¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Shape memory meta-laminar jamming actuators
fabricated by 4D printing

’ '.) Check for updates ‘

Cite this: Soft Matter, 2023,

19,2186 Mohammadreza Lalegani Dezaki

and Mahdi Bodaghi = *

Laminar jamming (LJ) technology is a hot topic because it allows for the transition from conventionally
quick, precise, and high-force rigid robots to flexible, agile, and secure soft robots. This article introduces
a novel conceptual design of meta-laminar jamming (MLJ) actuators with a polyurethane shape memory
polymer (SMP)-based meta-structure fabricated by 4D printing (4DP). The sustainable MLJ actuators
behave as soft/hard robots via hot and cold programming accompanied by negative air pressure. The
advantage of MLJ actuators over conventional LJ actuators is that a continuous negative air pressure is
not required to stimulate the actuator. SMP meta-structures with circle, rectangle, diamond, and auxetic
shapes are 4D printed. Mechanical properties of the structures are evaluated through three-point bending
and compression tests. Shape memory effects (SMEs) and shape recovery of meta-structures and MLJ
actuators are investigated via hot air programming. MLJ actuators with auxetic meta-structure cores show

Received 25th January 2023, a better performance in terms of contraction and bending with 100% shape recovery after stimulation.

Accepted 11th February 2023 The sustainable MLJ actuators have the capabilities of shape recovery and shape locking with zero input
DOI: 10.1039/d3sm00106g power while holding 200 g weight. The actuator can easily lift and hold objects of varying weights and

shapes without requiring any power input. This actuator has demonstrated its versatility in potential
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1. Introduction

Soft robots are amenable to human interaction and environ-
mental adaptation. They can securely interact with bodies and
move across dynamic settings, thanks to their compliance."?
One of the most common procedures to build soft robots is 4D
printing (4DP) technology using fused deposition modelling
(FDM).*>* The development of 4D-printed adaptive and dynamic
metamaterials is facilitated by the incorporation of life into 3D-
printed items with a time dimension.>® Mechanical metama-
terials have exceptional qualities that do not exist in natural
materials because of the periodic arrangement of bespoke
artificial microstructural units.” Thanks to their exceptional
qualities, mechanical metamaterials have been applied in several
research and engineering domains.® These adaptive and dynamic
actuators are constructed from a variety of smart materials like
shape memory polymers (SMPs) and shape memory alloys.”'° Soft
actuators are divided into numerous subgroups such as fluidic-
driven,""'* thermo-driven,"*'* electro-driven,">'® pH-driven,"”
light-driven,"® and magneto-driven actuators.'>*

Soft actuators made from 4DP technology have been widely
used in different industries from manufacturing to biomedical
sectors.”’ Soft robots offer certain benefits, such as being
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applications, such as functioning as an end-effector and a gripper device.

lightweight and allow for safe human-robot contact, but they
also have some drawbacks, such as poor motion control, high
power consumption, and low output forces/torques.>* The use
of variable stiffness actuators is a practical technique to provide
robots with the benefits of both rigid and soft architectures.>®
Jamming structures are promising for variable stiffness control
because of their simplicity, low cost, adaptability, quick reac-
tion, and ability to be customised.”*

Jamming is one such enabling technique that involves the
evacuation of fluid-tight envelopes containing different materi-
als to bring the parts into touch with one another, create
friction, and increase device stiffness.”> A vacuum bag and
internal components encased in the vacuum bag are the typical
components of jamming constructions. Large normal forces
between internal parts are produced when a vacuum pressure is
applied, and the resulting frictional forces stop the jamming
structure from deforming. The rigidity of the structure may be
actively controlled by varying the pressure differential between
the vacuum bag’s inside and outside.”® As a result of soft
actuators’ safety and simplicity of control, jamming structures
have been frequently used to improve their stiffness.?’

In recent years, jamming strategies based on various inter-
nal parts have been investigated.*®*° A flexible yet inextensible
sheet is the most common internal component used in laminar
jamming (LJ) designs. They typically respond quickly by utilising
a suction system and are typically lightweight. Other innovative
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jamming structures, including particles and L], have also lately
been developed.® Narang et al.*" created an analytical and finite
element model that quantitatively described the behaviour of
two-layer pneumatic jamming structures during all significant
deformation stages. The integration of jamming structures into
soft machines allows them to selectively display the stiffness,
damping, and kinematics typically associated with traditional
rigid robots. Lin et al*” developed origami skeletons with
controllable stiffness for compact and versatile artificial mus-
cles. The strategy of combining origami folding and adjustable
stiffness, which was inspired by the human limb’s activity
strategy, was used to create controllable stiffness origami skele-
tons. The actuators were based on the L] and origami folding of
multiple layers of a flexible sandpaper, for a common mono-
functional single-morphing vacuum-powered cube-shaped arti-
ficial muscle.

Kwon et al.*® created a sandwich jamming structure that
consists of a rubber-laminated front sheet and an anisotropic
cellular core. When the structure was not jammed, the light
anisotropic core’s low bending modulus allowed for excellent
structural compliance, but when jamming occurred, it became
extremely stiff. The structure offered a better strength-to-weight
ratio and stiffness change ratio between the unjammed
and jammed states as compared to particle and LJ structures.
Wang et al.®* developed a tendon-driven soft robotic hand
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with variable stiffness using an LJ structure. The single
tendon driver controlled the deformation while the LJ structure
independently adjusted the stiffness of the actuator
components.

