UC Berkeley
UC Berkeley Previously Published Works

Title
Ultrafast Biomimetic Untethered Soft Actuators with Bone-In-Flesh Constructs Actuated
by Magnetic Field

Permalink
https://escholarship.org/uc/item/028157¢cX

Authors
Yue, Wei
Xu, Renxiao
Sui, Fanping

Publication Date
2024

DOI
10.1002/adfm.202401159

Copyright Information
This work is made available under the terms of a Creative Commons Attribution
License, available at https://creativecommons.org/licenses/by/4.0

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/028157cx
https://escholarship.org/uc/item/028157cx#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

Ultrafast Biomimetic Untethered Soft Actuators with
Bone-In-Flesh Constructs Actuated by Magnetic Field

Wei Yue, Renxiao Xu,* Fanping Sui, Yuan Gao, and Liwei Lin*

Soft actuators with unique mechanics have gained significant interests for
unique capabilities and versatile applications. However, their actuation
mechanisms (usually driven by light, heat, or chemical reactions) result in
long actuation times. Reported magnetically actuated soft actuators can
produce rapid and precise motions, yet their complex manufacturing
processes may constrain their range of applications. Here, the “bone-in-flesh”
is proposed that constructs combining rigid magnetic structures encapsulated
within soft polymers to create untethered magnetic soft actuators. This
approach enables these soft, impact-resistant, agile actuators with a
significantly simplified fabrication process. As demonstration examples,
multiple soft actuators are fabricated and tested, including actuators for
auxetic properties, 2D-3D transformations, and multi-stable states. As such,
this work offers a promising solution to challenges associated with soft
actuators to potentially expand their applications in various domains.

1. Introduction

Studies in soft robots/actuators have drawn widespread interests
in recent years.'-*] Compared with hard-bodied robots/actuators
with rigid links and joints, soft and compliant systems can
change their shapes to adapt to the external environment and
create harmless mechanical interfaces. This feature makes them
desirable for applications in various robotic systems, espe-
cially those with interactions to biological tissues. Besides, com-
pared with wired, electricity-powered counterparts such as ionic
polymer-metal composite (IPMC)“®l and dielectric elastomer
(DE),”°1 untethered soft actuators not limited by physical con-
nections, allowing for more freedom of movement and the ability
to operate in environments with complex turns and paths. Previ-
ously, active polymeric materials including hydrogels, liquid crys-
tal elastomers (LCE), and shape memory polymers (SMP), have
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been used to make untethered soft actua-
tors with different actuation mechanisms
of light, heat, or chemical changes.!'*2}]
These polymer-based actuators have the
desirable soft and compliant mechanics
but they generally suffer from slower
actuations and more limited precisions
when compared with those traditional hard-
bodied actuators. Specifically, the key driv-
ing mechanisms of these soft actuators are
based on slow physical or chemical pro-
cesses (typically several seconds to hun-
dreds of seconds in the actuation time),
including the swelling/shrinking of hy-
drogels, the heat-induced thermal expan-
sion, the deformation of shape mem-
ory polymers, and the external stimula-
tion of liquid crystal elastomers. Further-
more, the actuation precisions in these
processes are often compromised by the fluctuations of the exter-
nal stimuli and changes in the surrounding environment.

While untethered magnetic actuation can result in fast and
precise responses, most prior works are based on rigid mag-
netic structures.?*®] In recent years, researchers have also re-
ported soft and magnetically controlled actuators across differ-
ent length scales by embedding ferromagnetic particles with con-
trolled directional magnetization in elastomeric matrices. These
actuators have shown desirable actuation speeds and good com-
pliances, but their fabrication processes are rather complex, espe-
cially in terms of the magnetization operation: requiring highly-
specialized equipment such as a direction-specific 3D printer
coupled with accurately timed magnetization processes, or a spe-
cial lithography process with on-site magnetization.?-? In addi-
tion, due to the presence of viscous drag within the pre-cured soft
material, achieving high-quality magnetization often requires ex-
tremely strong external magnetic fields (>1 Tesla) to facilitate a
thorough reorientation of magnetic particles.??! In this work,
we demonstrate magnetically driven, untethered soft actuators
with bone-in-flesh constructs for ultrafast responses with high
precisions. Our actuators can be fabricated by simple processes
(therefore, no need for specialized facilities for complicated mag-
netization steps) with low-cost, off-the-shelf magnetic and elas-
tomeric materials.

