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ABSTRACT: Incorporating perception into robots or objects
holds great potential to revolutionize daily human life. To achieve
this, critical factors include the design of an integrable three-
dimensional (3D) soft sensor with self-powering capability, a wide
working range, and tuneable functionalities. Here, we introduce a
highly compressible 3D-printed soft magnetoelastic sensor with a
wide strain sensing range. Inspired by the lattice metamaterial,
which offers a highly porous structure with tuneable mechanical
properties, we realized a remarkably compliant 3D self-powering
sensor. Using magnetoelastic composite materials and 3D printing
combined with sacrificial molding, a broad design space for
constituent materials and structures is investigated, allowing for
tuneable mechanical properties and sensor performances. These
sensors are successfully integrated with two robotic systems as the robot operation and perception units, enabling robot control and
recognition of diverse physical interactions with a user. Overall, we believe that this work represents a cornerstone for compliant 3D
self-powered soft sensors, giving impetus to the development of advanced human−machine interfaces.
KEYWORDS: magnetoelastic effect, soft magnetic composite, 3D printing, lattice structure, soft sensor, human−machine interface

1. INTRODUCTION
Tactile sensors for human−machine interfaces (HMIs) have
gained significant attention in healthcare systems, virtual
reality, and robotics.1−6 They convert mechanical stimuli
into electrical signals, providing immersive user experiences
and optimized responses while interacting with machines. Soft
tactile sensors have great potential for safe and adaptable
human and environmental interactions compared to conven-
tional sensors made of rigid materials.7−9 Nevertheless,
conventional passive soft sensors usually rely on extra power
sources and components such as commercial batteries.10,11

These dependencies restrict sensor flexibility and increase
production and maintenance costs.
Recent approaches have exploited sensing mechanisms such

as triboelectric,12−16 piezoelectric,5,17−20 magnetoelastic,21−23

and magnetoelectric24−26 methods to develop fully soft, self-
powered sensors that do not need external power sources for
signal production. However, triboelectric and piezoelectric
sensors exhibit high internal impedance, which lowers the
current flow, diminishing the current and output power
densities. Furthermore, high humidity in the environment,
including sweat on the skin, can impact the output sensing
performance of triboelectric and piezoelectric sensors due to
changes in the surrounding environment’s dielectric constant,
affecting the electric charge transfer and capacitance.

Conversely, magnetoelastic sensors, which implement Fara-
day’s law, have been shown to exhibit a low internal
impedance, a high current density, and even waterproof
capabilities. Thus, a soft self-powered tactile sensor utilizing a
magnetoelastic mechanism can potentially offer high output
power densities and a more reliable output performance,
enabling it to function as a perception unit in numerous
distinctive and practical interaction scenarios in HMI
applications.
In previous studies, soft magnetoelastic sensors were mostly

fabricated with a membrane-based two-dimensional (2D) form
factor, using a composite of magnetic particles with liquid
metals or conductive yarns.21−23 This 2D form factor offers
advantages for wearable electronics due to its capability of
conformally attaching to body surfaces. However, it still has
limitations in designing 3D architectures with appropriate
structural and mechanical properties for a seamless fit with
daily life objects. To overcome these limitations, previous
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studies demonstrated a sensor with a helical coil and magnetic
composite produced with a simple 3D-printed mold employing
a simple topology.24−26 Nevertheless, the mechanical proper-
ties of the solid cubic-like polymeric structure resulted in the
sensor presenting limited compressibility, reaching only up to
20% strain.24 To improve the compressibility, a different study
printed a sensor with a porous magnetic structure containing a
conductive helix coil. However, the sensor still exhibited low
compressibility (20% strain) due to its relatively brittle
material properties.25 Recently, a more compressible 3D
magnetoelastic sensor with a stepwise structure has been
reported. In this sensor, the compressible porous part,
responsible for generating significant strain under compression,
was entirely 3D-printed using thermoplastic polyurethane
(TPU) material. However, the functional magnetic component
located on top of the porous TPU structure maintained a solid
cubic-like structure. The presence of this unnecessary non-
magnetic and nonelectrical component, which is essential to

achieve significant compressibility, limits the design capability
of the 3D sensor.26