Narang et al®® showed that LJ, a beneficial variable-
impedance mechanism, overcame several limitations of con-
ventional variable dampers. It was demonstrated that although
the variable-damping qualities of jamming structures allow
oscillation amplitudes, decay rates, and steady-state deforma-
tions to be set on demand, the variable-stiffness properties of
jamming structures allowed oscillation frequencies to be
tuned. Also, the results showed that the impact response of
soft structures with built-in jamming mechanisms could be
adjusted to either save or release energy as required. Gerez
et al.*® created a hybrid, soft, robotic exoskeleton glove with all
fingers capable of abduction using the LJ technique. A tele-
scoping additional thumb that improved grasp stability, and
soft structures with variable stiffness at the glove’s back that
could change the finger bending profiles and help stabilise the
desired grasping pose were developed. The user’s gripping
abilities were significantly improved by the hybrid assistive,
exoskeleton glove, which could apply the pressures necessary to
carry out a variety of daily chores. Also, Willemstein et al.*”
printed a soft actuator by a coiling liquid rope and the infill
foam approach for printing structures with variable porosities.
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The use of this grading allowed for the realisation of rectan-
gular constructions with a variety of deformation patterns,
including twisting, contracting, and bending.

The LJ actuator must be light and should not be heavy. Also,
the actuator should be strong enough to endure the moment
caused by external shocks. The actuator should be precise and
accurate enough to fulfil the required task. A major challenge
with pneumatic LJ actuators is that the negative pressure
should be always working to hold the actuator in the required
position. Energy consumption increases due to continuous
stimulation to activate the actuator. Hence, a sustainable
design can reduce power consumption accordingly.

In this paper, a novel method is proposed combining 4DP
and LJ technology to produce soft/hard meta-laminar jamming
(ML]) actuators with shape recovery, shape locking, and zero-
power holding features. The ML]J actuators are activated via hot
programming and the shape-locking feature is achieved via
cold programming accordingly. Designing MLJ actuators that
behave differently when the structure is unjammed and
jammed has not received much attention. A combination of
4DP and L] technology allows us to develop sustainable laminar
jamming sandwich actuators. The vacuum-based jamming
is enhanced by using the shape memory effect (SME) of
4D-printed metamaterials to decrease energy consumption.
The lightweight metamaterial core allows for excellent struc-
tural compliance and their SME allows for shape-locking
the structure in the required position with zero power. The
method has the advantage of improving reconfigurability
and reusability by enabling the actuator behaviour to be
switched while maintaining the same core design by simply
adjusting the relative stiffness of the sleeve at various locations.
Also, the power consumption of actuators is reduced due to the
SME and locking system. The actuator’s capabilities are shape
locking in the required position, shape recovery, high stiffness,
and bending and contraction. The actuators can be used
in different applications such as lifting and gripping with
ZEero power.
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Fig. 1 Procedure and concept of activation of 4D-printed MLJ actuators.
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2. Materials and methods

2.1. Concept and model

This study builds on the knowledge of SMEs, L] actuators, and
FDM printing to construct the functionally graded metamaterial
concept. The fundamental concept is to combine SMPs and L]
technology to provide prospects for designing and developing
sustainable adaptive ML]J actuators. SMPs have the unique
capability to change into a temporary shape upon being exposed
to external stimuli, such as heat, and subsequently revert back to
their original shape. The goal now is to carry out the program-
ming procedure with MLJ technology. Fig. 1 depicts a typical
diagram-based, step-by-step thermo-mechanical programming
methodology for ML]J actuators.

At a low temperature below the transition temperature (),
where SMP metamaterial is stable in a glassy phase, it begins
under a strain- and stress-free condition. Then, the temperature
is raised over T,. Negative pressure is used to provide the greatest
amount of strain to SMP that is in the rubbery phase. The
material is cooled to a low temperature while the vacuum
pressure is maintained at a constant level. This stage involves
accumulating inelastic stresses while the rubbery phase even-
tually transitions to the glassy phase. The structure is finally
released while the material still has a pre-strain. The vacuum is
cut off and the actuator remains in the position aligned with the
meta-structure’s shape. The actuator module is heated at a high
temperature for activation, releasing tension and restoring the
permanent form.

PVC films can be used inside the module to change the
behaviour of the actuator from contraction to the bending
form. Without PVC films, the actuator is contracted and
compacted via negative air pressure. Under both conditions,
the actuator’s shape is locked until the temperature goes up
again. It has been discovered that the metamaterial core in the
ML]J actuator can create MLJ structures and impose inelastic
pre-strain that may cause SMEs to manifest in a certain
manner. It may be inferred that the metamaterial’s shape
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may be programmed in numerous ways and a range of pre-
strain values are obtained. Also, printing parameters, pressure
values, material properties and structure size can be effective
which need to be considered in ML] actuators.

2.2. Design and fabrication

Metamaterials’ deformability and energy absorption character-
istics make them suitable in this case to be used as a core
structure. Sandwich-enclosed MLJ actuators are the main aim of
this study. The design of all structures is kept constant and
similar. Five different lattice shapes are selected to examine their
mechanical properties in MLJ actuators. Honeycomb shape,
circle shape, rectangular shape, diamond shape, and auxetic
shape structures are chosen to be designed in this study. These
types of structures are preferred because they may be used in a
variety of applications and have dependable mechanical char-
acteristics. All models are developed in SolidWorks©) software at
a constant size and volume. The designs and their details are
shown in Fig. 2. The size of all meta-structures are the same.

