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Abstract

Active metamaterials with shapes or mechanical properties that can be controlled remotely are promising candidates
for soft robots, flexible electronics, and medical applications. However, current active metamaterials often have long
response times and short ranges of linear working strains. Here, we demonstrate magnetoactive microlattice
metamaterials constructed from 3D-printed, ultra-flexible polymer shells filled with magnetorheological (MR) fluid.
Under compressive stress, the magnetorheological fluid develops hydrostatic pressure, allowing for a linear
compression strain of more than 30% without buckling. We further show that under a relatively low magnetic field
strength (approximately 60 mT), the microlattices can become approximately 200% stiffer than those in a relaxed state,
and the energy absorption increases ~16 times. Furthermore, our microlattices showed an ultra-low response time
with “field on” and “field off” times of ~200 ms and ~50 ms, respectively. The ability to continuously tune the
mechanical properties of these materials in real time make it possible to modulate stress—strain behavior on demand.
Our study provides a new route toward large-scale, highly tunable, and remotely controllable metamaterials with

potential applications in wearable exoskeletons, tactile sensors, and medical supports.

Introduction

Active mechanical metamaterials or field-responsive
mechanical materials refer to materials with a compli-
cated structure whose shapes and/or properties can be
modulated by external stimulations such as heat'™®,
magnetic fields”®, and solvents’™'>. The nature of these
external stimulations gives makes it possible to remotely
control these active materials, and they hold promise for
applications in flexible electronics, soft robots'®, micro-
electromechanical systems (MEMS), and biomedical
devices due to their minimally invasive nature'®'’.
Despite these advantages, most active mechanical meta-
materials are limited by relatively long response times and
thus poor controllability because the material responds by
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undergoing phase transitions or chemical reactions. For
example, the response times of some 3D-printed ther-
mally active structures are tens of minutes and even
hours'®. Some materials'®'” are reported to have a short
electrical response time, although an ultra-high voltage
(~6kV) is required to trigger millimeter-scale electro-
active materials.

Magnetoactive or magnetic responsive materials are
promising candidates for fast response times. Tradition-
ally, they are composed of so-called ferromagnetic soft
materials in which magnetized or magnetizable micro-
particles are uniformly dispersed in soft polymeric
matrices. These particles apply micro-torques when
applied magnetic fields drive the deformation of the
structure. Current substrate materials are soft enough for
magnetic fields to trigger large deformations, and various
soft robots have been proposed®'*'®1?,

To construct a loading bearing form, active materials are
usually fabricated as lattices**~>*, and these structures are
also referred to as metamaterials with advantages of light
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Fig. 1 The magnetoactive microlattice metamaterial composed of a 3D printed hollow polymer microlattice scaffold filled with MR fluid.
a lllustration showing the tunability and reversibility of the MR fluid-filled microlattice to obtain enhanced strength in the presence of a magnetic
field. b The configuration of our MR fluid-filled microlattice. ¢ Schematic of the very stretchable polymer mainly composed of PUA and LMA.

d Schematic of the Projection Microstereolithography technology. e MR fluid-filled truss with 6 by 3 by 4 octet units.
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weight, tunable and adaptive building blocks (Fig. la),
showing potential for applications in wearable exoskele-
tons, safety devices, and intravascular stents. Due to the
presence of solid magnetic particles, the magnetoactive
lattice usually is fabricated by the mold-assisting method,
namely, the magnetoactive elastomers are cured within a
hollow 3D printed mold, and then the mold is
removed>>**, There are also studies of magnetorheological
fluid-incorporated in lattices or foams®>*>. Magnetorheo-
logical fluids are comprised of micro-scale soft magnetic
particles uniformly suspended in a base fluid, and other
additives are incorporated to prevent the particles from
aggregating. The magnetorheological fluids have a larger
volume fractions of magnetic particles (>50%), and the
magnetorheological fluids incorporated in metamaterials
have wider ranges of available mechanical properties and
faster response times than magnetic particles in soft
matrices.

