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a b s t r a c t
Soft composite actuators can be fabricated by embedding shape memory alloy (SMA) wires into soft polymer matrices. Shape retention and recovery of these actuators are typically achieved by incorporating
shape memory polymer segments into the actuator structure. However, this requires complex manufacturing processes. This work uses multimaterial 3D printing to fabricate composite actuators with variable
stiffness capable of shape retention and recovery. The hinges of the bending actuators presented here
are printed from a soft elastomeric layer as well as a rigid shape memory polymer (SMP) layer. The SMA
wires are embedded eccentrically over the entire length of the printed structure to provide the actuation
bending force, while the resistive wires are embedded into the SMP layer of the hinges to change the
temperature and the bending stiffness of the actuator hinges via Joule heating. The temperature of the
embedded SMA wire and the printed SMP segments is changed sequentially to accomplish a large bending
deformation, retention of the deformed shape, and recovery of the original shape, without applying any
external mechanical force. The SMP layer thickness was varied to investigate its effect on shape retention
and recovery. A nonlinear ﬁnite element model was used to predict the deformation of the actuators.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Shape memory alloys (SMAs) can be trained under a combination of thermal and mechanical loads to take a temporary elongated
shape, and then contract to recover their original shape. This results
from transformations between a martensite phase at low temperatures and an austenite phase at high temperature. Over the past
three decades, this class of active materials has been widely used in
fabricating various shape memory structures and actuators [1–7].
However, the recoverable strain of the SMAs is only 4–8%,
which limits their maximum achievable stroke [8]. An alternative
approach is to integrate the small deformation of the SMA wires
into a polymer soft matrix to produce diverse types of large deformations such as bending, twisting, and coupled bending-twisting. A
common method to produce bending motions using this approach
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is to embed the SMA wires at an eccentric distance from the neutral
axis of an elastic beam with a low bending stiffness. Upon actuation,
axial contraction of the SMA wire is converted into a large bending
deformation [9–11].
The bodies of SMA based soft actuators are conventionally fabricated in custom designed moulds with multiple assembly steps
[9,10,12–17], which are performed manually and may lead to
inconsistent fabrication repeatability. Moreover, these actuators
are limited by their inability to remain stable in the actuated shape.
Actuator shape retention can be achieved by maintaining the SMA
wire in the actuated state. However, continuous actuation of the
SMA wire for a long time increases the required energy. Several
research works have tried to address this issue by incorporating
phase changeable materials such as fusible alloys [11,18] and polymers [19,20] into the actuator. These materials exhibit temperature
dependent stiffness, and are incorporated into the actuator as substructures to enable stiffness modulation. If a phase changeable
material with shape recovery capability such as SMP is used, the
actuator can also demonstrate reversible deformation [17,19,21].
However, accurate placement of these additional substructures
within the actuator presents practical challenges, and increases the
cost and time of manufacturing.

https://doi.org/10.1016/j.sna.2021.112598
0924-4247/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

S. Akbari, A.H. Sakhaei, S. Panjwani et al.

Sensors and Actuators A 321 (2021) 112598

These issues necessitate a more ﬂexible fabrication technology
that obviates the need for complex molding and assembly techniques required in the conventional manufacturing methods. The
fabrication method should be able to facilitate the implementation
of proper actuator design principles, including tunable mechanical properties and morphological complexity. This study proposes
multimaterial inkjet 3D printing as an alternative approach to fabricate SMA based composite actuators with variable stiffness that
are capable of shape retention and shape recovery. This technology
is able to deposit various digital materials with a broad range of
properties in micron scale [22–25]. It enables customized design
of the actuator based on the structural and performance requirements such as bending stiffness and recovery ratio. It also enables
rapid design modiﬁcation and iteration with no additional cost.
In a former study [26], we demonstrated SMA-based soft actuators whose matrix was printed from an elastomer. Those actuators
were not capable of shape retention and recovery. To extend that
study, in this work, SMA-SMP composite actuators with variable
stiffness are fabricated using multimaterial inkjet 3D printing. The
actuators consist of two hinges, printed from rigid SMP segments
and an elastomeric soft layer. The stiffness modulation for shape
retention and recovery is achieved using embedded SMP segments
of different thicknesses, whose temperature in the hinge area is
controlled through Joule heating to transform them from a high
stiffness state at room temperature to a low stiffness state at elevated temperatures. When the SMP is at the low stiffness state,
actuation of the SMA wire results in a large bending deformation
in the hinge area. The shape memory of the SMPs also enables the
recovery of the original shape at high temperatures. The performance of the actuator, including bending stiffness and maximum
deformation, is measured for a variety of actuators to show versatility of multimaterial 3D printing. A ﬁnite element model is also
developed to determine important actuation parameters including
shape ﬁxity and recovery. It incorporates user material subroutines
(UMATs) to model nonlinear temperature dependant behaviour of
the SMA and the SMP.