Here, we introduce a highly compressible magnetoelastic
sensor (HCMS) with a detectable strain range of up to 91%
and programmable mechanical properties. To achieve this, we
developed a flexible lattice mechanical metamaterial with
magnetic composites to create a highly porous and
mechanically tuneable 3D structure by using the sacrificial
mold 3D printing method. Our printing method allows us to
design any scale, shape, and topology of the lattice
metamaterial. Moreover, numerous polymeric matrices and
magnetic materials can be chosen and injected into the printed
mold. As the lattice structure containing magnetic composites
is deformed, the magnetic flux density passing through the
cross-sectional area of the coil wire at the bottom changes,
thus, inducing an electrical signal. Hence, using our 3D
printing method, we demonstrate that the detectable strain
range and electrical performance of HCMS can be tailored by
adjusting the material, structural, and systematic parameters,

Figure 1. Overall schematic including sensing mechanism, applications, and fabrication of the HCMSs. (a) Conceptual schematic for sensing
mechanism of the self-powered HCMSs composed of the magnetic and electrical components. (b,c) Schematic for two different robotic
applications of the HCMSs. Scale bars are 10 mm. (d) Fabrication process of the HCMSs. Scale bar is 10 mm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c13638
ACS Appl. Mater. Interfaces 2023, 15, 59776−59786

59777

https://pubs.acs.org/doi/10.1021/acsami.3c13638?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13638?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13638?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13638?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c13638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


including magnetic microparticle concentration, lattice struc-
ture, sensor shape and scale, and coil geometries.
To demonstrate the practical potential of HCMSs, we used

them as robot control and perception units. First, we used the
HCMS as a controller for a wireless remote-controlled (RC)
car. According to users’ gestures and a robotic control strategy,
electrical signals from our HCMS provide directional feedback
to the RC car, facilitating control of the movement direction.
In addition, we embedded various shapes of HCMSs into a
plush toy to create a talking teddy bear (MILAB toy) that can
sense the users’ physical interaction and respond with speech.
We anticipate that HCMSs provide a novel design method for
self-powered soft sensors and encourage the improvement of
the HMI for everyday applications.

2. RESULTS AND DISCUSSION
2.1. Principle and Fabrication of HCMS. We present a

simple process using a commercial 3D printer to design and
fabricate a highly compressible 3D-printed HCMS capable of
self-powered sensing. As shown in Figures 1a, S1, and 2,
HCMSs consist of an electrical component, which has a metal
coil embedded in a flexible elastomeric matrix to receive the
electromotive force (EMF) generated by the magnetic flux
change, and a magnetic component, which is a 3D lattice
structure composed of a magnetic composite material to
generate a magnetic flux change by structural deformation. The
overall concentration of magnetic microparticles and the
magnetization profile of the entire structure vary depending

Figure 2. Programmable mechanical properties of the magnetic components of the HCMSs. (a) Solid cubic magnetic structures and representative
magnetic lattice structures such as simple cubic, Kelvin cell, and octet truss. (i) Real images, (ii) schematic images of the 1 × 1 × 1 unit structure,
(iii) schematic images of the entire 2 × 2 × 2 lattice structure in the perspective view, and (iv) schematic images of the entire 2 × 2 × 2 structure in
the top view. Scale bars are 10 mm. (b) Stress−strain curve for the solid cubic, simple cubic, Kelvin cell, and octet truss structures. (c) Compression
strain and relative density for the solid cubic, simple cubic, Kelvin cell, and octet truss structures. (d) Experimental results and finite-element
simulations for a compression test for a magnetic Kelvin cell structure with 2 × 2 × 2 K unit cells. Scale bars are 10 mm. (e) Cyclic compression
test of the magnetic Kelvin cell structure in four continuously repeated cycles.
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on whether it is in the initial or compressed state. In the initial
state, the HCMS is designed with a uniformly programmed
magnetization profile along its z-axis by magnetizing the entire
structure during fabrication. When the HCMS is subjected to
mechanical stimuli, the resulting shape deformation alters the
concentration of magnetic microparticles within the magnetic
component and the overall magnetization profile of the
magnetic component, inducing a magnetic flux change of the
entire structure. According to Faraday’s law of induction,
magnetic flux changes through a circuit loop result in a
voltage.27

