Open Access Article. Published on 31 March 2023. Downloaded on 12/4/2025 4:14:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2023,
19, 3015

Received 2nd March 2023,
Accepted 30th March 2023

DOI: 10.1039/d3sm00266g

Magnetically controlled bio-inspired elastomeric
actuators with high mechanical energy storage

Mohammadreza Lalegani Dezaki 2 and Mahdi Bodaghi ‘= *

Many biological systems are made to operate more quickly, efficiently, and with more power by storing
elastic energy. This work introduces a straightforward bioinspired design for the quick manufacture of pre-
stressed soft magnetic actuators. The actuator requires a lower magnetic field strength to be activated and
can regain its original shape without the need for external stimuli. These characteristics are demonstrated in
this work through the creation of actuators with round and helical shape structures inspired by the tendril
plant and chameleon’s tongue. Both the final form of the actuator and its actuation sequence may be
programmed by controlling the direction and strength of the force utilised to pre-stress the elastomeric
layer. Analytical models are presented to trace the actuators’ energy storage, radius, and pitch. High-speed
shape recovery after releasing the magnetic force and a strong grasping force are achieved due to the
stored mechanical elastic energy. Experiments are conducted to analyse the shape changes, grasping action,
and determine the actuation force. The manufacture of the grippers with zero-magnetic field strength
holding capacities of up to 20 times their weight is made possible by the elastic energy that actuators store
in their pre-stressed elastomeric layer. The outcomes of our research show that a unique magnetic field-
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1. Introduction

The remarkable animal abilities—from muscular contraction
and relaxation to mobility—have served as inspiration for soft
robotics.” Strain energy storage in musculoskeletal and tendon
tissues is an essential element of animal locomotor systems.?
The creation of robotic structures that take advantage of the
elastic energy stored in their elastic and rigid/semirigid compo-
nents to produce quick motion and improve their performance
has been motivated by nature.*® The implementation of these
bio-inspired methods for storing elastic energy in robots lacking
solid structural components is challenging, which limits the use
of these techniques in soft robotic systems.””® The ability to store
elastic energy is critical for boosting the efficiency, speed, and
power output of many biological systems.” Energy storage in
muscle and tendon structures has been proven to be an essential
component of animal locomotor systems because it enhances
energy efficiency and is a source for many high-powered
motions.'® One effective way to replicate energy storage in
actuators is by utilizing pre-stretched elastomers. The actuator’s
performance can be greatly impacted by the pre-stretching
process."’ Pre-stretching the elastomeric material can lead to
increased levels of deformation or displacement for the actuator,
as the process allows the material to undergo greater levels of
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controlled soft actuator can be created in different shapes and designs based on requirements.

strain before reaching its maximum elasticity limit.">"® It is
crucial to exercise caution when pre-stretching the elastomeric
material to prevent any harm. The material can be damaged, and
the actuator can become inoperable if it is overstretched or
subjected to excessive force. Moreover, the utilization of pre-
stretched techniques enhances the effectiveness and operation
of the actuator in its relaxed state, and it can be activated
whenever required.

Soft actuators are capable of being manufactured with ease
and have an inherent compliance."*'® These actuators may
flex, rotate, expand, or contract with a wide range of shape
morphing.””™® Robustness and controllability stand out
among other typical performance requirements as important
characteristics that should not be overlooked in the creation of
a trustworthy robotic system. Soft actuators and smart materials
have been developed with a variety of functions and production
methods.”** An intriguing candidate for use as a soft actuator
is magnetic activation due to its features.>*>> Among the many
potential types of devices and actuation modes, magnetically
responsive actuators are particularly exciting since they are
rapid, contactless, and driven by magnetic fields that may be
used safely near humans.**® Several sophisticated engineered
materials and structures have been designed to shape and
actuate soft magnetic actuators.”*> A soft magnetic actuator
was created using ionic polymer metal composites to replicate
the deformation of the doubly curved leaves.*® Lalegani Dezaki
et al.** developed a brand-new conceptual design for magneto-
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responsive shape memory polyurethane foam composites with
great stability and reversibility. The shape-recoverable gripper
could lift objects eight times heavier than its weight. Wang
et al*®> employed 4D electrohydrodynamic printing to create
and test prototype actuators with various magnetization orienta-
tions and profiles to mimic inchworm and dragonfly behaviour.
Magnetic field and field gradient are important to stimulate.
Increasing the magnetic field strength affects the controllability
of soft magnetic actuators.>®

Zhang et al®” introduced a novel robotic gripper that
imitated the Venus flytrap’s trapping action. This gripper was
created by combining magnetic actuation with bistable anti-
symmetric shells. The outcomes of the research showed that a
unique magnetic field-controlled robotic gripper could be
created using the suggested flytrap-inspired design with a
bistable structure. The magnetic moment and actuating mag-
netic fields required for magneto-active soft materials with
quick, reversible, programmable, and stable shape transforma-
tion abilities were produced using a shape-programming
approach by Qi et al®® Using this method, the magnetic
moment in the soft matrix was programmed by printing
different magnetic structural elements. The flexible matrix
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and soft magnetic 3D printing filament allowed magneto-
active soft materials to perform a high-performance deforma-
tion. Even though several fabrication techniques have been
established for magnetic actuators, less magnetic field strength
in actuators has remained a hurdle. Most soft actuators con-
tinually need a magnetic field to sustain the actuation or
recover their shape.’® Additionally, a constant stimulus is
required to activate actuators which may cause mechanical
breakdowns. Hence, energy storage in pre-stretched elastomer
can reduce the required energy accordingly."? However, strain-
limit materials such as papers, textiles, and plastics are not
used in the current paper while previous research works
employed strain-limit layers. The strain-limit layer results in
buckling if high pre-stressed is applied to the module. Also,
another obstacle to the pneumatic actuator is the air supply or
compressor to actuate the system.