2. Results and Discussion

2.1. Bioinspired Bone-In-Flesh Constructs

The bone-in-flesh constructs are inspired by examples in living
animals such as the human arm, where the rotation of “bones”

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) The flexing of a human arm, featuring the bones and flesh components. b) Schematics of the working mechanism of a bioinspired bone-in-
flesh actuator, with magnets as “bones” and elastomers as “flesh”. c) Effective modulus, and d) deformability (evaluated by the amount of elongation
at break) of “bone” and “flesh” components in human body and in the proposed actuators. e) Fabrication procedures of bone-in-flesh soft actuators.
Mixed Ecoflex is poured into the 3D printed ABS mold, and cured in room temperature for 30 min. The cured Ecoflex flesh is then taken out from the
model and inserted with the NdFeB magnetic “bones”. After that, the cavities for insertion are enclosed with more Ecoflex. The fabricated soft actuator

can deform into different shapes under different external magnetic fields.

facilitates the accurate motions such as flexion and extension,
while the “flesh” (including muscles, fat, tendons, and skins)
encapsulates and protects the bones from mechanical impacts.
The soft flesh also offers a compliant interface as the arm
interacts with the surrounding environment (Figure 1a). The
biomimetic soft actuators use two materials of very different me-
chanical properties: 1) rigid NdFeB magnets (cylindrical shape,
millimeter-scale) as the bones, and 2) highly deformable elas-
tomers (Ecoflex 00-35) as the flesh. An external magnetic field
with a flux density, B, is utilized to generate an alignment torque
T = m X Bon the magnet with a magnetic moment of m, to ac-
tuate the bone-in-flesh construct in a manner similar to the flex-
ion of a human arm, as in Figure 1b. Figure 1c,d shows the me-
chanical property comparisons between the human arm and the
prototype soft actuator, including high moduli (Effective Modu-
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lus ~18 GPa for bones, ~100 GPa for NdFeB magnets) and brit-
tle mechanics (elongation at break ~1.43% for bones, 0.15% for
NdFeB magnets) core or “bone” materials, and soft and resilient
shell or “flesh” materials (Modulus 20 kPa and elongation at
break ~30% for human fleshes; Modulus ~166 kPa, and elonga-
tion at break ~500% for the Ecoflex 00-35 material).?*34 With
carefully engineered combinations of “bone” and “flesh” to be
demonstrated in Section 2.2, the actuators could achieve desir-
able outcome: the “bone” facilitates quick and precise actuation
motions, while the soft “flesh” accommodates the large deforma-
tions and alleviates mechanical impacts.

The bone-in-flesh construct uses a simple fabrication pro-
cess as shown in Figure le without any special tool such as
equipment used for patterning with directional magnetization.
In the prototype fabrication process, a standard FDM 3D printer

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Experimental setup for testing an actuator’s response under an alternating magnetic field. b) Response versus driving frequency of an
actuator, as read from video images at 240 frames per second. The magnetic field flux density is #20 mT. c) Comparison in actuation time between
magnetically powered soft actuators and actuators of similar length scale using other working mechanisms. Each rectangle represents a category of soft
actuators, each point represents a work (mean value). The annotated numbers correspond to the numbers in Table S1 (Supporting Information). d)
Comparison in actuation time among different magnetically powered soft actuators.

(Stratasys Dimension) and common materials (ABS filaments,
Ecoflex 00-35, and neodymium magnets of various sizes and
grades) are used. First, an ABS part is printed by the 3D printer
to serve as the mold with protrusions as the slots for magnet in-
sertions in a later step. Ecoflex is poured into the mold in the
liquid state and cured at room temperature to form the “flesh”
part of the actuator. Finally, several cylindrical NdFeB magnets
with chosen polarities are inserted into the predesigned slots to
act as “bones” and sealed by Ecoflex to finish the fabrication. The
external magnetic field can deform the soft actuators to result in
different shapes in an ultrafast fashion for the actuation.