Polyurethane SMP-based filaments with a 1.75 mm diameter
from SMP Techno. is used to print the core structures. The FDM
method is used to carry out the printing process. FDM can print
complex SMP structures according to specifications. Samples
are produced from bottom to top using created pathways and
G-codes using Slic3r software. An open-source 3D printer is
used to build the core structures accordingly. The quality of
printed SMP metamaterials is impacted by several printing
factors.”*® The printing parameters used to build samples are
210 °C nozzle temperature, 0 °C bed temperature, 40 mm s *
print speed, 0.2 mm layer height, and 5 mm retraction distance.
The same settings are used to print all specimens.

®15.0
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Circle Rectangle

Fig. 2 2D schematic design of meta-structure cores with details.
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The interior architectures of actuators are modelled using
those of vacuum-actuated muscle-inspired pneumatics and
fluid-driven origami-inspired artificial muscles, whereas the
internal structural skeleton is more influenced by fluid-driven
origami-inspired artificial muscle actuators. The procedure for
building the MLJ actuators is shown in Fig. 3. The heating
temperature is increased more than material T, to activate the
core structure. Hence, a heat-resistant nylon PA6 vacuum
bagging film with a 200 °C maximum operating temperature
from Easy Composite Ltd is used in this study. A heat sealer is
used to seal 3 sides of the film. The core metamaterials are
placed inside the bagging film. A thin PVC film with a size of
0.25 mm is used inside the actuator module to control the
motion of the actuator. The location of the film can be varied
based on motion requirements such as bending or contraction.
A TPU tube is attached to the module from one side and
polyisobutylene sealant tape from Easy Composite Ltd is used
to seal the module accordingly. The actuator is activated in
terms of contraction or bending to evaluate its performance.

2.3. Dynamic mechanical analysis (DMA)

Most polymers typically exist in a soft, above-glass transition
temperature state, and in a hard, brittle state at ambient
temperature. The dynamic mechanical analyser 8000 from Per-
kinElmer is used to test the storage modulus of polyurethane
SMP. The sample for the DMA test is 3D printed at a speed of
40 mm s, and its model measurements are 15 mm (length) x
1.6 mm (width) x 1 mm (thickness). The most important
thermodynamic factor that contributes to the SME of SMPs is
Ty, and, therefore, it should be studied to assess the shape
memory behaviour of 4D-printed polyurethane. Additionally, it is
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Fig. 3 Procedure of building MLJ actuators and equipment to investigate their performance.

important to describe how heating affects the T, of the employed
material. The chosen test frequency is 1 Hz, which corresponds
to the gradual alteration in characteristics brought on by tem-
perature. The DMA test sequence ramps from a starting tem-

perature of 25 °C to 85 °C at a rate of 5 °C min ™.

2.4. Mechanical properties

In this study, a three-point bending test is conducted to
determine the stiffness and strength of ML] actuators. To
investigate their strength and behaviour, the test procedure
for actuators is conducted for metamaterials, the actuator in
the vacuum bag with and without PVC sheets. A Shimadzu AG-X
plus machine (Shimadzu, Shimadzu UK, UK) is used and
TRViewX (Shimadzu, Shimadzu UK, UK) records the data
accordingly. Both sides of the samples are clamped to avoid
any movements during the test. A force rate is applied, and the
deflection is recorded continuously. The cross-head speed is set
to 5 mm min ' with a 1 kN load cell for the loading and
unloading procedure. A set of three samples is examined for
each test. Also, the effects of vacuum pressure on the flexural
strength are evaluated to check the performance of the actuator
accordingly. A flexural test is conducted to analyse the struc-
tures’ properties and actuators’ performance while the negative
pressure is working continuously. Also, a compression test is
conducted to investigate the behaviour of structures under load
in terms of contraction in actuator modules. The width is

2190 | Soft Matter, 2023,19, 2186-2203

increased to 10 mm and the length of samples is reduced to
have better stability in the compression procedure. A Shimadzu
AG-X plus machine is also used in this experiment and
TRViewX records the data accordingly. The cross-head speed
is set to 5 mm min* for the loading and unloading procedure.
A maximum of 10% strain is applied to all samples to achieve
consistent results and avoid large deformation in the structures.
The performance of structures and actuators is investigated at a
high temperature which is above T;. The previous procedures are
repeated accordingly. The temperature is set to 70 °C at which
the actuator starts to contract or bend. A heating chamber is
placed for a three-point bending test and compression test. The
upper jaw goes down when the temperature reaches 70 °C.