This paper presents an original approach to producing soft
magnetic actuators that are inspired by nature, possess no
magnetic field strength while holding objects, and offer
features such as mechanical energy storage and shape recovery
(see Fig. 1). To facilitate swift and adaptable actuation and
recovery of soft robots, a design method has been developed
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Fig. 1 The steps of energy storage magnetic actuators from inspiration to final tests.
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that significantly enhances the elastomer’s elastic strain energy.
The actuator can be activated with less external energy by pre-
stretching the elastomeric material, rendering it a practical
solution for soft robotic applications requiring low magnetic
activation. Additionally, by integrating neodymium magnets and
subjecting the actuators to biaxial pre-stressing, it is possible to
construct lightweight and bistable soft robotic systems that
utilize the stored elastic energy as a source of power amplifica-
tion to enable rapid movements.

The proposed method involves connecting a flexible elastomer
to a pre-stressed elastomeric layer using a hard neodymium
magnet, to create a range of pre-stressed soft magnetic actuators
that utilize elastic energy storage.">***" This approach is distinct
from traditional magnetic grippers, which require constant exter-
nal magnetic force to maintain their grip. By leveraging the elastic
energy stored in the pre-stressed elastomeric layer, this design
technique allows to produce soft grippers that can hold objects
with zero-magnetic field strength that are heavier than their own
weight, while also being able to recover their original shape.
The primary advantage of this type of actuator is its ability to
hold objects for an extended period of time without the need for a
magnetic field, resulting in lower energy consumption within a
system. Various designs have been created and evaluated to
demonstrate the capabilities of this technique, which is well-
suited for low-cost, simple systems that do not require continuous
stimulation. The repeatability and precision of the developed
actuators have been thoroughly assessed, along with their
mechanical properties and potential applications.

2. Materials and methods

2.1. Design and fabrication

The elastic stored energy of the module is inspired by the
chameleon tongue and the helical shapes are inspired by the
tendrils plant as shown in Fig. 2(a) and (b).**** Chameleons,
salamanders, and several toads shoot their sticky tongues at
unaware insects up to 1.5 body lengths away, grabbing them in
a 10th of a second due to the elastic energy stored in the
tongues.*>*® The accelerator muscle and the laden sheath parts
begin to slip across the tip of the entoglossal process, which
initiates the tongue projection. The elastic energy stored in the
helical fibres is made available for a simultaneous forward
acceleration of the tongue pad, accelerator muscle, and retrac-
tor structures as the springs relax radially while pushing off the
rounded tip of the entoglossal process.*”

Moreover, tendrils respond to touch and to chemical factors
by curling, twining or adhering to suitable structures or hosts.
Also, tendrils are touch-sensitive and prehensile. The tendril
curls toward the side that is softly stroked on the tendril’s
bottom side after about a minute. Therefore, a soft magnetic
actuator is created by attaching a flexible elastomer with a
small magnet to a pre-stressed elastomeric layer, drawing
inspiration from the chameleon tongue and tendrils plant.

All actuators’ moulds are created by fused deposition mod-
elling (FDM) 3D printing technology.*® 3D-printed moulds are

This journal is © The Royal Society of Chemistry 2023
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fabricated using polylactic acid (PLA) material. All samples are
designed and developed in SolidWorks© to have integrity
during the process. Designs are converted into STL format
and Slic3er software is used to slice the designs and generate
Gceodes. Simply combining a magnet with a two-part silicone
resin and moulding the resulting viscous paste yields magneto-
responsive soft actuators.

Silicone elastomers (Ecoflex 00-30; Smooth-On Inc.) are
mixed (see Fig. 2(c)). Then, the silicones are cured in the oven
for 20 minutes at 40 °C. The cured silicone is placed into the
mould and a small neodymium magnet N45SH with 10 mm
diameter and 1.5 mm thickness from FIRST4AMAGENTS is
placed on one side of the silicone beam. The material of the
magnet is NdFeB with 1700 Gauss performance, 1 kg vertical
pull, 0.2 kg slide resistance, and 150 °C maximum operating
temperature. The mixed silicone elastomer is cast into the
mould to cover the neodymium magnet (see Fig. 2(d)). The
elastomer is stretched and adhered to another elastomer without
pre-stretching condition that is impregnated with silicone elas-
tomer as shown in Fig. 2(e). The module is cured in the oven for
20 minutes at 40 °C. The module is finally trimmed from the
elastomer to achieve a pre-stretched magnetic actuator. The final
module is made of pure silicone without any other substances or
materials. Hence, the module consists of silicone and a small
permanent magnet.

2.2. Uniaxially stretched mathematical model

The potential mathematical model of our approach to the
choice of self-assembly is now discussed. The mathematical
model is reformulated to find out the radius of the actuators
based on the previous literature.’**° To consider massive
deformations and non-zero Poisson’s ratio of elastomeric
materials, a continuum mechanics framework is developed.
The effect of the neodymium magnet is neglected since it does
not influence the energy storage of elastomers. The module is
made of two varying-length elastic strips (see Fig. 2(f)). The
longer strip is joined to the shorter elastomer strip at their
interface after the shorter strip has been longitudinally
stretched to match the length of the longer strip. The module
bends to reduce its elastic energy after being released. The
longer strip is under compressive stress in the final condition,
whereas the shorter strip is under tensional stress.

The elastic energy stored in the elastomeric layer (E.) and
the stretched elastomer layer (Es) are added together to form
the actuator’s overall elastic energy (E,) to determine the
actuator’s curvature at equilibrium with the minimum expres-
sion of overall energy.