Fig. 1. Two basic designs of the composite actuators with two hinges. The SMA wire
is inserted into the actuator over the entire length, while resistive wires are inserted
in to the SMP segments of each hinge. a) Actuator-1 with resistive wires embedded
in the SMP segments printed longitudinally on both sides of each hinge. b) Actuator2 with resistive wires embedded transversely into the SMP layer at the bottom of
each hinge.

2. Materials and methods

segments was 2 mm but was changed in a number of experiments
and simulations to investigate its effect on the ﬁxity and recovery
ratios of the actuators. The performance difference between the
two designs is studied in detail in the following sections.
In both bending designs, the SMA wire is ﬁrst prestrained by 5%,
and then embedded eccentrically to the printed composite structure. Once actuated via Joule heating, it is contracted to restore
its initial shape, thus applies a compression force to the actuator
at an off-axis distance with respect to its midplane, which results
in bending deformation in the hinge area, and deforms it when
it is in the low stiffness state at high temperatures. As shown in
Fig. 1, the temperature of the SMP segments of each hinge is separately controlled by the inserted resistive wires to deform each
hinge independently.
Fig. 2 shows the timing sequence of the actuation of the resistive and SMA wires. First, the SMP sub-structures in the hinge
area are heated using resistive wires by applying the current I1
from the beginning to the time t1 to transform them from a glassy
(high-stiffness) state to a rubbery (low-stiffness) state. Then, the
input current to the resistive wire is stopped, and the SMA wire
is actuated by applying I2 from t1 to t2 to produce a large bending deformation. The SMA wire remains actuated until the SMP
cools down to the high-stiffness glassy state. After the SMA wire
is deactivated, the actuator retains the deformed shape due to the
high-stiffness of the SMP sub-structures. Finally, applying current
I1 again to the resistive wire increases the temperature of the SMP,