To evaluate the agility of the bone-in-flesh actuators, a pro-
totype sample is placed in an alternating magnetic field by us-
ing the magnetic coil structure (Figure 2a). The magnet as the
“bone” will align its polarity with the sinusoidal alternating mag-
netic field with an amplitude ~20 mT, leading the entire struc-
ture to deform periodically as recorded by a video camera at 240
frames per second. Figure 2b shows the response frequency ver-
sus the driving frequency results up to 50 Hz, which is consid-
ered fast enough for most applications. It is observed that the
actuator can catch up with the 50 Hz alternating magnetic field,
indicating the typical response time of less than 0.02 s. The full
actuation time for a prototype actuator to change from its ini-
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tial shape to the fully deformed configuration is between 0.1 and
0.6 s depending on the specific structure under a magnetic field
ranging from 20 to 100 mT. Figure 2c presents a comparison
of actuation times for centimeter-scale untethered soft actuators
made of hydrogels,'>'*l liquid crystal elastomers (LCEs),!!>18]
shape memory polymers (SMPs),[2%2] and previously-reported
magnetic soft actuators,??°! where the same type of actuators
are denoted by the same color. It is evident that magnetic soft
actuators achieve a faster actuation compared with other types
of untethered soft actuators. Figure 2d and Table S1 (Support-
ing Information) show a further comparison in actuation time,
size, and required magnetic flux density for actuation, within the
category of magnetic soft actuators. While our bone-in-flesh ac-
tuators are fabricated in a simple process without using special
tools, they yield roughly the same, if not shorter, actuation time
to other soft magnetic actuators using more complex procedures,
when the dimensions and magnetic fields are comparable.

One major advantage of soft actuators over their more rigid
counterparts is the ability to accommodate harsh mechanical
impacts through recoverable material deformation. In robotics
applications, typical mechanical impacts include sudden drops
from a considerable height, unexpected collisions by heavy
objects, and applied concentrated or distributed loads. We

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure3. a,b) Recorded sequential images during a free-fall drop test, for a column-shaped magnet (a) without and (b) with the encapsulating elastomeric
“flesh”. The inset in (b) shows the intact structure after the test. ¢) Maximum principal strain distribution on the magnet (without or with “flesh”) after
impact(s) computed by FEA. d) Images of different mechanical impact tests on a representative actuator including heavy object impacts (top left),
squashing (top right), and poking by sharp objects (bottom left). The actuator remains fully functional after these tests (bottom right).

conducted the following experiments to mimic these mechanical
impacts and test the reliability of our soft actuators. Figure 3a,b
shows distinct responses of two samples when dropped onto a
rigid floor made of quartz from a height of 1.3 meters. While
a bare cylinder-shaped magnetic “bone” cracks into two pieces
upon hitting the floor (Figure 3a; Supplementary Movie S1,
Supporting Information), a magnetic “bone” of the same size
and shape could easily survive multiple impacts when encapsu-
lated by the soft and deformable Ecoflex “flesh” (Figure 3b; Sup-
plementary Movie S1, Supporting Information). Finite element
analysis (FEA) also confirms that the max principal strain in the
magnetic “bone” exceeds fracture limit considerably (~0.15% for
NdFeB) when the bare sample hits the floor, while the principal
strain remains far below the fracture limit throughout the drop
event of the bone-in-flesh sample (Figure 3c). This test proves
that the “flesh” material shields the brittle “bone” from damage
and provides great resilience to mechanical impacts for a bone-
in-flesh construct. We then conducted a series of extreme relia-
bility tests on a representative bone-in-flesh actuator (Figure 3d).
In one test, the actuator was subject to the full impact of a Bowl-
ing ball (5352 gram, over 1000 times heavier than the actuator)
released at a height of 30 cm (Supplementary Movie S2, Support-
ing Information). In other tests, the actuator was squashed and
flattened by a palm, or significantly poked by a ballpoint pen (Sup-
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plementary Movies S3 and S4, Supporting Information). Despite
severe changes in shape during the three tests, the deformation
was fully recoverable. Once the impacts and loads were removed,
the actuator returned to its initial form, and retained its full func-
tionality in response to an external magnetic field.

In the following sections, four classes of actuators all with
bone-in-flesh constructs have been demonstrated for various po-
tential applications. In these actuators, the rotation of “bones” in
the magnetic field initiates and powers the actuation, while the
compliant “flesh” with carefully engineered structures changes
the shape accordingly to complete the large overall deforma-
tions. The first three demonstration examples reflect recent ad-
vances in modern mechanics and mechanical metamaterials, in-
cluding the auxeticity,3>-*%) 2D-to-3D transformation,/?#*-1 and
bistable/multi-stable structures,*~#’! while the last example (a
soft gripper) targets practical application scenarios.