Thus, by detection of the induced electrical voltage output,
external mechanical stimuli applied to the HCMS can be
detected. The induced electrical voltage can be calculated by
eq 1 as follows

= = =
= =

+E V N
t t t

( )
i

i
i

i

i
i i

1 1

1

(1)

where E(V) is the output voltage, N is the number of turns,
Δφ is the total magnetic flux change, and Δt is the
compression time of the soft HCMS. Additionally, we
demonstrated the large potential of HCMSs for HMI
applications by using our HCMSs as real-time robot
operation/perception units (Figure 1b,c).
The fabrication process for HCMS composed of magnetic

and electrical components is illustrated in Figure 1d. First, we
printed a 3D sacrificial mold with an internal channel network
for magnetic composite injection using poly(vinyl alcohol)
(PVA) filaments. Second, neodymium−iron−boron (NdFeB)
microparticles were prepared and mixed with a viscous

Figure 3. Programmable magnetic properties of the magnetic component of the HCMS. (a,b) Schematic and SEM images of the magnetic
composite with different concentrations which were injected into the internal channel of the sacrificial mold to fabricate the HCMS. (i) 30, (ii) 50,
and (iii) 70 wt %. Scale bars are 20 μm. (c−e) Magnetic hysteresis loop, saturation magnetization, micro-CT images of magnetic composite with
30, 50, and 70 wt % magnetic particle concentration. (f) Side view images of 2 × 2 × 2 K cell structures with 70 wt % magnetic particle
concentration in initial and compressed states (75% strain). Scale bars are 10 mm. (g) Magnetic flux density mapping of 2 × 2 × 2 K cell structures
with 70 wt % magnetic particle concentration in the initial and compressed state. (h) Total magnetic flux density of 2 × 2 × 2 K cell structures with
70 wt % magnetic particle concentration in the initial and compressed state.
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elastomer in the liquid state to form a homogeneous magnetic
composite. Third, the magnetic composite was injected into
the internal channel network of the 3D-printed sacrificial mold.
Then, we polymerized the magnetic composite by applying
external heat and immersed the resulting PVA mold in a water
bath to dissolve it. After the dissolving process, a magnetic
lattice structure that was uniformly magnetized along its z-axis
was achieved. Finally, the magnetic lattice structure was
integrated with coiled copper wires embedded in an Ecoflex to
construct the HCMS. This fabrication process allows us to
fabricate magnetic components of any topology, shape, and
scale with any material that can be injected and thermally
polymerized within the internal channel network of the
sacrificial mold. Consequently, this method expands the design
space of HCMS beyond conventional soft sensors. It allows for
choosing the magnetic properties of the soft material, the
mechanical properties of the sensor body, the overall shape of
the sensor, and other factors that directly impact the output
performance. To expand the design space and systemize the
design parameters of HCMSs, we designed the magnetic
component by adjusting the lattice parameters.
2.2. Mechanical Characteristics of the Magnetic

Component of HCMS. As shown in Figure 2a, we used a
solid cubic structure and other representative lattice structures
such as simple cubic, Kelvin cells, and octet truss, containing
70 wt % NdFeB magnetic microparticles embedded in an
elastomer matrix with a size of 20 × 20 × 20 mm3. The stress−
strain curves in Figure 2b show the mechanical behavior after a
compression test. Compared with the other lattice structures,
the solid cubic structure exhibits maximum stiffness, implying
that its lattice structure provides mechanical advantages for the
design of a highly compressible structure. Moreover, even
though the octet truss structure is a representative stretching-
dominated structure, it shows lower elasticity compared to the
simple cubic and Kelvin cell structures, which are considered
bending-dominated structures (Table S1 and Figure S3).28−31