2.5. Shape memory effects

Research into the shape memory effect is carried out under
bending and contraction conditions. Samples are heated from
room temperature to 70 °C. Immediately after the loading, the
samples are rapidly cooled to 25 °C. The samples are heated
again to investigate the shape recovery time and ratio. Shape
recovery values for metamaterials and MLJ actuators are deter-
mined after the free shape memory test in bending and con-
traction modes are repeated up to 3 times. First, the shape
recovery ratio and time of meta-structures are investigated.
Then, their SMEs are evaluated when they are used as a core
structure in ML] actuators. The shape recovery ratio is

This journal is © The Royal Society of Chemistry 2023
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calculated using formula (1) as follows:

Height of actuator after recovery
Initial height of actuator

x 100
1)

Recovery ratio(%) =

2.6. Test measurement

The module should be sealed properly to avoid leakage. The
soft actuators are operated using a programmable-air kit from
Tinkrmind with a 1 bar maximum operating vacuum pressure.
The kit can control the output flow from 0 to 1 bar. A
differential pressure manometer is used to measure the negative
pressure differences during the procedure. A heat gun is used to
ensure that the structure is heated above its T,. SME and shape
recovery are evaluated by heating the structure to investigate the
recovery time. An infrared camera from FLIR is used to assess
how the 4D-printed metamaterial is behaving. An electronic
force gauge with 100 N maximum force from SAUTER is used
to measure the generated force from each actuator as shown in
Fig. 3. The force gauge and actuators are clamped from one side
to have consistent results. A video camera is used to record the
actuator’s motions and movements. Additionally, motion is
captured and the trajectory route of soft actuators is provided
using the PASCO programme.

3. Results and discussion

3.1. Three-point bending test

Fig. 4 displays the temperature-dependent outcomes for storage
modulus and tan d. The temperature is increased from 25 °C to
85 °C. Results show that the material exhibits a notable peak and
fall in the tand, the storage module, and its limited glass
transition range. Tan é reaches a peak of 0.8 when the tempera-
ture goes beyond 55 °C and it sharply falls to 0.09 when the
temperature passes 60 °C. The storage modulus is found to be
approximately 1600 MPa in the glassy phase and dramatically
decreases to 35 MPa in the rubbery phase after T,. The materials

1800
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become rubbery, viscous liquids because of the chain flow,
which also rapidly reduces their storage modulus and leads
them to lose stiffness. T, = 60 °C is indicated by a conspicuous
peak in the tand graph. Hence, the temperature of activation
should be higher than T,. This feature helps the printed struc-
ture to recover its original shape after deformation on increasing
the temperature.

Three-point bending and compression tests are performed
at room temperature and 70 °C to forecast the mechanical
behaviour of ML]J structures under different conditions. Since
the actuators are bent through vacuum jamming, it is vital to
find out the performance of core structures and their behaviour
under the three-point bending test. The test is conducted to
evaluate the behaviour of cells and structures. The test helps us
to investigate the core structures’ mechanical properties in
terms of bending in actuator modules. The tests are repeated
three times and the median results are reported accordingly.
Fig. 5 shows the procedure of three-point bending tests of
metamaterials and modules. The core structure is stiff under
both jammed and unjammed conditions. A minimum cell
thickness of 1 mm is assigned to improve the structural
performance in terms of shape memory behaviour. Fig. 5(a)
shows the procedures of bending tests on metamaterial
structures alone.

The procedure starts with loading the samples up to 10 mm.
Then, the structure is unloaded and the jaw goes back to its
initial position accordingly. Fig. 5(b) illustrates the module
which has a core structure, PVC sheet, and vacuum bag.
Meanwhile, Fig. 5(c) shows the module that has a core lattice
structure and vacuum bag. The structures are jammed using a
vacuum pump with 0.85 bar. A set of 3 samples are tested for
each module. The same procedure is followed at 70 °C to find
out their mechanical properties in the rubbery stage. The tests
are conducted to investigate the differences between the prop-
erties and behaviour of modules. After unloading the structures
and modules, the core structure tends to return back to its
original shape at room temperature. However, the recovery
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Fig. 4 Results of the DMA measurements for the printed SMP in terms of the storage modulus and tané.
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(d)

Fig. 5 Three-point bending test of (a) meta-structures, (b) unjammed MLJ with PVC sheets, and (c) jammed MLJ actuators without PVC sheets.

(d) Shape recovery of meta-structures after three-point bending test.

shape is not 100% as shown in Fig. 5(d). The angle is measured
for all structures to find out the differences in shape recovery
after unloading.

Modules are tested under constant conditions. Several core
designs with more complex deformation capabilities are inves-
tigated. Fig. 6 illustrates the behaviour of each metamaterial
structure and module. Since the structure is rigid in the glassy
state, the core structure plays an important role in the MLJ
actuator when the shape is locked. The cyclic load graphs of
auxetic, circle, diamond, and rectangle structures and modules
are obtained through a three-point bending test, respectively.
The force is increased to 75.11 N at 6 mm displacement and
decreased to 62 N at 10 mm stroke when the core structure is
auxetic and the actuator is vacuumed, see Fig. 6(a). However,
when the temperature is increased the generated force decreases
sharply to 1 to 2 N. The generated force is reduced since the
structure is in the rubbery phase at high temperatures.’**° The
same pattern is followed for the whole module when it is not

2192 | Soft Matter, 2023,19, 2186-2203

vacuumed, and it shows that the actuators rely on the core
structure. Meanwhile, by applying negative pressure to the
MLJ actuator, the actuator becomes stiff at high temperatures.
However, the generated force drops under this condition since
the structure is not as stiff as in the the glassy phase. Also, the
results illustrate that no energy is absorbed by structures since
they are in the rubbery stage.