2.2. Actuators for Auxetic Contraction and Expansion
Auxeticity, or the property of having a negative Poisson’s ra-
tio, is a hot research topic in mechanical metamaterials.!>-38]

Here, devices for auxetic actuation in an untethered manner with
ultrafast actuations are demonstrated. Figure 4a,b shows two

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Schematics of soft actuators for 2D auxetic contraction, in top and side views. The red/blue arrows denote the polarity of magnets, and the
scale bar is 1 cm. b) Schematics of soft actuators for 2D auxetic expansion, in top and side views. The red/blue arrows denote the polarity of magnets,
and the scale bar is 1 cm. c) Recorded (top row) and computed (bottom row) deformation of the actuator for contraction, during four representative
stages. d) Recorded (top row) and computed (bottom row) deformation of the actuator for expansion, during four representative stages. e) Percentage
decrease in lengths and nominal area versus the rotation angle of magnets during the contraction actuation, as predicted by FEA (lines) and measured in
experiments (dots). f) Percentage increase in lengths and nominal area versus the rotation angle of magnets during the expansion actuation, as predicted
by FEA (lines) and measured in experiments (dots). g) Recorded (left) and computed (right) deformation of the actuator for 3D auxetic contraction.
h) Recorded (left) and computed (right) deformation of the actuator for 3D auxetic expansion. The magnetic field strength is ~56 mT for (c, d) and
~100 mT for (g,h). For panels (c) and (d), colors in FEA results denote total displacement.
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actuators with “flesh” (semitransparent) and “bones” (in golden
metallic color) for 2D auxetic actuations. The top and side views
show the highlighted blue and red arrows pointing from the
south to the north pole inside each magnetic “bone”. Both actu-
ators have a width and length of 3 cm, and a thickness of ~1 cm.
In the elastomeric “flesh”, the device for the contraction motion
(Figure 4a) has four large circular holes near the center and sev-
eral peripheral semi- and quarter- circular features. The device
for the expansion motion (Figure 4b) has alternating horizontal
and vertical slots through its thickness. When an external mag-
netic field (=56 mT, denoted by black arrows) is applied, the mag-
netic “bones” with polarities offset from the applied field will ro-
tate by 45° under the alignment torque, causing the deformation
of the structured “flesh”. With a rational combination of ade-
quately strong magnetic field (no less than ~56 mT) and com-
pliant enough “flesh” material (modulus <166 kPa) identified
through FEA, the actuators could achieve a “sufficient actuation”,
featured by the magnetic “bones” rotating by 45° or more to fully
align their polarities with the external field during the dynamic
process. (detailed in Supplementary Note S1, S2, and Figure S1,
Supporting Information). In the actuator for contraction, the four
circular holes are gradually squeezed into alternately arranged
ovals, and later dumbbell shapes, letting the entire structure re-
duce its nominal area within 0.2 s (Figure 4c). Over a “sufficient
actuation” process, the lengths in both planar directions (X and Y)
shrink simultaneously by 18.5%, hence yielding a negative Pois-
son’s ratio of »—1 (Figure 4e). The total reduction in the nominal
area is ~33%. Upon the removal of the external magnetic field,
the structure rapidly releases its elastic potential energy, and re-
turns to its initial state within 0.2 s. The deformation and recov-
ery processes are shown by Supplementary Movie S5 (Support-
ing Information). In another device driven by the 45° rotation of
magnetic “bones”, the slender slots in the elastomeric “flesh” are
stretched into alternately arranged rhombic voids within 0.3 s,
such that the nominal area of the actuator is enlarged by ~53%
(Figure 4d.f). The lengths in both X and Y are increased by ~24%,
again indicating the 2D auxetic nature of this actuation process.
The structure can also recover to its initial state after the removal
of the external field within 0.4 s (Supplementary Movie S6, Sup-
porting Information). For both actuators, the deformations pre-
dicted by FEA match those observed in experiments, not only in
visual features (Figure 4c,d), but also in the quantitative results
(Figure 4e,f).