2.1. Design of actuators
The printed actuators are capable of large bending deformations
in a low-stiffness state, retaining the deformed shape in a highstiffness state, and then recovering the original as-fabricated shape
in a low-stiffness state. In order to demonstrate the ﬂexibility of
multimaterial 3D printing, two basic designs are used for the bending actuators, as shown in Fig. 1. Each actuator has a thickness of
3 mm, a width of 15 mm, and an effective length of 100 mm, with
two 20 mm long hinges. Each hinge has embedded SMP segments
whose temperature is controlled via Joule heating. Resistive wires
are embedded into the designated holes in the hinge areas to effectively control the temperature of the SMP segments, which serve
two functions: shape retention of the deformed actuator at temperatures lower than the glass transition temperature (T<Tg ), and
shape recovery at elevated temperatures (T >Tg ).
The ﬁrst design, introduced in Fig. 1a and referred to as Actuator1 hereafter, is comprised of two slender rectangular SMP bars which
are printed on each side of the actuator in parallel to the SMA wires.
However, in the second design, referred to as Actuator-2, the SMP
segment is printed in the form of a thin layer on the bottom of each
hinge. As shown in Cross-Section A-A of Actuator-1 (Fig. 1a), and
Cross-Section B-B of Actuator-2 (Fig. 1b), the volume fraction of the
soft material within the hinges of Actuator-1 is signiﬁcantly higher
than Actuator-2. Therefore, the two actuators have different bending stiffnesses in the hinge area. The original thickness of the SMP
2
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temperature of stress-strain behaviour, failure strain and Young’s
modulus of VeroClear, which was selected to print the SMP substructures owing to its highly temperature-dependent stiffness,
which enables the shape retention capability. The failure strain was
assumed to be the strain at the moment of sample rupture (the
maximum recorded strain). Young’s modulus of VeroClear changes
from 1387 MPa at room temperature to 16 MPa at 60 ◦ C. In addition,
VeroClear has excellent shape memory behaviour as demonstrated
in previous studies [22–25], which allows for recovery of the original shape of the actuator.
Fig. 3c and d illustrate the tensile properties of the elastomeric
digital materials measured at room temperature. From Agilus30
to FLX9950, Young’s modulus increases while the failure strain
decreases. Among the tested digital materials, FLX9960 (E = 2.6
MPa) was selected to print the actuator soft segments, because its
stiffness is very close to polydimethylsiloxane (PDMS, E = 1.8 MPa),
an elastomer widely used in the conventional fabrication methods
of soft actuators [9,10,14].
The results of the DMA tests are shown in Fig. 4. The Tg of the
printed materials was recognized as a peak in the Tanı curve in
Fig. 4a, and plotted in Fig. 4b. According to the DMA tests, the Tg of
VeroClear and FLX9960 is 58 ◦ C and 4 ◦ C, respectively. At temperatures higher than Tg , VeroClear is in a rubbery state.
Bending actuators including Actuator-1 and Actuator-2 (Fig. 1)
were printed using the multimaterial inkjet printer. After printing,
the residual support material from the 3D printed parts was cleared
using a high pressure water cleaner (Powerblast, Balco Engineering
Ltd, Birmingham, UK). After removing all of the support material,
the SMA wire, which was a nickel-titanium alloy (Flexinol, Irvine,
CA, USA, properties of Table 1) with a diameter of 0.15 mm, was
embedded into the printed composite structure and ﬁxed to the
two designated points at one end of the actuator using copper
crimp connections (Insulated Crimp Bootlace Ferrule, RS Components, Corby, UK) to prevent relative sliding between the soft matrix
and the SMA wire.
In addition, the resistive wire was selected from a copper–nickel
alloy, referred to as Constantan (Block Transformatoren-Elektronik

Fig. 2. The current is applied to the resistive and SMA wires sequentially to realize
deformation, shape retention, and shape recovery.

and results in shape recovery of the actuator. The required electrical current to actuate the resistive and SMA wires was extensively
explored during experimentation to determine effective testing
conditions for actuator designs introduced in Fig. 1.
2.2. Experimental procedure
A multimaterial inkjet 3D printer (Objet500 Connex 3, Stratasys, Edina, MN, USA) was used to print the body of the composite
actuators. This printer is able to print two base polymer materials, including a soft elastomeric polymer, known as Agilus30, and
a rigid polymer, known as VeroClear. It is also able to print various
combinations of these two base materials on a voxelized domain to
create digital materials with a broad range of properties between
the two base materials.
Characterization of mechanical properties of printed materials
facilitates the design of the composite actuators. For this purpose,
a series of uniaxial tensile tests and dynamic mechanical analysis
(DMA) tests were conducted. Fig. 3a and b show the change with

Fig. 3. Results of the uniaxial tensile tests of the printed materials. a) Stress-strain behavior of VeroClear at different temperatures, which was used to print the SMP segments
of the actuators. b) Failure strain and Young’s modulus of VeroClear versus temperature. c) Stress-strain behavior of the elastomeric digital materials at room temperature,
which were used to print the soft segments of the actuators. d) Young’s modulus of the elastomeric digital materials at room temperature.
3
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Fig. 5. 3D ﬁnite element model of Actuator-1 (Fig. 1a). Two separate UMATs were
used to model nonlinear large deformation of the SMP and SMA.