Specifically, the solid cubic, simple cubic, Kelvin cell, and octet
truss structures show compression strains (ε) of 21, 97, 91, and
74%, respectively. The selection of a specific lattice structure
can be chosen to match common interaction pattern
characteristics of the intended applications, including touching,
compression, and stretching. For highly compressive 3D
sensors, bending-dominated structures, such as simple cubic
and Kelvin cell structures, are expected to be more susceptible
to compressive stress. Among the bending structures, the
Kelvin cell structure exhibits a higher relative density than the
simple cubic structure, suggesting that it contains a larger
number of magnetic microparticles in the same volume. Hence,
we selected a Kelvin cell structure for the design of our
HCMSs as it incorporates larger magnetic microparticles due
to its bending-dominated structure, producing larger magnetic
flux changes under identical compression (Figure 2c and Table
S1). By conducting a cyclic compression test with four
recovery periods, we verified that the Kelvin cell structure can
be easily compressed and recovered to its initial state (Figure
2d). Additionally, we conducted simulations using commercial
finite-element analysis software ABAQUS under identical
conditions, considering the magnetic and mechanical proper-
ties of the Kelvin cell structure. The simulation results (ii)
show good agreement with the experimental results (i), as
shown in Figure 2e.
2.3. Magnetic Characterization of HCMS Materials.

To demonstrate that we can program not only the mechanical

properties but also the material properties of the HCMS, which
critically affect the output signal, we investigated Kelvin cell
structures with various concentrations of magnetic micro-
particles and verified their magnetic characteristics. Figure 3a
illustrates a magnetic composite consisting of magnetic
microparticles embedded in an elastomer matrix. By
controlling the mixing ratio of the magnetic microparticles
embedded in the elastomer, we can easily adjust the magnetic
microparticle concentration of the composite from 30 to 70 wt
%, as shown in the scanning electron microscopy (SEM)
images (Figure 3b). To investigate the magnetic characteristics
of the magnetic composite depending on the magnetic
concentration, we measured the magnetic hysteresis loop at
different magnetic concentrations with identical magnetization
directions. As shown in Figures 3c and S4, a higher
concentration of magnetic microparticles leads to a larger
magnetization of the magnetic composite, implying that more
magnetic domains are aligned in the same direction. As the
magnetic microparticle concentration increased from 30, 50 to
70 wt %, the saturation magnetization also increased from
34.63, 63.64, and 90.254 emu/g, respectively (Figure 3d). To
verify that magnetic composites with various concentrations
can be uniformly injected into the internal channel of the 3D-
printed sacrificial mold to fabricate HCMSs, we visualized the
magnetic microparticle distribution within the 2 × 2 × 2 K cell
structures using a nondestructive and in situ imaging system.
Figure 3e shows micro-CT images of Kelvin cell structures
with 30, 50, and 70 wt % magnetic microparticles distributed in
the whole structure. The magnetic microparticles interfere with
the X-ray transmittance through the Kelvin cell structures.
Hence, the brightness of the micro-CT images represents the
distribution of magnetic microparticles, with darker micro-CT
images implying a larger number of magnetic microparticles.
Because structures with higher magnetic microparticle
concentrations produce higher magnetic flux densities, we
selected a Kelvin cell structure with 70 wt % magnetic
microparticle concentration as a unit cell/composition for our
HCMSs. Then, we investigated its magnetic flux density
change in the initial and compressed states, giving the HCMSs’
output signal (Figures 3f and S5). Figure 3g shows the
magnetic density mapping of the bottom surface of several 2 ×
2 × 2 K cell structures in the initial state and compressed
states. When the 2 × 2 × 2 K cell structure with 70 wt % is
compressed by up to 75% strain, the overall structure is
deformed, resulting in a variation of both the magnetization
profiles and the magnetic microparticle densities. The changes
in magnetic flux are predominantly influenced by the variations
in the magnetic microparticle concentration within the unit
volume of the compressed magnetic section. This phenomen-
on is more dominant than the effects caused by randomization
of the magnetization profile within the magnetic material due
to compressive strain. Thus, when the magnetic component is
compressed, the magnetic flux passing through the electrical
component increases because the concentration of magnetic
microparticles in the structure becomes more concentrated. To
compare the total magnetic flux density passing through the
bottom surface in each state, we calculated the integral of the
magnetic flux density measured at evenly distributed points
throughout the structure. Figure 3h shows that the total
magnetic flux density increases from 5697 to 7618 mT. The
increase in magnetic flux density generates an output voltage
when the magnetic component is attached to the electrical
component, following Faraday’s law.
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2.4. Sensing Characterization of the HCMS. We
analyzed the output performance of HCMSs with various
parameters that are closely related to the number of turns (N),
the total magnetic flux change (Δφ), and the compression time
of HCMSs (Δt), as given in eq 1. The HCMSs containing a z-
axis magnetized 2 × 2 × 2 K cell structure were compressed to
75% strain to investigate the relationship between parameters
such as N, Δφ, and Δt, and the output performance, as shown
in Figure 4a−h. According to eq 1, the number of turns in the
coils and the magnetic flux change are directly proportional to
the output voltage, whereas the compression time of the
HCMSs is inversely proportional to the output voltage. These
theoretical predictions are in good agreement with the
experimental results in Figure 4a−f. Hence, we developed
HCMSs with various numbers of turns in the electrical
component and embedded 70 wt % magnetic microparticles in
the elastomer matrix. As the number of turns increased from