Despite the purported advantage, these magnetoactive
lattices have two main drawbacks. First, a strong mag-
netic field (0.1 T) is required to induce an expected
change in shape or mechanical response. An ultra-
powerful Nd-Fe-B permanent magnetic alloy or Helm-
holtz coil working at high voltage is needed, but such
apparatuses make the operation dangerous; the other
challenge is the short linear strain and buckling of the
base materials. Typically, the yield strains of most lattice
materials are less than 10%, which makes the working

range short’*~*®, Moreover, although magnetic sub-

stances present an almost linear relationship with the
intensity of the magnetic field, the low modulus of soft
materials leads to buckling at a very early stage. By har-
nessing the buckling, soft materials can generate
sophisticated movement in soft robots'®. However,
buckling in lattice metamaterials lead to abrupt changes
in mechanical properties, limiting the operating ranges of
metamaterials**?°,

Here, we adopt an ultra-flexible polymer shell that
maximizes the tunable properties of an MR fluid, creating a
liquid-solid dual-phase microlattice metamaterial (Fig. 1b)
with a wide range (200%) of tunable stiffness. This
microlattice exhibits continuously adjustable, program-
mable, predictive, rapid and reversible responses by facile
application of a relatively weak magnetic field (60 mT).

Materials and methods

Here, we take advantage of a 3D-printable flexible
polymer and magnetorheological (MR) fluid to create a
flexible mechanical metamaterial. To obtain a wide range
of tunable mechanical properties, the initial stiffness of
the polymer substrate should be low. Therefore, this study
uses a highly flexible polymer from BMF Boston Micro
Fabrication (Shenzhen City, Guangdong Province, China),
which is mainly composed of polyurethane acrylate
(PUA), lauryl methacrylate (LMA), acryloylmorpholine
(ACMO), and tetrahydrogen folic acid (THFA).
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Fig. 2 Properties of the flexible and recoverable MR fluid-filled structure and microlattice. a Optical images of the PuSL-printed elastomer
from 0 to 150% strain and then to ~20% strain. b Cyclic test curves of the printed elastomer. Shape response of the MR fluid under the application
and withdrawal of a magnetic field. ¢ The MR fluid spread on a planar substrate with a smooth surface in the absence of a magnetic field. d The MR
fluid forming columns with the application of a magnetic field. e Compression curves of the MR fluid-filled octet microlattice and hollow microlattice.
f Comparison of the stiffnesses of the hollow microlattice and MR fluid-filled microlattice.
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Projection micro-stereolithographyy (PuSL) is employed
to print the polymer to make 3D scaffolds (Fig. 1c). PuSL
is a layer-by-layer printing technology with that provides
high printing resolution without sacrificing printing area
(Fig. 1d)**. Moreover, PuSL is a facile technology that can
be used to fabricate airtight hollow scaffolds to construct
liquid-solid dual-phase microlattice metamaterials®.
First, a hollow octet lattice with an inlet is printed by
PuSL. The inlet is immersed in MR fluid (BOHAI
MATERIALS, A181). The sealed hollow lattice along with
the MR fluid are placed under a vacuum. Then, the
chamber is restored to atmospheric pressure, and the
atmospheric pressure pushes the MR fluid into the hollow
lattice. The result of a lattice filled with MR. The final step

is sealing the inlet. The inlet is covered by liquid resin and
solidified in a UV curing box.

Previous studies have proven the successful application
of MR fluids in adaptive metamaterials in the forms of an
open-cell foam and a cuboctahedron (bending-dominated
lattice)*>?*, In this study, we adopt a typical stretching-
dominated lattice — octet (Fig. 1b). According to Maxwell’s
criterion, each joint connects more struts in a stretching-
dominated lattice. In the octet lattice, the number of joint
connections is up to twelve struts, 50% more than that of a
cuboctahedron lattice. The traditional injection method
remains challenging for a hollow octet lattice. Vacuum
filling is an effective method to fill complex microchannels
in 2D and 3D structures with MRs>>*" with the advantages
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of filling rates and a universal method for different topo-
graphies. Moreover, the vacuum filling process requires
only a single inlet without considering the distribution of
the outlet and inlet. Figure 1e demonstrates the viability of
creating a larger number of MR fluid-filled (6 by 3 by 4)
units (up to 72 units). This study also proves that it is
possible to scale up our method for manufacturing com-
pared with the traditional injection method with no more
than 8 units®>*°.