Similar results are obtained for circle and diamond struc-
tures as shown in Fig. 6(b) and (c). However, the rectangle
structure shows a different pattern. The load increases gradu-
ally up to 10 mm without a drop in force as shown in Fig. 6(d).
The generated force in structures alone and structures with PVC
and vacuum bags is almost equal. This means that the actuators
are dependent on the core structure. Hence, controlling the core
metamaterial structure leads to better performance during the
stimulation. However, when the module without a PVC sheet is
vacuumed, the produced load is higher accordingly. The module
becomes stronger when the pump starts vacuuming the

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Load versus displacement of (a) auxetic, (b) circle, (c) diamond, and (d) rectangle meta-structures and MLJ actuators at room temperature and
70 °C. (e) Obtained maximum force for different designs. (f) Obtained angle after unloading the load in the three-point bending test at room temperature.

actuators and jams the structure. The structures show an Fig. 6(e) shows the maximum generated force within a
elastoplastic behaviour within a 10 mm stroke. 10 mm stroke in all structures. The force increases in all
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modules when negative pressure is applied. However, modules
with PVC sheets and vacuum bags show almost the same
maximum force compared to the structures alone. The applied
negative pressure makes the module stiffer which affects the
structure after unloading. The maximum force is almost similar
for circle, auxetic, and diamond meta-structures with a value of
74 + 1 N except for the rectangular specimens for which the
value is 49.01 £+ 1 N. This happens due to the cell behaviours
that help absorb energy accordingly.>*! The absorbed energy in
this area leads to better shape recovery after unloading.

Fig. 6(f) shows the obtained angle of meta-structures after
unloading. The experiment is carried out to understand the
performance of meta-structure shape recovery after unloading
and via heating. Also, the angle is measured after unloading to
find out how PVC films and vacuum procedure affect the core
structure. The shape recovery improves after unloading when a
PVC sheet or negative pressure is applied compared to struc-
tures alone. The highest values are obtained for circle-shaped
structures which are 29.67 £ 0.7° for the meta-structure alone
and 20.67 £+ 0.5°. When 0.85 bar negative pressure is applied,
the deformation is reduced by 47% accordingly. The obtained
angle for the auxetic core actuators is 9.02 £+ 0.6°. Rectangle-
and auxetic-shaped modules show better performance when
the negative pressure is applied to the module in three-point
bending tests. Alternately, the use of PVC sheets with high
flexibility to create MLJ actuators aids in reducing the meta-
structure deformation while no changes are observed in the
generated force.

Other structures show the same behaviour as the auxetic
structure when the temperature rises. The Young’s modulus of
structures drops after T, and they lose their stiffness. Hence, the
generated force is around 1 to 2 N within 10 mm displacement.
However, on applying negative air pressure to the actuator
module, the actuator becomes stiffer and the load increases
accordingly. The frictional coefficient between internal parts, the
input vacuum pressure, and the core thickness may all be
optimised to increase the yield strength. However, minimum
force is the main aim of this study. The main goal is to have a
structure which can be bent and contracted easily with less force.
Also, shape recovery is important in actuators after activation.
But altering the design parameters could lead to several pro-
blems. Using a thicker core structure or PVC sheets could lead to
consumption of more energy to activate the actuator.

3.2. Compression test

The compression test is conducted to evaluate the performance
of meta-structures in terms of contraction in actuator modules.
If the contraction in the actuator becomes high, the shape
recovery of the actuator will not be 100%. Hence, the compres-
sion test is limited to 10% strain to investigate their properties.
The main aim is to find out which meta-structure shape can
distribute force throughout the structure and avoid concen-
trated force. This helps the module to contract better, and the
shape recovery ratio can be higher since the force is distributed
throughout the entire structure. Each sample is set up on the
testing device’s fixed bottom plate, and the cross-head is moved
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downward at a constant speed of 5 mm min~' while a
displacement-controlled quasi-static mechanical force is

applied to the auxetic structures. Structures are anticipated to
display an elastic and elastoplastic behaviour due to the low
stroke. In terms of force and displacement, mechanical
responses of all meta-structures are evaluated at room tem-
peratures of 24 °C and 70 °C. In the compression test, 10% of
length stroke is delivered to the SMP meta-structures.

Fig. 7(a)-(d) shows the behaviour of meta-structures under
compression load at room temperature. The specimens are
loaded up to 10% of their length and unloaded accordingly.
As can be seen, all structures distribute the force throughout
the entire structure except the circle-shaped meta-structures.
A variety of pattern arrangements can exhibit various mechan-
ical characteristics as seen in Fig. 7(e). The auxetic-shaped
meta-structures appear to lose stability and undergo a soft-
ening snap-through sort of buckling after a 3 mm stroke.
However, the auxetic structure contracts in both the vertical
and horizontal axes.

In fact, the auxetic structure contracts laterally and vertically
as the external indenter further compresses the meta-structure
in the vertical direction, and material flows into the collision
location to create a denser structure with a higher collision
resistance. Meanwhile, the upper side of the circle-shaped
meta-structure is deformed, and the applied force is concen-
trated on the upper side of the structure.

In this area, rectangle and diamond-shaped structures show
an elastic behaviour. The meta-structure largely returns to its
former shape, but certain stresses in the auxetics persist,
suggesting energy loss from the plastic deformation. As a
result, some of the input energy resulting from the external
force is dissipated via the plastic deformation mechanism and
is converted into kinetic energy. The stiffness of the circular
unit cells in comparison to the other structures is supported by
the fact that the curve slope in the elastic and plastic regions is
higher than that of other structures. This means the circular
meta-structure is deformed and shape recovery after unloading
is not high enough. Meanwhile, the force is reduced to almost
1.5 N in all structures when the temperature goes up. The
energy absorption ability of these structures is lost due to a
significant reduction in their Young’s modulus to 35 MPa. The
strain is limited to 10 mm since the contraction of the core
structure is controlled in actuators by negative pressure. All
structures show almost the same trend as the three-point
bending test.