50 to 150, the output voltage and current also increased from
0.38 to 0.83 mV and 0.35 to 0.74 μA, respectively (Figure
4a,b). Moreover, we investigated the impact of different
magnetic microparticle concentrations on the output perform-
ance of the HCMSs while maintaining the number of turns of
the coil at 150. Figure 4c,d shows that increasing the magnetic
microparticle concentration from 30 to 70 wt % enhances the
output voltage and current from 0.18 to 0.83 mV and 0.19 to
0.74 μA, respectively. Figure 4a−d shows the results of a
compression test at 900 mm/min up to 75% strain. Moreover,
to demonstrate how the compression time of the HCMSs
affects the output performance of the HCMSs, we performed
compression tests at different compression rates, as shown in
Figure 4e,f. Decreasing the compression rate from 900 to 300
mm/min increases the compression time of the HCMSs for
75% strain, causing the output voltage and current to drop
from 0.83 to 0.25 mV and from 0.74 to 0.24 μA, respectively.

Figure 4. Sensing performance of the HCMSs. (a,b) Output voltage and current of the HCMSs with various numbers of coil turns; 50, 100, and
150 turns. (c,d) Output voltage and current of the HCMSs with various magnetic particle concentrations; 30, 50, and 70 wt %. (e,f) Output voltage
and current of the HCMSs with various compression rates; 300, 600, and 900 mm/min. (g) Output voltages of the HCMSs after 1000 cycles
during the mechanical durability test. (h) Output voltages of HCMSs with different mechanical stimuli directions which demonstrate anisotropic
mechanoelectrical conversion. (i) Output voltages of HCMSs with various stacking layers; 1, 2, and 3 layers. Three HCMSs with 1, 2, and 3 layers
stacked by 7 mm, using the same compression rate and duration. (a−i) Details regarding the constants and variables for all measurements can be
found in Table S2 in the Supporting Information file.
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After confirming that a larger number of coils, higher magnetic
microparticle concentrations, and a higher compression rate
facilitate a higher output performance, we fabricated HCMSs
containing a coil with 150 turns and 70 wt % magnetic
microparticle concentrations and applied a compression rate of
900 mm/min, as shown in Figure 4g−i. Furthermore, the
durability of HCMS was evaluated by a cyclic compression test
with a compression/recovery process of 1000 cycles. As shown
in Figure 4g, even after 1000 compression/recovery cycles, the
output voltage was sustained, suggesting a long working life
and excellent reliability. After the durability test, we further
investigated the output voltage along the mechanical stimuli
direction. As previously reported, 3D magnetoelastic sensors
exhibit anisotropic mechanoelectrical conversion behavior
depending on the mechanical stimuli direction.24,25 The
output voltage always exhibits alternating current (AC)
electrical signals, regardless of the mechanical stimuli direction.
However, the phase-shifted signals are measured depending on
the direction of the mechanical stimuli. As shown in Figures 4h
and S6, the anisotropic mechanoelectrical conversion behavior
was confirmed. Compression tests with vertical and horizontal