Results and discussion
Mechanical properties

The experiment shows that this ultra-flexible polymer
has a fracture strain of more than 200% (Fig. S1), which
provides strong protection for our microlattice materials.
Furthermore, the printed elastomer can be stretched to
more than 150% of its initial length and almost recovers
(Fig. 2a, b and Video S1). The mechanical properties of the
MR fluid can be altered by introducing and withdrawing
the magnetic field. When the magnetic field is removed,
the fluid behaves a medium with unrestricted flow, and it
can be regarded as an ultra-flexible material (Fig. 2c). Once
a magnetic field is applied, the magnetic particles rear-
range along the magnetic field direction (Fig. 2d). Thus,
ultra-flexible and ultra-recoverable metamaterials can be
obtained by combining these two materials. To visually
demonstrate the flexibility and recoverability, a MR fluid-
filled octet microlattice is severely compressed to densifi-
cation by using a finger to apply pressure, and it recovers
to the original state once the force is removed (Video S2).

For the convenience of mechanical testing, a 2 by 2 by 2
MR fluid-filled microlattice is chosen for most tests, and it
is accepted that two cells in each direction are required to
evaluate the observed behavior'™**. The mechanical
properties of a hollow elastomer microlattice and an MR
fluid-filled microlattice with a relative density of 11.1%
(refers to the density of the polymer shell) are shown in
Fig. 2e. The effective stiffness of the hollow microlattice is
measured as 0.18 MPa. When filled with MR fluid, a slight
increase in stiffness is observed compared with the hollow
flexible polymer microlattice. The stress-strain curves are
linear (Fig. 2e) with a linear strain of over 30%. Loading
and unloading curves are shown in the inset picture to
demonstrate the excellent recoverability of the flexible
lattice. An in situ video (Video S3) indicates that the
deformation is the rotation of the node. The presence of
the MR fluid prevents the hollow lattice from buckling.
Buckling is a common deformation mechanism in lattice
materials but results in uncontrollable deformation®*>***,
Due to the hollow structure, the node rotates first, making
the deformation localized at the node, leading the lattice
struts to be essentially unloaded; the lattice buckles at low
stress>”. During the compression process, the MR fluid can
develop hydrostatic stress in the closed lattice (Fig. 2f).
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Prolonged linear strain increases the working range of the
MR-filled lattice.

The mechanical properties of PuSL-printed polymers
depend on their characteristic sizes. For example, in the
range of 20-60 pm, the fracture elongation and strength
increase with decreasing size®. The normalized yield
strength increases as the shell thickness decreases from
200pm to 177nm and 333nm>°. However, other
researchers reported that the yield stress did not provide
an insignificant dependent relationship for characteristic
sizes in the range of 100-500 um®. In this study, the
different relative densities of the hollow lattice correspond
to thicknesses of 100pym and 150 um and 200 pm.
Therefore, in this study, we make a simplification that the
yield stress and modulus of the polymer shell remain
consistent.

Tunable stiffness and energy absorption ability

In addition to the deformation response induced by the
magnetic field, the mechanical response is an attractive
advantage of the MR fluid-filled microlattice. The inter-
action between the polarized particles increases with
increasing magnetic field strength, which enables different
stiffnesses under a magnetic field*>*”. To characterize the
mechanical performance of our MR fluid-filled micro-
lattice, compression tests are conducted in a custom
apparatus with aluminum platens, and the magnetic field
is established by an electromagnet that can be controlled
by a DC power adapter (Fig. 3a). The measured stiffness
response as a function of magnetic field strength is shown
(Fig. 3b, Table S1). With the presence of a magnetic field,
the stiffness gradually increases, and the stiffness increases
by approximately 200% at a magnetic field strength of
60 mT. Compared with previously studied metamaterials
composed of MR fluid, the increment in stiffness of
greater (4.03 MPa/T), while that of the previous study was
0.42 MPa/T**. The greater rate increasing stiffness is
attributed to our ultra-flexible polymer shell and the
relatively higher relative density of the MR fluid. However,
structural topologies have a significant role here in the
mechanical behavior of microlattice structures. Previous
experiments and theories proved that the stretching-
dominated lattice was more mechanically efficient with a
higher stiffness-to-weight ratio (defined as E/p) than the
bend-dominated counterpart’®.

The stiffness of the MR fluid-polymer is determined*®:

Ogf — Op
Eygr = ——

where ooy is the stress of the polymer-MR fluid-filled
lattice and o, is the stress of the pure polymer lattice. By
measuring the hollow microlattice and MR fluid-filled

microlattice at different magnetic field strengths, the
relative stiffness of the MR fluid-filled microlattice was
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the magnetic field is removed. The interval of each frame is 20 ms.

