as black arrows. The coloured dots 
represent the intersections between the SMA unloading and the SE loading torques. (c) and (d): Explanation of the locked state for Sys 5. The coloured full lines 
represent the SE unloading at different temperatures, while grey lines are the SE loading curves. Coloured dash-dotted lines represent the SMA loading curves. There 
is no intersection between the torque–angle curves when the temperature is above 30 ℃ or below 0 ℃. (e): The actuation state of Sys 2 from 14 ℃ to 10 ℃. Δθ1 and 
Δθ2 are the angle change of two cooling steps (from 14 ℃ to 12 ℃, and 12 ℃ to 10 ℃). 
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6.3. Comparison of experimental data with the hinge model 

With the analysis method mentioned in section 6.2, the angle- 
temperature curve of the system’s cooling process can be modelled. 
Fig. 9 presents the experimental data of the cooling process (coloured 
full lines) as well as the corresponding model predictions (coloured 
dash-dotted lines). The angle span of all five specimens closely matches 
the model’s predictions, yielding an average deviation of 17.7 % (mainly 
due to vertical shifts). The deviations between the predicted and 
experimental maximum and minimum actuation angle are 10.6 % and 
16.0 % correspondingly. The overall deviation is 13.5 ± 8.2 %. 

Going from Sys 1–3, Fig. 9(a) shows that the predictions for the 
maximum actuation angle deviate from the observation by − 12◦, − 2◦ and 
+ 9◦, respectively. The minimum actuation angles are overpredicted by 
− 3◦, − 11◦ and + 23◦ correspondingly. Their actuation states (angles 
decrease) start earlier by about 10 ℃. For Sys 4, the maximum actuation 
angle, as well as the actuation state (from 20 ℃ to − 16 ℃) is predicted 
well (Fig. 9(b)) and only the minimum actuation angle is somewhat 
overpredicted (+8◦). The predicted angle span of Sys 5 aligns well with 
the experimental data, which only has 4◦ deviation, while both the 
maximum and minimum actuation angle are overpredicted by around 8◦. 

7. Discussion and application examples 

The experiments with the five constructed hinges show that during 
most of the heating and cooling process the hinge angle does not change 
and that the actuation of the structure is limited to a relatively narrow 
temperature window. Interesting to see is that these temperature win-
dows differ from the transition ranges of the SMA material as deter-
mined with DSC (see Fig. 3(a) and Table 2). As is discussed in section 6, 
this is explained with the fact that the hinge actuation depends on details 
of the mechanical behaviour of both the SE and SMA material. More 
details about the actuation temperature of the hinge system can be seen 
in the supplementary information. Our model which takes these details 
into account was seen to predict the actuation transitions of the hinge 
mechanism quite accurately. 

7.1. SMAs’ geometric parameters influence on system angles 

The two main parameters for the design of the hinge actuator are the 
SMA pre-trained initial angle and the torsion length. In Fig. 11(a), we 
plot the maximum and minimum actuation angle (θmax and θmin), as well as 
the angle span (Δθ) for different SMA pre-trained angles. As can be seen, 
the maximum actuation angle (dash-dotted line) increases linearly with 
the SMA pre-trained angle, but this is not the case for the minimum 
actuation angle (dotted line), which starts to increase only for the pre- 
trained angle above 170◦. Because of this, increasing the SMA pre- 
trained angle does not automatically lead to larger an actuation span, 
which actually shows a maximum of about 40◦ for a pre-trained angle of 
170◦ (see the full line). The coloured symbols in Fig. 11 refer to the 

results of the validation experiments (obtained from Fig. 9) and are 
shown to closely follow the predictions. 

Fig. 11(b) shows the effect of SMA torsion length on the system an-
gles. Upon increasing the SMA torsion length, the maximum actuation 
angle shows a gentle decrease, while the minimum actuation angle de-
clines faster, thereby leading to a growth in the actuation span. The angle 
span increases with the torsion length from 40◦ at 1 cm to 80◦ at 2 cm 
torsion length. The largest experimentally observed angle span is about 
60◦. 

Overall, a greater SMA preset angle results in a larger maximum and 
minimum actuation angle, while a longer torsion length induce a larger 
angle span. 

7.2. Applications 

Reversible torsion hinge actuators are lightweight, and have a small 
form factor while delivering high actuation force. Sys 5 only weighs 2 g, 
but can produce up to 5 N actuation force when heated at high tem-
perature (see supplementary information). These attributes render them 
a competitive alternative to motors or other forms of actuators in some 
application scenarios. For instance, a gripper constructed by these hinge 
actuators can securely grasp objects of various shapes and sizes (Fig. 12 
(a) and (b)) without inflicting damage, whereas a motor-based gripper 
may require the integration of force-feedback sensors to prevent harm 
caused by excessive force. A butterfly demonstrator is represented as 
another example in Fig. 12(c). Furthermore, these millimeter-scale 
hinge actuators have promising prospects applications with spatial 
constraints, such as aerospace and medical surgical instruments. The 
reversible torsion hinge actuator can be activated by electrical current 
within a few seconds. However, cooling down naturally in room tem-
perature air requires much more time (30–40 s). It means that the 
actuator is not very suitable for applications which need high response 
speed, such as a robot hand with fast moving fingers, and real-time 
responsive VR devices. To reduce the cooling time, airflow speed can 
be increased, and thinner SMA wires can be used to developed the hinge 
actuators. The hinge actuator can also be activated in water, requiring 
about 3 to 5 s for both heating and cooling. 

8. Conclusion 

This paper discusses a novel reversible hinge actuator composed of a 
nitinol shape memory alloy wire and a superelastic wire which are 
actuated in torsion. We measured and modelled the mechanical prop-
erties of these materials in detail, for which we constructed a special 
loading frame to convert tension to torsion deformation. The actuation 
behaviour of the hinge opening follows from the equilibrium between 
the loaded SMA and SE wires, resulting in an overall model for the hinge 
behaviour. We constructed 5 reversible hinge systems with different 
SMA pre-trained angles and torsion lengths, and used these to validate 
our model. The angle span seems to increase with SMA torsion length up 

Fig. 11. (a) Influence of the SMA pre-trained angle on the system angles. (b) Effects of the SMA torsion length on the system angles. Lines indicate model predictions, 
and symbols are the independent experimental data. 
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to a value of 60◦ at 1.7 cm torsion length. In general, the deviation be-
tween the model predictions and experiments was seen to be 13.5 ± 8.2 
%. The model is practical because it directly relates geometrical design 
parameters to the opening and closing angles of the hinge system. It is 
therefore considered valuable for scientists, engineers as well as 
designers. 

We showed that with a hinge structure which only weighs 2 g, the 
actuator can generate up to 5 N when actuated. A gripper and a butterfly 
demonstrator were constructed to show possible application scenarios. 
The actuators hold potential for many fields including soft robotics, 
aerospace and medical surgical instruments owing to their small form 
factor and high actuation force. 
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