assumed at the interface between the SMA wire and the inner wall
of the hole embedded in the longitudinal direction of the actuator.
The loading steps for the model are as follows. First, the SMA
wire is extended 5% at room temperature when the material is in
the martensitic phase. Second, the SMA wire is unloaded when it
is still at the room temperature. These two steps cause 5% strain in
the SMA wire due to the detwinning in the martensitic phase.
As shown in Fig. 1, the temperature of the SMP segment in each
hinge area is independently controlled using the embedded resistive wires. In the next step of simulation, the temperature of the
SMP segment in the desired hinge is increased to over Tg . As a result,
the SMP in the hinge becomes soft. It should be noted that the heating does not affect the other SMP segments, and they remain rigid
at room temperature. In the next step, the contact between the
SMA wire and the matrix is activated, and the SMA temperature is
increased to a temperature higher than the austenitic ﬁnish temperature (As = 78 ◦ C, Table 1). This leads to the recovery of 5% strain
stored in the wire, and bending deformation of the actuator due
to the wire contraction. Then, the temperature of the hinge SMP
is decreased. This transforms the SMP layer to the stiffer glassy
state. In the next step, the SMA wire is deactivated by reducing its
temperature to room temperature. After this step, the deformed
shape of the actuator is retained owing to the rigidity of the SMP
segment of the hinge. Finally, the hinge SMP is heated up again to
restore the actuator original shape. These steps are demonstrated
in greater detail and compared with the experimental results in the
next section.

Fig. 4. Results of DMA tests for various printed materials. a) Tanı vs temperature.
b) Tg of the printed materials.

GmbH, Verden, Germany), with a thickness of 0.20 mm and a resistance of 15.6 /m, and inserted into the SMP segments in the hinge
area. A programmable power supply (HMP4030, Rohde & Schwarz,
Munich, Germany) was used to apply the designated current to each
wire for a predetermined amount of time.

3. Finite element modelling
The three-dimensional ﬁnite element simulations were conducted in the software ABAQUS to analyze the thermo-mechanical
behaviour of the printed actuators based on the experimental
conditions. The goal of the analysis was to present and validate a computational framework which could be used for further
development of actuators capable of complex deformations. Fig. 5
illustrates the 3D ﬁnite element model of Actuator-1 with prescribed displacement-based boundary conditions at one end.
Three different material models were used to simulate the soft
layer, the SMP, and the SMA. Regarding the material characterization results (Fig. 3), the soft layer was assumed to have linear
elastic behavior. For the SMA wire, a coupled thermo-mechanical,
isotropic-based material model was used. It was developed and
implemented as an ABAQUS user-deﬁned material (UMAT) in
[27,28]. Furthermore, another UMAT was used for the SMP, which
was developed based on a multi-branch viscoelastic constitutive
model comprehensively explained in [29,30].
The SMP segments of the actuator were modelled using 3568
continuum linear hexahedral elements of type C3D8H, and the SMA
was modelled using 109 continuum linear line elements of type
B31H. Furthermore, a surface-to-surface frictionless contact was

4. Results and discussion
By 3D printing several test specimens, the performance of
Actuator-1 and Actuator-2 (Fig. 1) was experimentally measured.
First, a series of measurements were conducted to investigate the
effect of applied current on the heating time and bending stiffness
of the SMP segments. Temperature of the SMP segments was measured using an infrared thermometer camera (Fluke 297 FC, Fluke
Co., Everett, WS, USA). The actuator temperature near the SMP segments was measured on Point C for Actuator-1 (Fig. 1a) and Point
E for Actuator-2 (Fig. 1b). Fig. 6 shows the time required for each
actuator to reach the temperature of 60 ◦ C (t60◦ C ) under various
applied currents from 0.8 A to 1.7 A for Actuator-1 and 0.6 A to 1.3
A for Actuator-2. Heating was faster in Actuator-2 than Actuator-1,
because it had smaller free surface for each wire segment embed-

Table 1
Material properties of SMA wire [19].
Martensite Young’s
modulus (EM )

Austenite Young’s
modulus (EA )

Martensite start
temperature (Ms )

Martensite ﬁnish
temperature (Mf )

Austenite start
temperature (As )

Austenite ﬁnish
temperature (As )