loading directions were conducted at a compression rate of 900
mm/min with up to 75% strain. The output voltages obtained
from these tests varied, suggesting that the correlation between
the initial magnetic flux value and the compressed state varies
depending on the direction of the mechanical stimulus.
Vertical and horizontal compression tests yielded HCMS
output voltages of 0.81 and 0.40 mV, respectively. In addition
to controlling various parameters that affect the output
performance of HCMSs with 2 × 2 × 2 K cell structures, we
investigated the output performance in dependence on the
design parameter, as shown in Figures 4i and S7. To this end,
we designed HCMSs with different stacking numbers of
magnetic Kelvin cell structures and coils with identical
numbers of turns and diameters. Then, we uniformly
compressed three HCMSs comprising 1, 2, and 3 stacked
layers by 7 mm using the same compression rate and duration.
Although the compression time, number of turns, and
compression heights are identical, the magnetic flux change
values obtained with eq 1 vary. As the stacking number of the
magnetic Kelvin cell structures increased from 1 to 3, the
magnetic flux change passing through the coil decreased with

Figure 5. Demonstration of the robotic operation using a HCMS. (a) Overview of the RC car demonstration for track navigation. (i) Initial state of
the HCMS with a scale bar of 10 mm. (ii) Compressed state of the HCMS with a scale bar of 10 mm. (iii) RC car wirelessly connected to the
HCMS with a scale bar of 100 mm. (b) Hardware architecture of the system. (c) Feature table for robotic control varying by activation modes. (d)
Manual control process for track navigation accompanied by the corresponding sensor. Scale bar is 100 mm.
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an increasing gap distance. As a result, the HCMS output
voltage decreased from 1.03 to 0.67 mV, indicating that the
programmable design parameters allow us to control the
output performance, even if the HCMSs contain identical
cross-sectional areas.
2.5. Application of HCMSs. To demonstrate the potential

of HCMSs in real-world applications, we constructed two
different robotic systems with different form factors. Due to its
programmable physical properties, HCMS offers advantages in
detecting and encoding diverse haptic interactions for specific
tasks, potentially enhancing user experiences when interacting
with daily 3D objects. As shown in Figure 5 and Movie S1, the
first system presents an HCMS structured in a Kelvin cell
design that serves as a control unit for remote operation.

Figure 5a provides a comprehensive view of the HCMS’s
practical implementation, specifically in the context of
controlling a robot such as an RC car.32 We constructed a
track and devised a navigation plan for an RC car. Depending
on the compression state of the HCMS, the RC car, which is
wirelessly connected to the HCMS, receives commands to
determine its movements. Owing to its high compressibility, 2
× 2 × 2-sized HCMSs exhibit high durability and a wide
dynamic range. These characteristics, enabling the sensor to
withstand and detect a wide range of forces, render it an
excellent candidate for a control unit. In addition, we
developed a flow process system for the circuit, as shown in
Figure 5b. Specifically, when the HCMS is compressed, output
signals are generated. These signals are then picked up by a