Fig. 7(f) shows the maximum force for all meta-structures to
investigate their stiffness accordingly. The lowest recorded
force is for diamond-shaped meta-structures with a value of
102.94 + 7.09 N followed by auxetic and rectangle structures
with the values of 132.08 + 6.02 N and 139.45 + 7.2 N,
respectively. The strongest structures among others are circle-
shaped lattices with force values of 183.98 + 6.4 N.

The obtained results from three-point bending and com-
pression tests reveal that the circle-shaped cellular structures
do not show good performances compared to others in the
contraction and bending behaviour. Larger angles are obtained

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Behaviour of (a) circle, (b) rectangle, (c) diamond, and (d) auxetic meta-structures under cyclic compression load. (e) Load versus displacement of
meta-structures under one cyclic compression load at room temperature and 70 °C. (f) Obtained maximum force within 10% strain for all designs.

from circle-shaped cellular structures under the same three-
point loading condition. Also, the structure is stiffer, which is
not required in this study, with poor shape recovery after the
cyclic compression test.

3.3. Shape memory effects

Auxetic, rectangle, and diamond meta-structures are chosen to
investigate their shape recovery behaviour in terms of

This journal is © The Royal Society of Chemistry 2023

contraction and bending. The test is carried out to investigate
the shape recovery of core metastructures. The procedure is
started by heating the structures over 60 °C which is the T, of
the polyurethane SMP material. Meta-structures are com-
pressed when they are in the rubbery stage and then cooled
down accordingly. The length of the contracted structures is
measured. The specimens are heated to investigate their shape
recovery features.
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Fig. 8 (a) Procedure of shape recovery after contraction for rectangle-shaped meta-structures. The printed specimen is heated and compressed. Then,
the compressed structure is heated to recover its original form. (b) Auxetic-shaped meta-structures shape the recovery procedure after contraction.
(c) Procedure of shape recovery of the auxetic structure after three-point bending test unloading. (d) Shape recovery after three-point bending and
compression tests for a set of specimens. (e) Recovery time of all structures when 100% shape recovery is achieved.

Fig. 8(a) illustrates the rectangle-shaped meta-structure in
its original shape. The sample is compressed and cooled. The
structure is heated, and the shape recovery is recorded accord-
ingly. The structure goes back to its initial form with a shape
recovery ratio of 100%. The shape recovery stages of the auxetic

2196 | Soft Matter, 2023, 19, 2186-2203

meta-structure are also demonstrated in Fig. 8(b). The speci-
men goes to its original form when the temperature reaches
74.6 °C.

Moreover, the structures are bent to evaluate the shape
recovery. The bending procedure is accomplished by heating
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the structure and applying load on it. A maximum angle of 30°
is achieved for all meta-structures. The shape recovery of the
auxetic meta-structure is shown in Fig. 8(c). The structure is
heated up to 66.4 °C and the shape recovery procedure is
recorded. The samples are fully recovered in the meantime.
The same procedure is conducted for other structures. All meta-
structures fully recover after the heating procedure using a heat
gun. The heated structures show a hyperelastic behaviour and
complex structures can be achieved when they are heated above
T,; however, increasing the temperature will melt the speci-
mens or affect the SME.

Fig. 8(d) presents all structures’ contraction and bending
recovery after compression and the three-point bending
tests. Specimens start recovering their shape as soon as the
temperature reaches 60 °C. The bent meta-structures with
different obtained angles after the three-point bending tests
recover their shape accordingly. Also, the same procedure is
conducted for compressed meta-structures. The maximum tem-
perature at which the structures recover their shape is around
71 + 2 °C for compressed ones and 68 + 2 °C for bent specimens.
The behaviour of the auxetic structure is different from others due
to its mechanical properties and zero Poisson’s ratio in terms of
absorbing energy.*> The recovery time of all meta-structures is
recorded as reported in Fig. 8(e). The time is considered from the
start of the heating procedure until the meta-structures fully
recover. Different values are obtained due to the various angles
after the three-point bending test.

All structures recover in less than 20 seconds from bent or
contracted conditions. The diamond-shaped structure shows
the fastest shape recovery, with 13 seconds in bending and
16 seconds under contracted conditions, respectively. However,
it is possible to decrease the time by increasing the heating
rate. The meta-structure properties and shape recovery are
examined accordingly. The designs are used as core structures
in actuators to investigate their behaviour in terms of contrac-
tion and bending.

3.4. MLJ actuators

Auxetic, rectangle, and diamond meta-structures are chosen to
be used as a core in pneumatic actuators. The assembled
actuators are evaluated through contraction and bending tests.
Fig. 9(a) shows the procedures of stimulating the ML] actuator
with an auxetic meta-structure core. The actuator cannot be
contracted or bent when the core structure is in the glassy
phase. The activation of the core structure can be performed
using hot water or hot air. The temperature is much higher
than T, due to the plastic cover. The heat conductivity of the
plastic bag is low, and it does not allow the structure to convert
to the rubbery phase if the temperature is low. Hence, the
actuator is heated with a heat gun to reach 80 °C.