28 GPa

75 GPa

52 ◦ C

42 ◦ C

68 ◦ C

78 ◦ C
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Fig. 7 shows that the heat generated by resistive wires in the SMP
segments also increases the actuator temperature near the SMA
wire. This temperature increase is more signiﬁcant in Actuator-2
owing to the small distance between the resistive and SMA wires
in this actuator. It is worth noting, however, that the maximum
SMA temperature in both actuators never exceeds the austenite
start temperature (As = 68 ◦ C; Table 1). Therefore, in none of the
actuators applying electric currents to the resistive wires actuates
the SMA wires.
A key parameter governing the strength of the fabricated actuators is the bending stiffness. Since the embedded SMA and resistive
wires have a very small volume, it is assumed they have a negligible effect on the bending stiffness. Thus the bending stiffness of
the actuators in the hinge area is solely determined by the soft and
SMP segments from the following equation:
EA IA = ESoft ISoft + ESMP ISMP
Fig. 6. The time required for the SMP segments of a) Actuator-1, and b) Actuator-2,
to reach a temperature of 60 ◦ C under various applied currents. Temperature was
measured at Point C on Actuator-1 (Fig. 1a), and at Point E on Actuator-2 (Fig. 1b).

(1)

where EA , ESoft , and ESMP show the Young’s modulus of the actuator, soft and SMP segments, respectively. IA , ISoft , and ISMP denote
the second moment of area of the actuator, soft and SMP segments,
respectively. All parameters in Eq. (1) are constant, except ESMP ,
which is much higher in glassy state than the rubbery state, as
shown in Fig. 3a and b. Since the soft material has a very low glass
transition temperature (FLX9960, Tg = 4 ◦ C), it remains in rubbery
state over the entire range of operation temperature. Therefore, it is
assumed that the Young’s modulus of the actuators soft segments
is constant.
The change of the actuators bending stiffness during cooling,
from T = 60 ◦ C to T = 25 ◦ C, was calculated using Eq. (1), and plotted in Fig. 8. The thickness of the SMP segments of the actuators
in the hinge area was assumed to be 2 mm. The Young’s modulus of the SMP, VeroClear, for different temperatures was extracted
from Fig. 3a. As expected, Fig. 8 conﬁrms that the bending stiffness of the actuator substantially changes with temperature. The
bending stiffness of Actuator-1 at high temperature (60 ◦ C) and

ded within the actuator, hence dissipated heat through convection
to the ambient air at a lower rate.
As observed in Fig. 6, the current of 1.1 A and 0.75 A should be
applied to the resistive wires embedded into the SMP segments of
Actuator-1 and Actuator-2, respectively, to increase the SMP temperature to 60 ◦ C in less than 60 s. For consistency, in all of the
remaining experiments these currents were applied to Actuator-1
and Actuator-2 to ensure identical heating times for both actuators.
The change of actuators temperature with time near SMP and
SMA (Points C and D in Fig. 1a, and Points E and F in Fig. 1b) was
also measured. To this end, the currents of 1.1 A and 0.75 A were
applied for 60 s to the resistive wires of Actuator-1 and Actuator-2,
respectively.

Fig. 7. Variation of the actuators temperature near the SMA and SMP with time. The current of 1.1 A and 0.75 A was applied for 60 s to the resistive wires embedded into
Actuator-1 and Actuator-2, respectively. a) Actuator-1 (Fig. 1a). b) Actuator-2 (Fig. 1b).

Fig. 8. Variation of the bending stiffness and temperature of the actuators with time during cooling. a) Actuator-1 (Fig. 1a). b) Actuator-2 (Fig. 1b).
5
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Fig. 9. Experimental and numerical results of the independent and simultaneous actuation of Hinge-1 and Hinge-2 of Actuator-1 (Figs. 1a and 5). Blue and red colors of the
hinges in the insets indicate the glassy state at room temperature and rubbery state at high temperature, respectively, realized by Joule heating through resistive wires. Blue
and red colors of the SMA inset show the actuated and unactuated state of the SMA wire. The color contours show the actuator displacement in different conﬁgurations. a-d)
Original and deformed conﬁgurations of Hinge-1 (the top hinge) of Actuator-1. e-h) Original and deformed conﬁgurations of Hinge-2 (the bottom hinge) of Actuator-1. i-l)
Simultaneous actuation of Hing-1 and Hinge-2 of Actuator-1.