Eoverall = Ee + Es (1)

An elastomeric layer with length [, width w, and thickness
t. are considered in this study. The silicone layer is stretched
8 = lgina/l. The dimensions of the elastomer become 15, wo %2,
and t.6~ % due to the elastomer incompressibility assumption
which is v equal to 0.5 and ,0,0; = 1. A second elastomer
layer with an undeformed length and breadth that match the
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Fig. 2 (a) A chameleon aiming its tongue towards a potential prey. (b) The spiral shape of the module is inspired by the tendrils plant. (c) Mixing two parts

of silicone resin. (d) Casting the silicone into the mould where the magnet is placed. (e) The elastomeric layer is stretched and attached to a thin
elastomer that has been impregnated with elastomer to serve as the module’s strain-limiting layer. (f) Curling results from a pre-stressed bilayer module.
The analytical model for the uniaxially stretched actuator is displayed, along with the dimensions and coordinates that are utilised (this interface is not the
modules’ neutral axis). (g) An unstretched elastomeric layer is joined at o angle to a stretched silicone elastomer to create spiral shape modules.

stretched elastomeric layer and a thickness of ¢, is then added
to the stretched elastomeric layer. The radius of curvature r and
length final Idg,,, both specified at the interface between the
two layers, are both determined when the module is released.
This causes the module to bend until it achieves an equilibrium
configuration.

3018 | Soft Matter, 2023, 19, 3015-3032

In bending, the module is described as Euler-Bernoulli
beams which stretch ratios may be thought of as varying
linearly over the thickness of the layers. The stretch along
the X-axis for the elastomeric layers in the deformed coordi-
nate system may be expressed as follows as a function of
coordinate z:

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00266g

Open Access Article. Published on 31 March 2023. Downloaded on 12/4/2025 4:14:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

56(2) = 5ﬁnal(1 + FZ) (2)
52) = 1 4 ) ©

where the curvature is I' = 1/r, and r is the radius of the curve. o,
and Jg are the stretch length of both silicone layers as shown in
Fig. 2(f) and (3). dgnal is the final length of the assembled module.
The stretch along the X-axis changes to the following when
converted to the undeformed (LaGrange) coordinate system:

rz.
V 6ﬁnal> (4)

51[1&1 5
8a(Z) =5 ‘(1 +1Z0 5 ,1) )

These stretch ratios can be expressed in the undeformed
coordinates of the strips (Z. for the bottom strip; Z; for the top
strip; see Fig. 2(f)). Due to the incompressibility of the elasto-
meric layer, the stretch in the two additional orthogonal direc-
tions becomes:

661 (Ze) = 6ﬁnal (1 -

ez = Oz = 0™ (6)

Since the constant shear modulus G of the hyperelastic
model can be easily understood from common material para-
meters, a Neo-Hookean model to determine the strain energy
density of the elastomeric material is chosen. The strain energy
density is assumed as:

€e = Cl((selz + 0ex” + 03’ — 3) )

where C1 = G/2 and the total energy held in the elastomeric
layer can be calculated by substituting the values of J. from
eqn (4) and (6) and integrating across the volume. It results in:

G Iz, \\>
E. = Iw— Ofinal | 1 — —=
¢ wzjo [{ g dl( vbﬁnal)}

2
IZ,

(1~ 752

lis length and w is width of base elastomer. Given that stresses
in all directions except along x are 0, the strain energy density e
can be expressed as:

+ —3|dz.

1
e = —J Ye,2dV 9)
2)y
where ey, = 65 — 1, and Y is Young’s modulus of the unstretched
elastomer layer. The unstretched elastomer layer’s overall
strain energy is thus:

) Is - 2
ES:’”_YJ {M(1+rzs)—1} dz,

15 (10)

Gravity, fixed restrictions, sequential deflection, magnetic
field, and other external factors all have an impact on each
actuator. Therefore, the proposed theoretical model is unable
to anticipate non-constant curvatures.

This journal is © The Royal Society of Chemistry 2023
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2.3. Spiral shape mathematical model

The procedure of the second method is like the first one. It is
started by casting silicone into the mould where the small magnet
is placed. Another cure elastomer-impregnated silicone sheet is
stretched as shown in Fig. 2(g). The elastomer with a magnet is
placed on it until the module gets cured. Finally, the module is
trimmed from the excessive elastomer. Actuators are activated
using a commercial neodymium magnet. The finished samples’
sizes can be based on requirements. The actuators are particularly
well suited for developing actuator structures with shape recovery
capabilities since pre-stretched silicone is the core.

A numerical model of spiral shape is reformulated and presented
based on the developed models.*”***° By making the angle « non-
orthogonal with the direction of pre-stretch, it is possible to replicate
the same anisotropy in our actuators (see Fig. 2(g)). The initial pre-
stretch of the elastomeric layer, along with o, determines the helix’s
pitch and radius. Consider a thin silicone sheet that is elongated uni-
axially and has a thickness of #2. The elongation axis and thin
direction of the stretched sheet are parallel to the x-axis and the
elongation direction is supplied with a cartesian coordinate system.
The results are normalized accordingly. Along the x-axis, one layer is
stretched by an elongation ratio of 6. The resultant 3D reference
metric of the layer is as follows when Poisson effects are ignored, and
identical material characteristics are assumed for the two layers as:

1
5 0 0

=10 1 o (11)
0 0 1

A cured elastomer silicone is placed on the impregnated elasto-
mer sheet given the same coordinate system has the reference metric:

100
(12)

Silicone is used to adhere the two stretched elastomer sheets
together. The composite sheet is no longer feasible since it is
impossible to have both layers at rest at the same time. The
continuous metric is used to approximate the resultant dis-
continuous 3D metric as:

i) = (R0 + 72 + (7 - i)

; (13)

The first and second reference basic forms of a thin incom-
patible elastic body are provided by:

i(x,y) = h(x,,0) (14)
_ 1 0h
J(x,y) = ~3 &(%%0) (15)
Therefore
1 1 1
i~ (5(1+5) o0 andj = 5. (%) °)
0 1 “\ o 0
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orj= , where yp == 1—-—
0 0 2t 02
If we consider that the two layers are aligned at o
~ % O —sina  coso
J=R, R! where R, = (18)
0 0 cosa  sina
[ ysin®a — 7o Sinocos o
which implies j = (19)
—ypsinacosa  yycos’a
) L M
which will be j = y, (20)
M N

If the actuators are narrow enough to be bending-dominated,
then the relaxed helical structure’s torsion is represented by 7 =
—M and its curvature by y = N. We may determine that the mid-
curve is a helix by substituting the values of = and y.