The ML]J actuator is heated for 30 to 35 seconds to have a
uniform phase. However, heating the structure can be faster if the
heating rate is higher. A negative air pressure is applied to the
actuator with a maximum value of 0.4 bar. The actuator is
contracted because of the core structure’s softness. Subsequently,
the actuator is cooled down to less than 50 °C. The contracted

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Procedure of MLJ activation, shape locking without input power,
and shape recovery under (a) contraction and (b) bending conditions.

Heating

actuator is locked, and the vacuum supply is turned off. The
actuator can recover its original form as discussed. The actuator is
released, and the power supply is removed. The structure is
heated again up to 80 °C and the core structure goes back to its
initial form. The shape recovery happens, and the structure is
cooled down to room temperature.
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The ML] actuators have the capability to bend as well. Fig. 9(b)
shows the stages of actuator’s bending. The same procedures as
contraction are followed for bending. However, a PVC sheet is
used on one side of the core structure to bend it properly. The
actuator is heated, and the power supply is started to vacuum the
actuator during stage II. The actuator’s shape is locked during
stage III. The final stage is the shape recovery of the actuator. The
actuators bend and achieve different values. The same procedure
is conducted on diamond and rectangle actuators as well to
evaluate their performance accordingly.

Actuators can be stimulated with high negative pressure up
to 0.8 bar or thicker core metastructures. However, the defor-
mation is high, and the core structure is not able to recover its
original form completely. The contraction of the actuator is
higher with 0.8 bar negative air pressure compared to 0.4 bar.
However, the core structure is not able to recover its shape
completely. This means that the accuracy and precision of ML]J
actuators decrease in cyclic tests. Also, the twisting and defor-
mation of the actuator during the vacuum procedure are high,
which affects the results.

An alternative way to activate the structure is to turn on the
vacuum power supply first. Then, the structure is heated step by
step. Hence, the structure is under a negative pressure of
0.4 bar and the temperature is increasing slightly, so the actuator
starts contracting or bending. However, the speed of bending
and contraction is much lower compared to the first way.

A comparison is conducted among all ML] actuators to find
out the differences. The effects of core structures on ML]J
actuators are investigated to find out the best core structure
accordingly. A maximum negative pressure of 0.4 bar is applied
to all structures throughout the tests. Shape recovery in bending
and contraction tests are recorded as well. Fig. 10(a) illustrates
the actuators’ contraction from 0 to 0.4 bar. The contraction in
the auxetic actuator is higher among others. The maximum
obtained value for the auxetic-shaped core is 30 mm while it is
25 mm and 21 mm for rectangle-shaped and diamond-shaped
actuators, respectively (see Fig. 10(b)). When the negative pres-
sure reaches 0.4 bar, the contraction becomes stable until the
shape locking happens. As mentioned, the contraction can be
higher in all actuators if the applied negative pressure becomes
more. However, the shape recovery would not be 100%.

Fig. 10(b) gives information on the generated force by ML]
actuators. There is a linear relationship between contraction
and the generated force. Higher contraction results in a higher
force. The maximum forces are recorded for all ML] actuators
accordingly. The maximum force for the actuator with an auxetic
core structure is close to 8 N while it reduces as the contraction
decreases for actuators with rectangle and diamond cores.

Fig. 10(c) shows the measurement of the tip bending angle
for MLJ actuators. Increasing the negative pressure results in a
higher tip angle. The tip angle of actuators is around 60° and it
increases on increasing pressure (see Fig. 10(d)). The maximum
tip angle with a value of 120° is for the actuator with an auxetic
core when the applied negative pressure is 0.4 bar. The same
negative pressure is applied to actuators with rectangle and
diamond cores, and the value is 100° for both (see Fig. 10(e)).
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The best performance among these actuators is for the actuator
with an auxetic core due to the higher bending with the same
applied negative pressure. The shape recovery of actuators in terms
of contraction and bending is also evaluated. Fig. 10(f) shows the
shape recovery ratio of actuators with different core structures.

Overall, the actuators show better shape recovery after
bending compared to contraction. This is due to the friction
between the plastic and core structure which does not allow the
structure to fully recover. The shape recovery of actuators with
an auxetic structure after contraction is higher compared to
rectangle and diamond actuators. This happens because the
auxetic core structure has zero Poisson’s ratio and absorbs
energy accordingly. Also, the shape recovery of actuators with
an auxetic core is constant compared to others. The actuator
with an auxetic structure is used to evaluate its performance
in real applications. Also, the results show that the MLJ
actuator is dependent on the core structure due to the
different obtained angles and contractions. Also, it should
be noted that on decreasing the thickness of the core struc-
ture, the actuator’s performance decreases in terms of bend-
ing and contraction. This happens because of applied
negative air pressure. If the core meta-structure becomes
thinner the plastic covers from both sides attach to each
other and block the output air. Hence, the performance of
the MLJ actuator decreases accordingly.

3.5. Applications

An actuator with an auxetic structure is chosen to evaluate its
performance for different applications. The schematic illustration
of the procedure is shown in Fig. 11(a). The advantage of this
actuator over previous L] actuators is that continuous negative air
pressure is not required to hold the MLJ during the activation
stage. The actuator can be locked in the desired shape without
giving input power. One side of the actuator is clamped and to the
other side, the load is attached. Fig. 11(b) shows that the actuator
is capable of lifting weights. The actuator is heated up to 80 °C to
change the core phase from the glass phase to the rubbery phase.
The power supply is started to vacuum the MLJ actuator. The
actuator contracts and lifts dead weights accordingly.