Periodic repetition of the structures in the aforementioned two
actuators can be done on a plane for large 2D actuators. This
repetition can also be performed on an open cylindrical surface
to achieve 3D auxetic actuation. Figure S2 (Supporting Infor-
mation) illustrates such actuators, each involving 36 magnetic
“bones”. For the contractable structure, the circular holes are
slightly modified into alternating elliptical shapes for smoother
transformation. Figure 4g, demonstrate the shapes of the actua-
tors in their initial configurations, and in the deformed shapes
after 0.4 s in constant magnetic field (%100 mT), including the
experimental images (left column) and FEA models (right col-
umn). We observe the apparent simultaneous decrease (or like-
wise increase) in length in the expected axial and hoop directions
(i-e., height and circumference), as well as in the third, radial di-
rection. Such results show that these two devices indeed actuate
in a 3D auxetic way. Notably, the amount of rotation for magnetic
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“bones” is less than 45° in these 3D actuators, as the features
near the inner surface will eventually come into physical contact
among themselves and prevent further deformation. Such effect
is both considered in FEA models and recorded in experiments.

2.3. Actuators for 2D-to-3D Shape Transformation

The assembly of 2D planar patterns into complex 3D shapes is
another trending research theme. Two most popular approaches
for the 2D-to-3D transition across multiple length scales are: 1)
utilizing the compressive buckling of thin films partially adhered
to elastomeric substrates upon releasing the substrate pre-stretch
energy,***!l and 2) applying the folding of thin films along pre-
designed traces (also known as “Origami”) upon applying me-
chanical force and other physical/chemical stimuli.?**~*1 Here
we present three bone-in-flesh actuators for magnetically pow-
ered 2D-to-3D shape transformation, each representative of a
unique strategy.

The first actuator achieves the transformation through the
bending of selective “flesh” parts due to differences in bend-
ing stiffness. As illustrated in Figure 5a, the structured “flesh”
is composed of nine blocks, connected by thinner and narrower
segments among them. Four magnetic “bones” are strategically
embedded in the corner blocks with specifically chosen polarities.
The polarities of two bones (group 1) are set to be exactly oppo-
site to the other two (group 2), ensuring bones in the two groups
to rotate in opposite directions. Upon an applied magnetic field
(100 mT) and due to the large difference in the bending stiffness
(~10 times) between segments and blocks, a considerable over-
all out-of-plane displacement is achieved, forming a 3D shape in
~0.17 s (Supplementary Movie S7, Supporting Information). De-
pending on the direction of the magnetic field, the actuator can
transform between two different 3D gestures: 1) a state resem-
bling a “butterfly” featuring high left/right and low front/back
blocks under an upward magnetic field, and 2) a “saddle” state
characterized by low sides and high front and back blocks un-
der a downward magnetic field (Figure 5b). The recorded defor-
mation agrees with FEA calculations excellently to subtle details.
From FEA results, it is found that the actuator reaches up to ~2.6
times of its height during the 2D-to-3D transformation, with the
in-plane diagonal length reduced by 28.5% (Figure 5c). In this ex-
ample, the stiffness of the flesh is significant enough to partially
overcome the alignment torque exerted by the magnetic field, set-
ting it apart from other samples. Its stable configuration does not
involve aligning with the external magnetic field in a nearly paral-
lel orientation. A detailed theoretical model to analyze the defor-
mation of this structure is developed (See Supplementary Note
S3, Supporting Information), enabling a more accurate predic-
tion of the deformation under a given magnetic field magnitude.

With more pronounced differences in thickness (hence bend-
ing stiffness) within the structure, an event similar to paper-
folding, or “Origami”, can occur.l*! Figure 5d illustrates a device
actuated by the concept of Origami, where the elastomeric “flesh”
is structured into a thin (~0.25 mm) membrane and thick (addi-
tional ~1.4 mm) triangular or rectangular mesas above it. When
a magnetic field is applied, the rectangular mesas with embed-
ded “bones” quickly (within ~0.5 s) rotate to render almost per-
pendicular sidewalls, while the thin regions of “flesh” serve as

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB017 SUOWILIOD SATES1D) 8|l dde au Ag poueA0B 8.2 S9fo1Le YO 8sN JO S3|N1 o} Akeiq 1 8UIUO AB{1MW UO (SUOPUOI-PUe-SWLBILIS"A8 | 1M AReJq 1 Ul juo//Sdny) SUONIPUOD Pue SWB | 84} 885 * [7202/80/20] UO AiqiTauliu A8|iM ‘de] feuolieN Ao psieg sousiveeILIojieD 10 AluN AQ 6STTOKZ0Z WIPe/Z00T 0T/I0p/W0d A8 |1 ARiq1jpul|uoy/sdiy wou) pspeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.afm-journal.de