1= X—O(l —v)(1 —cos2a)

. (21)

T= %0(1 —v)sin2a (22)
Where v is the Poisson ratio of the silicone sheet which is around
1/2. Hence, it shows the radius and pitch are dependent on the
angle. The final radius (r) and pitch (p) of the relaxed helical
structure are determined as:

X

r= P + = (23)
2nt
=g (24)

2.4. Measurement and data recording

To assess the actuator’s reactions, we record and measure the
actuator’s behaviour in the presence of an external lateral
magnetic field at various distances from the permanent mag-
net. When the soft composite actuators are subjected to an
outside magnetic field, the experiment is run. The permanent
magnet inside the actuator can control the motion. A neody-
mium magnet is positioned at different distances to investigate
the actuator’s behaviour. The magnetic field is measured using
a Pasco magnetic field sensor with a probe that has a resolution
of 0.01 G at a frequency of 10 Hz. The magnet’s magnetic
strength is recorded using PASCO Capstone. The movement of
the actuator is captured by utilizing a high-speed camera,
which allows for precise recording and analysis of its motion.
The utilization of a high-speed camera is vital in conducting
precise and accurate assessments of the actuator’s functional-
ity. In order to calculate angles, trajectory path, and deflection,
PASCO software records the trajectories of the soft actuators.
Moreover, a force gauge made by SAUTER with a maximum
capacity of 100 N is being used to measure the tip force
produced by actuator. The setup involves clamping the force
gauge and the actuators from one side to ensure that the results

3020 | Soft Matter, 2023,19, 3015-3032
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obtained are consistent. Different pre-stretched values and
magnetic field strength are recorded accordingly. Various levels
of pre-stretching and magnetic field strength are documented
correspondingly.

2.5. Mechanical properties and cyclic behaviour

It should be highlighted that it is crucial to delay the soft
actuators’ form recovery. Additionally, developing a stable soft
actuator is a highly effective way to boost repeatability and
precision. In order to verify the form recovery at room tem-
perature, the cyclic load test of silicone is examined. By utilising
compression tests, it is possible to measure the behaviour of
silicone elastomer. The test is carried out using TA Instru-
ment’s ElectroForce™ 3200. The dimensions of a cylindrical
silicone are 20 mm in diameter and 20 mm in thickness. The
sample is compressed using the 450 N load cell and a 0.5 Hz
frequency. At room temperature, 250 cycling loads are applied
for strains of 15% and 30%, respectively. The test of the silicone
sample is captured on camera at high speed.

The mechanical characteristics of the module (two sheet
silicone adhered to each other) are evaluated using a universal
mechanical testing apparatus (Shimadzu AG-X plus machine).
Samples’ sizes in the form of a dog’s bone are cast and tested
that meets ASTM D412-C requirements. The test is carried out
to compare the stresses of the samples in a cyclic load condi-
tion. The dog-bone samples are subjected to a 100 mm min ™"
displacement rate while being clamped between jaws. The
cyclic load is limited to 200 mm strain for 5 cycles which is
greater than the expansion and shape recovery capabilities of
the actuators. The cyclic load is conducted to investigate the
behaviour of silicone elastomer under load. Data is gathered to
see how the shape recovers on one sample after cycling loads.

3. Results and discussions

3.1. Properties of module

We investigate the mechanical behaviour of silicone elastomer
using tensile and compression tests. Accordingly, the experi-
mental stress-strain curve for cured silicone is examined. The
super-elastic reaction of the silicone under the cyclic compres-
sion test is shown in Fig. 3(a). The buckling deformation results
in softening-hardening section. Fig. 3(b) displays the funda-
mental properties of silicone elastomer, including elastic and
super elastic behaviours, and softening hardening up to 15%
and 30% strain. As the load is increased, the elastomer is
compacted, increasing its stiffness in response.

Fig. 3(b) and (c) depict the mechanical behaviour of elasto-
mer throughout the loading-unloading cycle with 0.5 Hz speed
rate for maximum stresses of 30% and 15%, respectively. Data
from stress—strain experiments show that the hysteresis loop is
used by elastomers to disperse and absorb energy. With the
nearly constant compressive force, the structure of the elasto-
mer exhibits a substantial distortion in the super-elastic defor-
mation region. The elastomer is loaded to 6 mm and returns to
its original shape within a few milliseconds when the structure

This journal is © The Royal Society of Chemistry 2023
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Fig. 3

(a) Cyclic compression of cylindrical silicone from 0.05 mm to 6 mm strain. (i) The commencement of the compression loading process. (i) The

specimen is compressed until it reaches a strain of 6 mm. (iii) The specimen is then unloaded and the jaws return to their original position. (b) and (c) The
behaviour of cylindrical silicone under cyclic load with 30% and 15% strain. (d) The behaviour of dog-bone shape silicone under tensile load. (e)
The behaviour of the sample under cyclic tensile load for 5 cycles. (f) A diagram illustrating the procedure for measuring blocking force and displaying the
corresponding values of blocking force for various combinations of magnetic field strength and pre-stretch levels.

is unloaded. It demonstrates the elastomer’s capacity to absorb
energy and regain its form after being unloaded at ambient
temperature. The elastomer is fully recovered to its original
shape in a quasi-static test condition.