low temperature (25 ◦ C) was determined to be 0.13 GPa.mm4 and
3.32 GPa.mm4 , respectively, indicating 96.2% reduction of bending stiffness at high temperatures. For Actuator-2, the bending
stiffness changed from 0.33 GPa.mm4 at high temperature to 24.3
GPa.mm4 at room temperature, corresponding to 98.6% change in
the stiffness. These results show the great stiffness variability of
both actuators, which helps achieve desired performance for the
soft robotics applications.
Overall, Fig. 8 shows that Actuator-2 is one order of magnitude
stiffer than Actuator-1 at room temperature, and demonstrates
a more signiﬁcant change in stiffness with temperature, simply
because it contains a larger volume of the SMP in the hinge areas.
Applying electric current to the resistive wires inserted into each
hinge enables independent actuation of each of the actuator hinges.
After the SMP segment of the desired hinge becomes soft via Joule
heating, the SMA wire is actuated to deform the actuator. Fig. 9
compares the experimental and ﬁnite element results of the independent and simultaneous actuation of the hinges of Actuator-1
with the hinge SMP thickness of 2 mm (Fig. 1a).
The experimental actuation steps are as follow. First, the current
of 1.1 A was applied to the resistive wire of the desired hinges for 60
s to heat up the SMP to 60 ◦ C (Fig. 9a, e and i). Then, the resistive wire
was switched off, and the current of 0.41 A was applied to the SMA,
while the desired hinge was still at high temperature rubbery state,
as shown in Fig. 9b, f, and j. This caused the actuator to bend from the
heated hinge. The SMA wire was maintained in the actuated state
for 120 s to give enough time to the SMP to cool down and become
glassy. Fig. 9c, g and k show that the actuator was able to retain
the deformed shape after the SMA wire was deactivated. However,
it slightly bounced back after the SMA current was switched off.
Finally, to restore the actuator original shape, the current of 1.1 A
was applied again to the respective resistive wire (Fig. 9d, h, and l).

Movie S1 shows the actuator performance during a full cycle
of deformation for Actuator-1 with the hinge SMP thickness of 2
mm, while Movie S2 demonstrates the ﬁnite element results of
deformation cycle for the same actuator. It should be noted that
without a shape retention mechanism, the current must be continuously supplied to the SMA wire so that its temperature remains
higher than the SMA actuation temperature, and the actuator could
remain in the deformed state. Here, the continuous consumption
of energy was avoided by utilizing the printed SMP segments for
shape retention.
In order to characterize the shape ﬁxity and recovery of the
bending actuators, the shape ﬁxing ratio (Rf ) was used to determine
their ability to retain a temporary shape, and the shape recovery
ratio (Rr ) to measure its ability to restore its initial straight shape.
Rf and Rr were calculated using the following two equations:
Rf = 2 /1 and Rr = 1 − 3 /2

(2)

where  1 ,  2 and  3 are deﬁned in Fig. 9b and d. In Eq. (2),
 1 indicates the maximum rotation angle of the actuator before
deactivating the SMA wire,  2 indicates the rotation angle after
deactivating the SMA wire, and  3 is the rotation angle after recovery.
The SMP layer in the hinge area of Actuator-1 and Actuator-2
is shown in cross-section A-A in Fig. 1a and cross-section B-B in
Fig. 1b, respectively. As seen in Fig. 1, the SMP volume in Actuator2 is larger than Actuator-1. In a series of experiments, the thickness
of the SMP segments in the hinge area was varied for both Actuator1 and Actuator-2 to study its effect on the rotation angle, bending
stiffness, recovery and ﬁxity of Hinge-1. The results were compared
with the ﬁnite element simulations described in Section 3.
Fig. 10a demonstrates the variation of the bending stiffness
of the Actuator-1 and Actuator-2 with the thickness of the SMP
6
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Fig. 10. Effect of the SMP thickness on the a) bending stiffness, b) rotation angle, c) recovery ratio, and d) ﬁxity of Hinge-1 of Actuator-1 and Actuator-2. The SMP thickness
in the hinge area was varied from 0.5 mm to 3 mm.