N &
z ()% @

1cm

Uz (mm) l l l

—
(2}
S—

111

17T 117
'an i Diagonal
E Length
20
"
§
g 10% Height

-

T
V.
b/

|

U: (mm)

ol N7

Figure 5. a) Schematics of a soft actuator for bending-based 2D-to-3D transformation, in top and side views. b) Recorded (top column) and computed
(bottom column) transitions among the “butterfly” state, the undeformed flat state, and the “saddle” state. c) Changes in height and length versus
magnet rotation angle during the actuation process. d) Schematics of a soft actuator for origami-type 2D-to-3D transformation, in top, side and tilted 3D
views. e) Recorded (top column) and computed (bottom column) transitions among the “Red-Up” state, the undeformed flat state, and the “Blue-Up”
state. In photos, the letters “R” and “B” denote red and blue faces, respectively. f) Schematics of a soft actuator with magnet bundles for 2D-to-3D
transformation, in top, side and tilted 3D views. The inset shows a cross-sectional profile of a two-bone and a three-bone bundle. g) Recorded (top
column) and computed (bottom column) deformations during the actuation process. The magetic field strength is 100 mT for (b), (e), and (g). For
panels (b) and (g), colors in FEA denote out-of-plane displacement.
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the creases for reversible foldings (Figure 5e). Under an upward
magnetic field (1st column in Figure 5e), one set of triangular
mesas lifts up (marked as red in Figure 5d,e) to form the ceil-
ing in the generated 3D structure, while the other set (marked as
blue) stays low to form the ground. In a second situation by re-
versing the applied magnetic field (3rd column in Figure 5e), the
magnetic “bones” will rotate in opposite directions with the set
marked as blue moving up instead to form a reversed structural
configuration. As shown in Supplementary Movie S8 (Support-
ing Information), the structure has the ability to swiftly recover
its shape (within ~0.4 s) upon removal of the external magnetic
field (%100 mT) in both situations. Through incorporating mesas
with diverse shapes and sizes in the “flesh”, and placing various
magnetic “bones” at different sites, these soft actuators could po-
tentially assemble into numerous intriguing 3D Origamis, with
the desirable rapid actuations, easily reversed shapes, and recov-
erable nature.

The third actuator for 2D-to-3D transformation involves
the idea of bundling two or three parallel magnetic “bones”
(Figure 5f), with some geometric similarities to the parallel ra-
dius and ulna in human’s forearm. Concentrating multiple mag-
netic “bones” together increases the magnetic moment, thereby
enhancing the alighment torque. In the actuator, these “bone”
bundles reside in the thicker and wider segments of “flesh”, to
facilitate bending in these stiffer regions by providing doubled
or tripled alignment torque. In this actuator, six single “bones”,
six two-bone bundles, and six three-bone bundles constitute the
entire skeleton. Figure 5g shows the transformation process of
this actuator under a maximum magnetic field of 100 mT, from
an almost flat shape into a 3D complex object resembling the
well-known Bird’s Nest Stadium in Beijing. In this demo, we in-
tentionally moved the magnet source inward and outward slowly
(in ~1 s), making the deformation and recovery of the actuator
a quasi-static process, as captured in Supplementary Movie S9
(Supporting Information). Potentially, a vast variety of 3D struc-
tures with more convoluted geometries and curvilinear details
could be quickly assembled by this type of bone-in-flesh actua-
tors, through the inclusion of assorted bundling of “bones” and
diverse shapes of “flesh” during the design process.