The conducted results from the single and cyclic tensile tests
are investigated to examine the behaviour of silicone elastomer

This journal is © The Royal Society of Chemistry 2023

under tensile load. Fig. 3(d) shows the behaviour of silicone in
tensile tests. Engineering force-displacement data from Ecoflex
00-30’s uniaxial tensile tests indicate a linear approximation of
the elastic modulus for modest stresses. The cyclic tensile
test is also conducted and shown in Fig. 3(e). The 5 cycles are
shown to have a better understanding of elastomer behaviour.
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The actuator module displays elasticity and can withstand high
strain rates without cracking. As the actuator expands within its
length, the durability of the module is considered acceptable
within this range.

The displacement reaches 200 mm for the first cycle and
subsequent cycle loads. The ultimate force is almost equal for
all cyclic tensile loads. The cyclic tensile loads illustrate the
energy absorption and super-elastic reaction. The elastomer
recovers its shape after cyclic load same as the cyclic compres-
sion test. The advantages of using pure silicone instead of
paper or any other strain-limiting layer are that by increasing
the load the paper is torn easily. These tests show the behaviour
of elastomers under cyclic compression and tensile tests. The
elastomer is capable of energy storage due to incompressibility
and elastic reactions under load.

The study measured the blocking force of the actuator under
different pre-stretching levels and magnetic field strengths. The
experimental setup is detailed in Fig. 3(f). The results reveal a
correlation between the pre-stretch values and the blocking
force, with an increase in pre-stretch levels from 1.2 to 2.9
resulting in a proportional increase in blocking force from
1.3 N to 4.3 N, respectively. Moreover, it was observed that
the actuator could generate force without the application of a
magnetic field, owing to the presence of pre-stressed silicone.
Finally, the study found that an increase in magnetic field
strength from 8 mT to 15 mT is directly proportional to an
increase in the blocking force of the actuators.

3.2. Model and module shapes

By mathematically reducing the overall energy Eoyeran With dfinal
and I', we can determine the equilibrium state of the actuator,
which is in excellent accord with the experimental findings.
The model’s anticipated values and the values we found via our
experiments accord quite well. The link between the elastic
energy stored in the actuator and the pre-stretch of the elasto-
meric layer has also been illustrated using this mathematical
model. Fig. 4(a) shows the increasing of the stored energy of the
module concerning J, highlighting the non-zero strain at the
interface between the elastomeric layers.

The overall energy storage in terms of dgina and I' is shown
in Fig. 4(b). The total energy is rising by increasing the Jnar in
this case up to 2. However, the total energy storage is fluctuated
by changing the dgna and I'. Fig. 4(c) shows the strain energy
OVer J,ctuation N tWo conditions. Even in the relaxed state, when
there is no deformation from actuation, we discover that the
elastic energy of the actuators is not zero since it comprises both
stretching and bending energy components. Actuators are pro-
pelled up the energy landscape by this nonzero elastic energy
where the energy gradient is higher. Larger pre-stretches cause
strain energy to accumulate during actuation more quickly.

The relationship between pre-stretch and radius of the
actuator with the same length and thickness is shown in
Fig. 4(d). The values obtained from the analytical model are
shown by the line. It shows by increasing the pre-stretch (6) of
the top layer (as shown in Fig. 2(f)), the radius of the final
module is decreased which is in an agreement with Fig. 4(e).

3022 | Soft Matter, 2023, 19, 3015-3032
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By increasing the thickness of the module, the same results are
conducted accordingly. The actuator strips with an overall
thickness of 5 mm are stretched in different ways as shown
in Fig. 4(e). Images are taken from samples showing curved
actuators create by making pre-stretch at five distinct & values.
The modules have values for t. and ¢ of 3 and 2 mm, respec-
tively. The results in Fig. 4(e) show they are in agreement with
the analytical model. For clarity, the modules with § values
from 1 to 2.9 are sliced to reveal the curve of the beam.

The module with the 2.9 ¢ value is cut in half and the beam
is bent with high radius curvature in relax stage. Greater
curvature is correlated with larger values of 6. No buckling
which negatively affects the actuator’s ability to respond and
recover occurs due to the excessive pre-stretch of the elastomer.
The module does not curl when ¢ = 1. The radius of curvature of
the final structures reduced as the pre-stretch increased. The
degree of the resultant curvature may also be managed by varying
the thickness of the elastomer. Greater values of radius at the
same stretch can be obtained with thinner elastomer layers
because the initial strip’s deformation is less constrained.>"?

We created coiling modules by stretching a silicone-
impregnated elastomeric layer longitudinally and then attach-
ing a non-stretched elastomer with a larger thickness to it. The
module can create a continuous helix by twisting one of its ends
after it separates from the support."**® By adjusting parameters
such as radius and pitch developed in the mathematical model,
spiral actuators are created. Following the actuator’s assembly, the
elastomer is pre-stressed and given a stretch that causes it to curl
evenly with a radius of curvature. The radius and pitch rely on the
angle of attachment and the results of the analytical model are
shown in Fig. 5(a). Also, Fig. 5(b) illustrates the modules that are
developed experimentally. The pitch of the samples decreases by
increasing the angle. The size of the modules is equal to 100 mm
in length, 10 mm in width and 5 mm in thickness.