Fig. 3 Tunable mechanical properties of the MR fluid-filled microlattice by modulating the magnetic field. a Schematic of the experimental
setup for mechanical testing of MR fluid-filled samples with magnetic field strength controlled by an adjustable DC power supply. b The stress—strain
curves of octet microlattices under different magnetic field strengths. ¢ The exponent a of the scaling law increases with increasing magnetic field
strength. d Energy absorption as a function of deformation. The impact process of flexible magnetoactive microlattices. @ When a magnetic field with
a strength of 60 mT is applied, the magnetic lattice undergoes little deformation. f The lattice is severely compressed during the impact process once
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obtained as a function of the MR fluid relative density
(Fig. 3c). The exponent a (Epr/Emr & (Ppr)?) increases
from 1.4 to 1.9 as the magnetic field increases from
20 mT to 60 mT, where E,,, refers to the moduli of MR
infillings, estimated by compression of the MR filled
struts (the moduli at 20 mT, 40 mT, and 60 mT are
32 KPa, 61 KPa, and 92 KPa, respectively) and p,,, refers
to the relative density of the MR filling of the lattice, as

estimated by the volume fraction of MR filling. The
exponent « is regarded as an indication of the deforma-
tion mode where a is 1 for ideal stretching-dominated
behavior, and a is equal to 2 for bending-dominated
behavior. The exponent a indicates that the deformation
mode of the magnetoactive microlattice transforms from
stretching-dominated to bending-dominated. The expo-
nent a corresponds to the microstructure of the magnetic
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field-triggered MR fluid. Considering the chain-like
structure of the MR fluid, we hypothesize that the MR
fillings have a hierarchical structure with lines of
magnetic particles parallel to the magnetic field lines, as
shown in Fig. S2. The applied strength of the magnetic
field not only determines the intensity of induced
magnetization but also increases the length of the chains
of magnetic particles®>*°, With the increase in lengths of
particle chains, uniformly distributed particles are
replaced by particle chains (Fig. S3). During the
compression process, the longer magnetic lines bend
more easily, changing the deformation mode and
resulting in more dominance by bending in the
deformation mode®®.

We further test their energy absorption under cyclic
loading. Energy absorption is an important application of
microlattice materials. Since no plateau strain®*' is
observed in our magnetoactive microlattice, the energy
absorption is evaluated in the linear stage and calculated
by integrating the enclosed area of the loading-unloading
curves (Fig. 3d). The energy absorption and strain have a
relationship with E o &> Compared with the energy
absorption at 0 Tm, the magnetic field increases the
energy absorption by 16.3, 12.4, and 6.0 times at strains of
10%, 20%, and 30% (Table S2).

Finally, we visually demonstrate the tunable stiffness
and energy absorption of our MR fluid-filled microlattice
metamaterial. A drop weight test is conducted witha 1.5 g
aluminum ball that falls from height of 40 cm. The impact
process is captured by a high-speed camera, and the
results are shown in Fig. 3e, f (Video S4). In the presence
of a relatively weak magnetic field with a strength of 60
mT, our MR fluid-filled microlattice does not undergo
appreciable macroscopic deformation, and the impact
process is finished in 80 ms. The impact process extends
to 180 ms in the absence of a magnetic field. The MR
fluid-filled microlattice undergoes severe deformation
during the impact process.