2.4. Actuators with Bistable or Multi-stable States

A third type of actuators built upon the bistable and multi-stable
structures.[*] Figure 6a illustrates the structure of a bistable
pop-up switch, with the four magnetic “bones” embedded in
the thick, annular portions of the “flesh”. Initially, the switch
is without deformation at the “up” position (Figure 6b(i)). After
the switch is pressed elastically downward by an external force
to the preset maximum displacement (Figure 6b,(ii)), it would
not return to the “up” position even after the applied load is
retracted. Instead, the switch remains locked at a “down” posi-
tion (Figure 6b(iii)), until the device is actuated by an external
magnetic field (%100 mT) for resetting back to the “up” position
(Figure 6b(iv); Supplementary Movie S10, Supporting Informa-
tion). Figure 6e shows the elastic strain energy F and the applied
force F corresponding to different stages in the loading and un-
loading process, as calculated from FEA, where the displacement
is normalized. The “up” position is the first stable state (State 1)
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with elastic strain energy E; = 0, while the “down” position is a
second stable state (State 2) with elastic strain energy E, at alocal
minimum. With the applied force F gradually retracted to zero,
the system only recovers to the “down” position (State 2) instead
of all the way to the “up” position (State 1), because of the energy
barrier near State 2. An amount of elastic strain energy equal to
E, is therefore trapped in the system. With the applied magnetic
field driving the “bones” to provide this system with the addi-
tional energy, the system can overcome the energy barrier and
reset to its initial configuration.

Actuators for the transitions among multiple stable states are
also realized by using a conical membrane with predesigned
thickness variations as “flesh”, and 24 small column-shaped mag-
nets as “bones” (Figure 6¢). The thin regions in the membrane
can fold inward or remain straight to result in two different
shapes. In total, this actuator has four stable configurations,
namely State 1, 2, 3, and 4, with corresponding elastic strain en-
ergy 0 = E; < E, < E; < E,. Ateach stable state, the elastic strain
energy is at the global or a local minimum, and the force tran-
sitions from zero to positive (Figure 6d,f). Applying a downward
force by a finger at the top center of the structure shifts the sys-
tem to the immediate next configuration with higher strain en-
ergy (forward purple arrows), while the magnetic actuation (mag-
netic flux density ~#100 mT) can reset the system to the previous
neighboring state (backward gray arrows). Here, small magnets
with low magnetic grade are deliberately chosen to avoid the cross
transformation between two nonadjacent states. Multi-stable sys-
tems like this represent a step toward bone-in-flesh actuators imi-
tating the biological structures with multiple joints in series (e.g.,
the arm and hand of human), where each joint can rest in either
flexed or extended positions.

2.5. A Soft Gripper

As a last example, a six-fingered, soft gripper that tightens or
opens within 0.1 s is demonstrated, when subject to a forward or
a reversed external magnetic field (Figure 7a,b). The alignment
torque on the magnetic “bones” provides sufficient force for the
reliable gripping of objects. The magnets are embedded near the
base (the mutual interference between magnetic “bones” is neg-
ligible as explained in Supplementary Note S4, Supporting Infor-
mation) and the six fingers are made of soft “flesh” completely
in order to adapt to various shapes of objects without applying
excessive pressure. Experiments have been conducted to test the
gripper’s capability of dexterous grasping and manipulation of
small objects. In the first experiment (Figure 7c), the gripper is
positioned above the 3D-printed letter “R” of the word “TRANS-
DUCERS”, made of ABS and weighs x0.3 grams. In a downward
magnetic field (100 mT), the gripper picks the letter up, and
holds it during the transportation process to another site. After-
ward, the gripper opens its fingers under an upward magnetic
field (100 mT) to release the object. In similar experiments, we
have successfully used the gripper to pick up and transfer heav-
ier objects, such as a peanut (0.8 gram, Figure 7d), a screw bolt
(4.5 gram, Figure 7e), and a set of nut, washer and bolt (9.0 gram,
Figure 7f). We envision that more challenging tasks such as the
manipulations of heavy, brittle, slippery or weird-shaped objects
could be completed by other soft grippers with bone-in-flesh
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Figure 6. a) Schematics of a bistable, pop-up switch, in top and 3D tilted views. b) Recorded (top row) and computed (bottom row) images for the
process of mechanical loading/unloading (first three columns) and magnetically powered reset (last column). Colors in FEA denote normalized out-
of-plane displacement. c) Schematics of a multi-stable tower, in bottom and 3D tilted views. The red/blue arrows denote the representative polarity of
magnets. d) Recorded (top row) and computed (bottom row) images showing the four stable states of the system in (c). Colors in FEA denote out-of-
plane displacement. e,f) Elastic strain energy and applied force versus normalized displacement in the z-direction for (e) the bistable, pop-up switch,
and (f) the multi-stable tower. The magetic field strength is 100 mT for (b) and (d).

constructs through rational improvements, such as including
more magnetic “bones” to form multiple joints and optimizing
the structures of elastomeric “flesh”, etc.