It illustrates how these actuators’ radius of curvature
decreases as the pre-stretch rises. The modules can withstand
significant deformations without suffering harm since they are
composed of elastomeric materials, which allows the springs to
return to their original shape even after being stretched to their
maximum length in a linear geometry. The variables fit under
the “narrow” regime. The longitudinal axis of the strips is
parallel to the major axis of curvature for o = 0° and o = 90°. The
generated forms are round and have a curvature that is about
equivalent to the corresponding primary curvature. The pitch
rises and the radius falls as o grows from 0° to 45°, reaching a
pure twist at 45°. After 45°, the radius of the module increases
while the pitch decreases.

3.3. Actuator’s performance

The location of the unstretched elastomer layer and the careful
pre-stretching of the elastomeric layer allow the encoding of
actuation sequences in actuators with a single small magnet.
When the actuator is not stimulated by the magnetic field, the
pre-stressed elastomer’s elastic energy causes the actuator to
curl (relaxed state). When it is activated, the pre-stressed
elastomer expands. Any additional strain imposed by actuation

This journal is © The Royal Society of Chemistry 2023
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(a) In an actuator that has been longitudinally pre-stretched and over its whole module, elastic energy is stored at an equilibrium shape for various

pre-stretch levels. (b) 3D surface of representative overall elastic energy for § = 2. (c) The strain energy of the module with zero and 3 times of pre-
stretches over the d,ctuation- (d) The pre-stretch of the elastomeric layer versus the radius of curvature of the relaxed actuator at a constant thickness (0 is
the stretch (6 = (9/1)) prior to stretching. (e) Images of the curved actuator at 5 different values of § with a thickness of 5 mm. (The samples’ dimensions are

the same).

causes a rapid build-up of elastic energy, which causes strong
restoring forces and a swift return of the actuator to its relaxed
condition.

The strain energy stored in the actuators allows for their quick
recovery after actuation. We use the actuator with a length of
75 mm and a thickness of 5 mm. The actuator’s weight is 5 £ 0.2
grams. Fig. 6(a) illustrates the equipment and procedure
employed during the experiment. In order to track the movement
of the actuator while it is not fully clamped, it is held by a thin
wire. The aim is to investigate the behaviour of actuators when it
is not restricted. Therefore, the actuator detaches a little bit.
During the experiment, the distance between the magnet and
the actuator is reduced while the sensor measures the magnetic
field. Additionally, the high-speed camera continuously records

This journal is © The Royal Society of Chemistry 2023

the procedure. The captured video is then uploaded into PASCO
Capstone, and software is used to extract the trajectory of the
actuator’s movement accurately. The magnet attracts the actuator
when the distance between the actuator and the permanent
magnet becomes 8 cm. Reducing the distance from 16 cm to
8 cm results in attracting the actuator in 35 ms. The attraction
expands the actuator’s length 3 times larger than the relaxed form
(see Fig. 6(b)). The actuator can regain its original form within
43 ms when the magnetic field is removed. This happens because
the strain energy that has accumulated in the elastomer produces
a strong restoring force. The actuator mimics the salamander
tongue.

Fig. 6(c) depicts the path taken by the actuator during its
extension by PASCO Capstone software. The extension of the

Soft Matter, 2023,19, 3015-3032 | 3023
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analytically. (b) An unstretched elastomeric layer is joined at an angle to a
stretched elastomeric layer to create helical actuators.

actuator is recorded in presence of a magnet at different
distances. Changes in the shape of the actuator are tangible
as the magnet is getting closer. The magnetic field changes are
recorded during the activation of the module. Fig. 6(d) illus-
trates the axial and perpendicular field strength changes due to
the existence of 2 magnets. We run 4 times to investigate the
differences accordingly. The magnetic field is in the opposite
direction and the values of magnetic field strength are negative.
The axial field strength is started from 0 and by decreasing the
distance, the maximum value of —13 mT is achieved. The
magnet is held for 7 s to evaluate the field changes. The field
strength fluctuates between —13 mT and —9 mT. The perpendi-
cular field strength fluctuates between —1 mT to 1 mT in all
runs. The attraction of the actuator can be performed from a
long distance as well. The actuator can be activated remotely if
a stronger magnet is used accordingly. Also, electromagnetic
magnets or coils can eliminate the use of a permanent magnet
for actuator activation.

The deformation of the actuator versus recovery time experi-
ment is also conducted accordingly. The experiment is done by
the length of the stimulated actuator over time step by step. The
end of the actuator where the permanent magnet is placed is
trajected using a high-speed camera. The actuator is fully
expanded in 35 ms when the permanent magnet is positioned

3024 | Soft Matter, 2023,19, 3015-3032
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at 8 cm as shown in Fig. 7(a). Meanwhile, after removing the
permanent magnet the actuator goes back to its initial shape.
The time that the actuator recovers its shape is 43 ms. The
procedures for both activation and shape recovery are repeated
five times and the results are shown in Fig. 7(b). Meanwhile, the
changes in the magnetic field strength by changing the dis-
tance of the magnet are recorded accordingly.

Fig. 7(c) illustrates by increasing the distance of the magnet
from 2 cm to 18 cm, the strength of the magnetic field is
decreased from —22 mT to almost —0.5 mT. The procedure is
repeated 50 times and the magnetic field is measured at
different specific distances. Fig. 7(d) shows the changes in field
strength at different distances of the magnet from the actuator.
The repeatability and precision of the actuator are measured as
well. Fig. 7(e) shows by increasing the magnet’s distance, the
actuator’s length is decreased as well. The actuator’s length
from the start of the module to the end of it is shown in
Fig. 7(e). The procedure is repeated 5 times and the actuator’s
length is measured using Capstone software (see Fig. 7(e)).