Figure 6. Demonstration of robotic perception using HCMSs. (a) Overview of the toy that produces different dialogues when various body parts
are compressed. (b) HCMSs of varying sizes in both their initial and compressed states, embedded in different parts of the toy; a 4 × 1 × 1 HCMS
in the right arm, a 5 × 5 × 5 HCMS in the belly, and a 5 × 2 × 2 HCMS in the left foot. Scale bars are 10 mm. (c) Robotic hardware framework.
(d) Demonstration of the toy issuing a greeting when its right arm is compressed, with the corresponding output signal. Scale bar is 25 mm. (e)
Demonstration of the toy expressing its feelings when its belly is gently pushed, with the corresponding output signal. Scale bar is 25 mm. (f)
Demonstration of the toy producing laughter when its left foot is compressed, with the corresponding output signal. Scale bar is 25 mm.
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master Bluetooth module connected to a microcontroller and
transmitted to a slave Bluetooth module from which a second
microcontroller reads the data. Based on these data, the
microcontroller decides whether the RC car will move forward
or make a left turn. To achieve a successful demonstration, we
established a preset threshold value for the sensor signals after
minimizing the noise through filtering. The output signal
exhibits distinct behavior: it increases when the HCMS is
compressed and decreases upon release. Therefore, we
designated separate threshold values for both the onset and
the cessation of sensor deformation. Taking this behavior into
account, we established a protocol where a single tap activation
(resulting in one signal peak) instructs the RC car to move
forward, while a double tap activation (yielding a double peak)
directs it to turn left. This strategy, depicted in Figure 5c,
allows for a clear differentiation of commands. The manual
control process for the RC car’s track navigation, along with
the corresponding sensor signals, is shown in Figure 5d. To go
around the first curve, the RC car is guided by a sequence of
signal peaks: a single peak (P1,3,5,7) instructs it to go forward,
while a double peak (P2,4,6) instructs it to turn left. This pattern
is repeated until the RC car returned to its starting position.
Apart from robot operation, Figure 6 demonstrates that
HCMSs can also serve as robotic perception units. This is
illustrated by our creation of a talking teddy bear, as depicted
in Movie S2. As shown in Figure 6a,b, to interact with users,
three soft HCMSs of varying volumes and shapes are
integrated into distinct parts of the stuffed toy’s body: right
arm, belly, and left foot. Due to their programmable flexibility,
high compressibility, and designable 3D shape, the sensors
maintain the toy’s original shape and preserve natural touch
sensation, even when the toy’s internal cotton is removed.
Thus, HCMS perception units allow seamless integration of
robotic units with the object body as well as independent
design of the 3D volumetric shape and mechanical flexibility of
the sensor. Depending on which body part the user interacts
with, the toy produces different dialogues, thereby facilitating
human interactions. Figure 6c provides an overview of the
process flow for the robotic perception system. Three HCMSs
are linked to the microcontroller’s three analog pins, while the
speaker connected to the amplifier utilizes digital pins. All
sensors share identical parameters, such as magnetic micro-
particle size, microparticle concentration, number of coil turns,
and coil thickness. However, due to the sensing mechanism of
the HCMS, sensors with larger coil diameters and higher
stacking layers�which contribute to a larger overall sensor
volume�exhibit a more substantial flux change. Consequently,
the magnitude of the output signal is influenced. This
necessitates the establishment of a distinct range of threshold
values corresponding to each sensor volume. When pressed,
akin to a handshake, the 4 × 1 × 1 sized HCMS embedded
within the right arm triggers the toy to utter a greeting: “Hello,
I’m a MILAB toy”, as shown in Figure 6d. When a user gently
taps the toy’s belly, where a 5 × 5 × 5 sized HCMS is
embedded, the toy voices the phrase “I feel good”, as shown in
Figure 6e. When the toy’s left foot, housing a 5 × 2 × 2 sized
HCMS, is tapped, akin to a human tickling its foot, it responds
with a laughter sound, as shown in Figure 6f.

3. CONCLUSIONS
In summary, we have developed HCMSs with programmable
3D shapes, scales, and mechanical properties. These sensors
are less affected by environmental factors, thus exhibiting

numerous advantages for HMI applications. The HCMSs were
fabricated by employing a 3D-printed sacrificial mold, which
allowed us to fabricate predesigned 3D structures by injecting
magnetic composites into the internal channel of a sacrificial
mold. This fabrication process expands the design possibilities
for HCMS, including material selection, lattice unit structure,
sensor size, shape, and more. We tuned the sensing
performance of HCMSs based on Faraday’s law by adjusting
the form factor, magnetic microparticle concentration, layer
number of coiled wires, and other parameters related to the
compressing conditions. Two different robotic systems using
HCMSs demonstrate the potential of overcoming the
limitations of magnetoelastic sensors observed in previous
studies, exhibiting high compressibility, wide dynamic range,
and efficient structural integration in 3D objects. Thus, we
envision that HCMS can be further used to obtain diverse user
interaction patterns in daily life objects, facilitating elaborate
human−object interactions and widening the application area
of HMI devices in daily life.