layer in the hinge area at room temperature. With increase of the
SMP thickness from 0.5 mm to 3.0 mm, the stiffness of Actuator-1
increases from 2.3 GPa mm4 to 6.3 GPa mm4 , while the stiffness of
Actuator-2 changes from 16.5 GPa mm4 to 46.8 GPa mm4 . Therefore, multimaterial 3D printing enables stiffness variation not just
by printing various designs with complex arrangements of soft
elastomer and rigid SMP segments, but also by varying the SMP
thickness in a speciﬁc design.
Fig. 10b-d show that the ﬁnite element model is able to predict
the effect of the SMP thickness on the maximum rotation angle
( 2 in Fig. 9c), shape ﬁxity, and recovery ratio with good accuracy.
Fig. 10b shows that the maximum rotation angle for Actuator-1
is always larger than Actuator-2, because Actuator-2 uses a larger
amount of the SMP in the hinge area, which increases the stiffness
of the hinge in the rubbery state and limits its maximum rotation.
On the other hand, this causes the shape ﬁxity and recovery of
Actuator-2 to be always larger than Actuator-1 for a speciﬁc thickness. In general, the use of more SMP in the hinge area increases its
ability to retain the actuated bent shape and recover the original
straight shape. These ﬁndings show that for each speciﬁc application, using multimaterial 3D printing the actuator design can be
modiﬁed to achieve the desired performance.
To demonstrate the application of the fabricated actuators in soft
robotics, a soft ﬁngered gripper was designed and printed based on
the Actuator-1 design (Fig. 11a). Fig. 11b features a symmetrical
gripper with three identical ﬁngers in a triangular conﬁguration,
each having two hinges following the design of Actuator-1. A rigid
structure printed from VeroClear was used as a base for the ﬁngers,
and a small arc-shaped extrusion printed part at the end of each ﬁnger simulated a ﬁngernail. The gripper had both SMA and resistive
wires connected in series for simultaneous actuation of all the ﬁngers. A 150 g cylindrical object, as depicted in Fig. 11c, was steadily

grasped, effectively lifted, concretely held, and then placed back to
the original position within 20 s. To adjust the gripper force handling capabilities based on each speciﬁc application, the bending
rigidity and deformation could be easily modulated as desired earlier by integrating spatial variation and selective material change
as well as individual actuation of the SMA wire for each ﬁnger.
This enables a soft, adaptive, and stable grasping of 3D objects
with increased geometric complexity. For this purpose, the threedimensional numerical framework established in Section 3 can be
exploited as an effective tool to optimize design for speciﬁc force
handling capability requirements. The numerical method can be
supplemented with analytical models available for SMA-elastomer
composites to investigate the effect of crucial parameters inﬂuencing the actuator performance such as moment-curvature relation
and asymmetry in SMA behavior [31–33].

5. Conclusions
This study demonstrated the great capability of multimaterial inkjet 3D printing to manufacture variable stiffness composite
actuators capable of shape retention and shape recovery. The
stiffness modulation of these SMA-based actuators is realized by
changing the temperature of the printed SMP segments via Joule
heating. The shape retention capability reduces the energy required
to maintain the deformed shape of the actuator. Furthermore, the
shape memory behavior of the SMP allows for recovery of the initial undeformed shape without applying any external mechanical
load. The hinge design was also modiﬁed to control maximum
deformation, bending stiffness, and ﬁxity and recovery ratios of the
actuators. It was shown that the use of larger amount of SMP in the
hinge area increases the ﬁxity and recovery, but limits the maxi7
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Fig. 11. a) Detailed view of the robotic gripper ﬁnger design. b) Fabricated gripper based on the the Actuator-1 design. c) Grasping action of the gripper.

mum deformation due to increased bending stiffness in the hinge
area.
The fabrication of shape reversible composite actuators by multimaterial 3D printing has many advantages over conventional
molding and casting methods. Multimaterial inkjet 3D printing
enables arrangement of distinctive soft and rigid SMP polymers
with high precision and controllability. Moreover, morphologi-

cal and geometric complexity of the 3D printed parts does not
increase time or cost of fabrication. It provides designers with
greater freedom to print intricate features necessary to address various structural requirements. Although the printing method used
here is limited to a few commercially available materials, but further development of 3D printable materials in future will increase
the possibility of printing even more complex active structures.
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