3.4. Gripper

We perform a lifting and holding operation using both simple
and helical actuators and a permanent magnet. The actuator in
relaxed form can hold and lift various objects with different
shapes and weights. The actuator is clamped from one side to
perform the task as shown in Fig. 8(a). The permanent magnet
is held at a distance of 10 cm from the actuator to activate it
(see Fig. 8(b)). The actuator is activated by the magnet and
objects are held in a stable condition accordingly as shown in
Fig. 8(c). It can hold weights up to 100 grams which is 20 times
heavier than the actuator’s weight in relaxed form without an
external magnetic field. The ability to hold objects in a hor-
izontal direction is also shown in Fig. 8(c). The actuator is
activated and expanded completely in 30 ms and it can hold the
objects without the presence of the magnetic field. The holding
time can be continued until the actuator is activated again
since the shape is locked in the holding position. The imple-
mentation of real-time controllability of the gripping force and
magnetic intensity can be easily done in a system using
electromagnets.

Meanwhile, the helical actuator uncoils upon magnetic
activation and recoil when the magnet is removed. The actuator
may conformally helical wrap around long, narrow objects
thanks to this elastic recovery, which also retains its zero-
magnetic field hold. The actuator with an angle of 15° is used
to perform this task. The helical actuator is activated while
under magnetic field strength and re-coil when the magnetic
field is released. This elastic recovery makes it possible for the
actuator to conformally helical wrap around long, narrow
objects while still maintaining their zero-magnetic field hold.
The helical actuator is activated and grasps the plastic tube as
shown in Fig. 8(d). To maintain the gripper wrapped around
the object throughout pick-up, translation, and repositioning,
no additional power source is needed. The limitations such as
grasping and releasing tasks for different objects can be easily
performed by electromagnet instead of permanent magnet.

This journal is © The Royal Society of Chemistry 2023
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(a) The procedure and equipment of the test. (b) The stages from relaxed form to extension form of the actuator by magnetic attraction. (c) The

trajectory path of the actuator from the relaxed form to fully extension shape in different distances from the permanent magnet. (d) Axial and
perpendicular magnetic field strength over time in attraction stages of the actuator.

In the first step of this process, the initial actuator is brought in
proximity to the magnet. Once in range, the actuator is trig-
gered and opens the last pitch, creating a gap for the sample to
be placed upon. The sample is carefully positioned on the last
pitch and once it is in place, the last pitch is closed. The
actuator is then able to hold the object firmly in place without
the need for any external magnetic field strength. This method
allows for a secure and stable grip on the object being held,

This journal is © The Royal Society of Chemistry 2023

even in situations where there is a lack of a strong
magnetic field.

The behaviour of these actuators is basically the opposite of
that of typical soft magnetic grippers which need a continuous
magnetic field to hold the object. The second part of the helical
expansion and shape recovery is recorded as shown in Fig. §(e).
The end of the actuator expands and recovers its shape in
almost 21 ms. Fig. 8(f) shows the time from activation to

Soft Matter, 2023,19, 3015-3032 | 3025
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holding with zero-magnetic field strength. The results show the
helical actuator expands and recovers its shape by gripping the
object. Fig. 8(f) illustrates that the actuator’s length can
increase up to 34 mm as the distance between the magnet
and the actuator is reduced over time. When the distance
between the magnet and the actuator is increased, the actuator
returns to its initial relaxed stage. Additionally, a magnetic
sensor is employed to measure the magnetic field, which is
found to increase up to 17 mT when the distance between the
magnet and the actuator is decreased. Conversely, when the

3026 | Soft Matter, 2023,19, 3015-3032

distance is increased, the field strength is diminished. It
should be noted the speed of performing a task can be
increased in a more advanced system.

Developing multiple designs and shapes is the advantage of
this method. With the help of the elastic energy stored in their
tendons and bones, the anatomy of many birds allows them to
perch without employing any field strength. A bioinspired
design gripper is developed based on bird’s feet. The strategy
is a combination of previous fabrication methods. The sche-
matic of the design is shown in Fig. 9(a). A long and two short

This journal is © The Royal Society of Chemistry 2023
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(a) Actuator in relaxed form stage. (b) Activated actuator in expanding stage. (c) Holding objects with different shapes and weights from 2 grams to

100 grams. (d) Stages of gripping and holding an object by the helical actuator. 1. The actuator is moved into proximity to the magnet. 2. The actuator is
triggered by the magnet, which enables it to grasp the specimen that has been carefully placed on it. 3 and 4. The actuator’s ability to hold the object is
achieved without the need for a magnetic field. (e) End of helical actuators expansion and shape recovery versus time. (f) The activation, gripping, holding,

and shape recovery of the helical actuator over time.

modules with 3 mm thickness are attached to the pre-stretched
sheet with 2 mm thickness. The angle of short modules is equal
and around 30°. The length of modules can be varied based on
requirements. The design is trimmed from the elastomer sheet
as shown in Fig. 9(b). Permanent magnets are used in short
modules to distribute the weight and make the actuator more
stable. The procedure for gripping the object is shown in
Fig. 9(c). The actuator is stimulated and expanded in presence
of a magnetic field and grasps the object. By removing the
magnetic field, the actuator goes back to its initial form due to

This journal is © The Royal Society of Chemistry 2023

the stored energy. The shape recovery of the actuator is within
42 ms. The bioinspired gripper can hold objects with different
shapes and designs as shown in Fig. 9(d). The shape expansion,
recovery, gripping, and holding object of the actuator are shown
in Fig. 9(e) and (f). The actuator performs the complete task in 4
seconds in this condition with 14 mT magnetic field strength.
Similar to Fig. 8(f), the process depicted in Fig. 9(f) involves the
actuator’s length increasing as the distance between the magnet
and the actuator is reduced. However, in this case, the actuator is
longer and the magnetic field reaches a value of 14 mT.

Soft Matter, 2023,19, 3015-3032 | 3027
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recovery of the actuator over time.