4. EXPERIMENTAL SECTION
Fabrication of HCMSs: first, a PVA sacrificial mold with an internal
channel network was fabricated using a commercial 3D-Printer
(Ultimaker 3). Second, a liquid state elastomer composed of Ecoflex
00-30 (Smooth-on) and PDMS (Sylgard 184, Dow Corning) was
mixed with neodymium−iron−boron (NdFeB, MQFP-15-7-20065-
089, Magnequench) microparticles with an average size of 5 μm to
create a magnetic composite. Here, two prepolymers of Ecoflex 0030
were combined with two prepolymers of PDMS with weight ratios of
1:1 and 9:1, respectively. The magnetic composite contained
neodymium−iron−boron magnetic microparticles in weight percen-
tages, ranging from 30 to 70 wt %. Third, a syringe was used to inject
the liquid magnetic composite into the internal channel network.
When the composite could not further penetrate the channel, the
mold was wrapped with aluminum foil to keep the composite from
leaking out of the channel. Fourth, the wrapped mold was placed on a
hot plate at 80 °C for 6 h to polymerize the magnetic composite.
Then, the foil was peeled off, and the mold was put into a water bath
to dissolve the water-soluble PVA mold. The dissolving process
afforded a polymerized magnetic composite, which we named
magnetic lattice structure. The magnetic lattice structure was
magnetized at 1500 V with a magnetizer (MCB-3530M, SCMI).
The magnetization was aligned with the z-axis, parallel to the vertical
pressure direction. Finally, the magnetic lattice structure was attached
to a copper coil with a 0.2 mm thickness and embedded in an
elastomer. The number of turns of the coil was 50, 100, and 150.
Mechanical characterization of the magnetic lattice structures of

HCMSs: the mechanical properties of the magnetic lattice structures
were investigated by using a universal testing machine (UTM, AGX-
100NX, and SHIMADZU). To obtain stress−strain curves of various
3D-printed structures, 3D solid cubic, simple cubic, Kelvin cell, and
octet truss structures sized 20 × 20 × 20 mm3 were subjected to
compression tests at 10 mm/min.
Magnetic characterization of the magnetic lattice structures of

HCMSs: the magnetic hysteresis loops of magnetic composites with
different concentrations were obtained under an external magnetic
field ranging from −2.7 to 2.7 T using a vibrating sample
magnetometer (VSM, EZ9, MicroSense). The magnetic flux density
was measured by using a Gauss meter (GM-197, Metravi). To ensure
the accurate and precise movement of the Gauss meter, we utilized a
3D printer (M3-ID, MAKERGEAR).
Electrical performance characterization of HCMSs: magnetoelastic

output signals were measured in vertical and horizontal contact
separation modes. The HCMSs were periodically compressed with a
UTM (AGX-100NX, SHIMADZU Inc.) under different conditions.
The electrical performance of HCMS was measured by a data
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acquisition and multimeter system (DMM 7510, Tektronix) with an
internal impedance of 1 MΩ.
Imaging and videography: images and videos of the HCMSs and

magnetic lattice structures were taken using a commercial smartphone
camera (Apple iPhone 12). The magnetic particle distribution was
scanned with SEM (Nova NanoSEM) and X-ray microcomputed
tomography (micro-CT, Skyscan1176, Bruker).
Finite-Element Analysis: finite-element analysis was performed

using commercially available ABAQUS software33 to predict the
deformation of the magnetic lattice structure under compression tests.
The magnetic lattice structure was designed using the 3D modeling
software nTopology and imported into ABAQUS. All elements were
defined as a four-node linear tetrahedron (C3D4). The material
properties and the strain energy function were set as hyperelastic
using a polynomial function with N = 2. The material coefficient
parameters were verified by fitting the experimentally measured
stress−strain curves and obtained as D1 = D2 = 0, C10 = −0.0693
MPa, C01 = 0.2678 MPa, C20 = 0.0229 MPa, C11 = −0.3168 MPa,
and C02 = 0.7737 MPa. Then, bottom and top rigid plates were
added to the magnetic lattice structure to apply boundary conditions.
While the encastre boundary condition33 was applied to the bottom
plate, the top rigid plate was subjected to external stress in a
downward direction.
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