The loads with the weight of 100 gr and 200 gr are applied.
The MLJ actuator can lift heavy objects, but the contraction
becomes lower. Also, by changing the design and applying
higher negative pressure, it is possible to increase the contrac-
tion. However, shape recovery should be controlled to avoid
damage and deformation. Meanwhile, the shape locking of the
actuators is visible which can be a great advantage in power
consumption. This advantage allows for less power consump-
tion and makes the design more sustainable. Hence, less input
pressure is required to achieve the desired shape. Also, the
shape-locking feature of MLJ actuators reduces the power
consumption for long-term tasks in gripping and holding.

The advantage of this ML]J actuator over previous ones is
that the actuator can hold objects with zero-power input. The
actuator is heated again to recover its shape. This shows that
the ML]J actuator is precise enough to complete a task. Fig. 11(c)
shows that the actuators can be used as a gripper to gasp and
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lift objects with different shore hardness without damage. Two
MLJ actuators with auxetic cores and PVC sheets are clamped
from one side. The actuators are heated up to 80 °C using a heat
gun. A negative pressure of 0.3 bar is applied on both actuators.
The actuators bend and grab the objects accordingly. The input
negative pressure is turned off, and the actuator’s shape
is locked in the required position. By utilizing this design,
zero-power holding and shape locking are attained, which
are crucial because they minimize energy consumption for
long-term tasks.

This journal is © The Royal Society of Chemistry 2023

The performance of actuators in terms of accuracy, preci-
sion, and shape locking is investigated accordingly. Cyclic
lifting is conducted with one MLJ actuator to measure
its performance after a few trials. Fig. 12(a) and (b) illustrate
the contraction of 5 cyclic liftings with 100 gr and 200 gr
weight loads, respectively. The contraction with 100 gr loads
is about 50 mm while it is around 45 mm with 200 gr. The cyclic
lifting is conducted and the results are around 50 + 2 mm and
45 £ 2 mm for 100 gr and 200 gr loads, respectively.
The vacuum supply is turned off and the actuator remains
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in a contracted state without input power. The shape of
the actuators is recovered by heating the ML] module accordingly.

Moreover, the trajectory paths of two ML] actuators are
recorded using PASCO Capstone software. Fig. 12(c) shows
the unjammed and heated jammed MLJ actuators. The jammed
condition is recorded from shape-locked actuators. A target
point is set to measure the repeatability and precision of both
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MLJ actuators. Cyclic activation and shape recovery is con-
ducted on both actuators for 20 cycles. As shown in
Fig. 12(d), the achieved points are close to the target point with
+5 mm which shows the capability of ML]J actuators in terms of
repeatability when they are activated.

The exact energy consumption will vary based on the specific
design and application of the actuator. The energy consump-
tion measurement of soft pneumatic actuators can be con-
ducted through experiments and numerical analysis. The
power consumption of a soft pneumatic actuator depends on
several factors, including the pressure of the air supplied to the
actuator, the size and shape of the actuator, and the desired
motion and force of the actuator. In general, soft pneumatic
actuators are relatively low power consumption devices, as
they rely on the stored energy in compressed air to generate
motion, rather than relying on electrical or mechanical power
sources.***°

Holding an actuator in a desired position consumes energy
and power continuously. Previous works showed that a con-
stant pressure is required to hold an actuator in the desired
position for a long time.*>** These research works showed
how much energy and power were consumed to activate the
actuators. However, in this work, after activation and cooling of
the MLJ actuator, no additional power is consumed to hold the
actuator in the target position for long-term tasks due to the
SME of the core structure. This means that the actuator does
not consume energy when its shape is locked in the desired
position and the vacuum pump is turned off accordingly. It is
challenging to make a fair comparison of the energy consump-
tion between different actuators, including previous models
and ML]J actuators, due to the limitations posed by the specified
parameters. Future research will focus on the energy consump-
tion of ML]J actuators with the same parameters and conditions
accordingly.

The shape locking and zero power holding of actuators
can be used as an end-effector where the holding time is
long. Meanwhile, the hot programming of this concept can
be improved using electroconductive materials and thermally
isolated plastic. Electroconductive materials and isolated
plastics help to reduce the activation time. The heating
procedure becomes easier with electroactive SMP materials
as well.

4. Conclusion

This study illustrates the potential of combining 4DP and LJ
technologies in soft actuator fields. A novel technique was
implemented to develop MLJ actuators with shape memory
behaviours and shape-locking features. Circle, rectangle, dia-
mond, and auxetic meta-structures were developed to investi-
gate their properties. The mechanical properties of meta-
structures in terms of cyclic three-point bending and compres-
sion tests were evaluated accordingly. Shape recovery and shape
memory effects of meta-structures were also investigated
through bending and contraction tests. The behaviour of MLJ

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Cyclic activation and contraction with (a) 100 g and (b) 200 g load. (c) Trajectory path of actuators under unjammed and shape-locking
conditions. (d) Cyclic behaviour of two MLJ gripper actuators based on the target point in 20 cycles.

actuators was investigated in terms of contraction and bending
under applied negative pressure. The results revealed that MLJ
actuators with auxetic meta-structures perform better in bend-
ing, contraction, and shape recovery among others. Shape-
locking features, zero-power holding, and gripping are the
main features of the developed actuator. Collectively, the work
clarifies the physics of L] and 4DP, speeds up the construction
of jamming actuators, and establishes a basis for building
mechanically adaptable actuators and meta-structures which
can be sustainable due to less power consumption.
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