To make the actuator simple and increase the contact area, a
sheet shape actuator is designed and developed as shown in
Fig. 10(a). The elastomer with a thickness of 2 mm is stretched
and two modules with a 3 mm thickness and permanent
magnets are placed on the elastomer. The elastomer is
stretched out to a maximum of 6 = 2 and the two modules
prevent wrinkles of the whole actuator. A flat sheet shape

3028 | Soft Matter, 2023,19, 3015-3032

actuator is developed using this technique. The distance
between each actuator can be varied based on the requirements.
The benefit of this type of actuator is a larger contact area to
grasp and hold a variety of shapes. An example of holding and
grasping using this actuator is shown in Fig. 10(b). The proce-
dure is starting with actuating the clamped module with a
permanent magnet with a field strength of 13 mT. The object

This journal is © The Royal Society of Chemistry 2023
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with a diameter of 17 mm is grasped and held with zero field
strength. This actuator’s soft arms can adapt to the object being
held, maximising the area of contact, and enabling catching and
zero-field strength holding. The ultimate gripping force is
dependent on the elastic energy stored in the actuator, although
the gripping force delivered by the actuator may be modified if
the magnetic field is activated during grasping. The advantage of
a bird-foot gripper over a flat-sheet one of the same size is the
bird-foot one can grasp and hold cubic shape objects like meta-
structures that the flat-sheet one cannot perform the task as
shown in Fig. 9(d). However, if the size of the flat-sheet actuator
becomes bigger, it can hold and grasp objects like samples in
Fig. 9(d).

In the field of magnetic actuators, there is always a contin-
uous effort to develop more efficient and effective devices. To
assess the performance of a newly developed magnetic actua-
tor, a comparison was conducted between it and its predeces-
sors. The findings of the comparison are presented in Table 1.
According to the results, the newly developed magnetic actuator

View Article Online

Paper

outperforms its predecessors in two significant ways. Firstly, it
has a shorter response time, which means that it can activate
more quickly in response to external stimuli. This can be a
critical factor in certain applications, such as robotics, where
speed and precision are essential. Secondly, the new actuator
requires less magnetic field strength to be activated. This
means that it can be used in environments where magnetic
fields are weaker, making it a more versatile and adaptable
device. Furthermore, the newly developed magnetic actuator
has an additional advantage over previous versions when it
comes to long-term holding tasks. Unlike its predecessors, it
does not require magnetic field strength to maintain its hold
over extended periods. This can be especially beneficial in
applications where power consumption is a critical factor or
in situations where a constant magnetic field cannot be
maintained.

Straightforward production, easy to use, and zero field
strength holding are the advantages of these actuators instead
of previous magnetic actuators. The ability to regulate the size

(@

Fig. 10

(a) Schematic of building the sheet shape actuator. (b) The procedures of large contact area grasping and holding of the object without magnetic

field strength. 1. Actuator in a stable position. 2. Activating the actuator. 3. Place the object on the actuator. 4. Removing magnetic field.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Comparison with previous soft magnetic actuator
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Soft Matter

Work Actuation Activation field strength (mT) Long-time holding Responsive time
Lalegani Dezaki et al.** Magnetic 15-35 Magnetic field required Not available
Zhang et al.>' Magnetic Not available Not available 1.32s

Zhang et al.’’ Magnetic Not avaialable No magnetic field required 112 ms

Qi et al®® Magnetic 50-200 Magnetic field required 120 ms

Tang et al.”® Magnetic 5-100 Magnetic field required 0.4-0.5 s
Carpenter et al.> Magnetic 10-70 Magnetic field required 160-400 ms
This work Magnetic 5-20 No magnetic field required 35-40 ms

and direction of the pre-stretch in actuators allows us to
customise the elastic modules and programme the resulting
motion of the soft actuator with a single material, even though
choosing a stiffer material would also serve to increase the
restoring forces. Also, it is possible to use a customised small
electromagnet to control, attract, and release the actuator with
high accuracy. The actuator’s size and design can be modified
based on the requirement. The assembly elastomeric module
allows for the programming of alternative actuation sequences
in soft actuators. Without pre-stretching, combining silicones
with the same properties would only provide access to discrete
stiffness values based on the bulk characteristics of those
silicones. Also, choosing a stronger magnet leads to faster
actuation. However, the design should accommodate the mag-
net properly.

4. Conclusion

This paper presents a novel type of soft magnetic actuator
inspired by biological systems that use elastic energy stored
in an elastomeric layer to produce a variety of mechanical
properties and reactions. The actuators can be easily created
from stretched planar elastomeric strips or sheets using a
simple and affordable manufacturing process that involves
permanent magnets and silicone elastomer. A numerical model
was developed to investigate the energy storage of pre-stretched
elastomers, the radius of the actuator in its relaxed form, and
the pitch and radius of helical-shaped modules. The behaviour
of the silicone elastomer module was examined under cyclic
compression and tension tests. The analytical model showed
that increasing the pre-stretch resulted in increased stored and
strain energy, while decreasing the radius of the actuator in its
relaxed stage. The numerical model demonstrated that the
pitch and radius of helical-shaped actuators followed a pre-
dictable pattern. The silicone elastomer regained its original
shape quickly when subjected to cycling stresses at room
temperature. The simple beam shape actuator was able to hold
a weight 20 times heavier than its own weight with zero
magnetic field strength, and the actuator could be regulated
using a weaker magnetic field. The actuator could be triggered
with a magnetic field strength of less than 25 mT. This
technique can be used to develop different shapes and designs
of soft actuators with high contact areas and stability, such as
soft grippers that can be used in robotic grippers and other
technical domains. The combination of an energy storage

3030 | Soft Matter, 2023,19, 3015-3032

structure and magnetic actuation can provide quick and exten-
sive deformation without the need for complicated structures.
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