3. Conclusion

This work reports a bioinspired bone-in-flesh construct for build-
ing magnetically powered and untethered soft actuators. This
integration of commercial off-the-shelf soft and hard materi-
als into engineered structures not only renders fast and pre-

Adv. Funct. Mater. 2024, 2401159 2401159 (9 of 11)

cise actuations with desirable compliant and impact-resistant
mechanics, but also remarkably simplifies their fabrication pro-
cedures. The demonstrated devices have achieved several dis-
tinct functions, including four different auxetic expansions or
contractions, three types of planar to out-of-plane transforma-
tions, actuation among bistable and multi-stable states, and
the manipulation of small objects by a gripper structure. In
the future, the bioinspired hard-soft integrated designs can be
expanded using the simple fabrication procedures to accom-
plish more complex tasks, with the ultimate goal of building
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Figure 7. a) Schematics of a six-fingered bone-in-flesh gripper, in top and 3D tilted views. b) FEA-predicted deformation in the tightening and the opening
modes. Colors denote total displacement. c) Optical images demonstrating the grasping, transferring and release of a small object. d—f) Optical images
of the gripper manipulating (d) a peanut, (e) a screw bolt and (f) a set of nut, washer and bolt. The magetic field strength is 100 mT for (c—f).

multifunctional bone-in-flesh soft robots to emulate their biolog-
ical counterparts.

4. Experimental Section

Magnets for Actuators: ~ Cylindrical NdFeB magnets with different sizes
and grades are used for specific actuation requirements. The magnetic
moment, m, describing the magnetic strength of a certain magnet, is
proportional to the magnet’'s volume, V, and remanence, B, as m =
(1/mo) B,V, where py is the permeability of vacuum. Commercial mag-
nets of higher grades (e.g., N42) have higher remanence than those of
lower grades (e.g., N35). Therefore, magnets with higher grade and larger
volumes (e.g., N52 with the diameter of 1 mm and length of T mm, N48
with the diameter of 4 mm and length of 2 mm, N48 with the diameter
of 3 mm and length of 2 mm, N42 with the diameter of 1.59 mm and
length of 12.7 mm) are used for most devices for fast and large deforma-
tions. Lower grade and small magnets (N35 with the diameter of 1 mm
and length of 5 mm) are used for the multi-stable tower demonstration. In
addition, slender, cylindrical-shaped magnets are used in thin membranes
for large out-of-plane displacements, while stubby, disk-shaped magnets
are inserted in bulkier portions of the “flesh” for in-plane-dominated
deformations.

Ecoflex Flesh:  All soft actuators use Ecoflex 00-35 as the flesh mate-
rial. First, the required mass of Ecoflex for the soft actuator is estimated
and divided into corresponding masses of Part A and Part B. They are pre-
mixed and blended in a container. Ecoflex 00-35 has a pot life of 2.5 min,
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so it needs to be poured into the container and degassed before solidify-
ing. Although the cure time for Ecoflex 00-35 is only 5 min, it was cured
for 30 min at room temperature to ensure the complete solidification. The
molds designed for each soft actuator are demonstrated in Figure S3 (Sup-
porting Information).

Applying External Magnetic Field: A cubic N52 NdFeB magnet with an
edge length of 25.4 mm is utilized to apply the external magnetic field.
Depending on the type of soft actuator, three different experimental se-
tups are employed as illustrated in Figure S4 (Supporting Information).
Both 2D auxetic contraction and 2D auxetic expansion actuators are ac-
tuated by using a fringing magnetic field as shown in Figure S4a (Sup-
porting Information), with a magnetic field parallel to the platform. Most
other soft actuators are actuated by using a perpendicular field (normal
field) as shown in Figure S4b (Supporting Information), with a magnetic
field perpendicular to the platform. The 3D auxetic contraction and 3D
auxetic expansion actuators are actuated using a more uniform magnetic
field perpendicular to the platform between the two external magnets as
shown in Figure S4c (Supporting Information). In all tests, cubic N52 per-
manent magnets (25.4 mm by 25.4 mm by 25.4 mm) are used to achieve
good actuation performances within a distance of 2-3 cm away and the
corresponding magnetic field strengths are simulated in Figure S5 (Sup-
porting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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