Tuning the stress—strain responses on demand

Compared with previous magnetic materials that were
controlled by powerful permanent magnets or Helmholtz
coils requiring high voltage'®***?, this study demonstrates
a magnetoactive metamaterial flexible enough to be actu-
ated by a more easily controlled and safer electromagnet.
Moreover, compared with the motion of a permanent
magnet, an electromagnet can apply an accurate magnetic
field in a shorter time. The field on and field off response
times are measured to be 200 ms and 50 ms, respectively,
in Fig. 4a, b where we adopt the criterion from a previous
study'®. The response time is a quarter of the previous
result'®, which may be because the on-off of the electro-
magnet can build an accurate magnetic field in a shorter
time than the movement of the permanent magnet.
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The real-time response of our magnetoactive micro-
lattice to a changing magnetic field leads to on-demand
stress—strain curves or programmable mechanical prop-
erties. We design uniaxial compression with a strain rate
of 3.3x 10?5~ to prove the precise controllability of the
stiffness based on a 2x2 x2 MR fluid-filled microlattice
with polymer diameter of 1 mm and an MR fluid core
diameter of 0.7 mm. During the compression process, we
manually tune the magnetic field strength at displace-
ments of approximately 0.5 mm, 1 mm, and 1.5 mm. Two
groups of experiments are conducted. In the first group of
experiments, the magnetic field strength is increased, as
shown in Fig. 4a, while the magnetic field strength is
decreased in the other experiment, as shown in Fig. 4b. To
compare the mechanical response, the displacement-force
curves under different field intensities are also plotted in
Fig. 4a, b. As shown in Fig. 4a, the displacement-force
curves track the displacement-force curves for OmT.
When the magnetic field strength increases to 20 mT, an
inflection point is observed, and the slope increases and
finally follows the displacement-force curves for 20 mT.
The same inflection points also occur when the magnetic
field strength increases from 20 mT to 40 mT and from
40 mT to 60 mT. The forces finally accelerate to the cor-
responding force at 40 mT and 60 mT.

In the circumstance of a decreasing magnetic field, the
force increases along with the displacement-force curves
of 60 mT and dramatically drops when the magnetic field
strength is decreased to 40 mT. The displacement-force
curves coincide with the curves at 40 mT. A similar drop
also occurs when tuning the magnetic field strength from
40 mT to 20 mT and from 20 mT to O mT. and then fol-
lows the curves under 20 mT to O mT, respectively. This
experiment also indicates that remanence, which refers to
the magnetization that remains in a magnetized substance
after an external magnetic field is removed, is negligible in
our MR fluid-filled microlattice.

Some potential applications of programmable mechan-
ical metamaterials can be envisioned, such as artificial
muscle, protection systems, and tactile perception. There
are various design strategies for programmable mechanical
metamaterials by architectural innovation. However,
geometry-based programmable metamaterials rely on the
deformation of materials, which means that the program is
fixed once the metamaterials are fabricated**. In addition
to difficult manipulation, the other current limitations are
a narrow range of achievable moduli and relatively slow
response times****, Our flexible magnetoactive metama-
terial exploits these constraints and achieves the desired
programmed force-displacement curves.

Summary
In summary, this study proposed a dual-phase liquid-
solid magnetoactive microlattice metamaterial composed



Zhang et al. NPG Asia Materials (2023) 15:45

Page 7 of 8

(a) (b)
1.24} i i { 124} o
2 1.22} E i z 122
) Field on | i Q P 4 =
o i i S 11 Field off |
5 1.20} time : i S 1.20 | | fims
116F T L P e
0 100 200 300 400 500 0 100 200 300 400 500
Times\ms Times\ms
(c) (d)
2.0 2.0
0mT omT
15l 20 mT 15l 20mT
> 40 mT - 40 mT
) 60 mT ) 60 mT
g 1.0} 2 1.0t
© L
0.5} 0.5}
0. i 1 I 1 " i i 1
%.0 0.5 1.0 1.5 2.0 0'%.0 0.5 1.0 1.5 2.0
Displacement\imm Displacement\imm
Fig. 4 Mechanical responses under compression with tunable stress—strain curves on demand. Mechanical response under a constant load
a when the magnetic field increases from 0 mT to 60 mT and b when the magnetic field decreases from 60 mT to 0 mT. The corresponding plots of
mechanical response for different programmed paths. The red and blue lines show the cases where all the magnetic field strengths increase ¢ and
decrease d, respectively. The dashed lines in ¢, d correspond to the microlattice metamaterial displacement—force curves at various magnetic field
strengths.

of very flexible, 3D-printable polymer shells and magne-
torheological fluids. These MR fluid-filled ultra-flexible
magnetoactive microlattices were successfully fabricated
by high-resolution stereolithography 3D printing tech-
nology and vacuum-assisted liquid filling. Our relatively
large-scale microlattices demonstrated remarkable reco-
verability (~50%); moreover, our MR fluid-filled micro-
lattices could be remarkably stiffened in the presence of a
magnetic field with an ~200% increment in stiffness at 60
mT. Furthermore, the mechanical properties of this
magnetoactive microlattice metamaterial could be
modulated on demand, leading to programmable stress-
strain behavior. These tunable properties characterized
this mechanical metamaterial as a potential candidate for
various emerging engineering applications.
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