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Abstract

Integrating the “programmable” characteristics of smart materials with 3D printing tech-
nology enables the integration of structural design and manufacturing, showing broad
application prospects in flexible electronics, aerospace, biomedicine, and other fields. Mag-
netically controlled smart fluids are characterized by flexible solid-liquid conversion, high
driving efficiency, and high safety. By harnessing the distinctive characteristics of this
material, manufacturing and actuation approaches for intelligent structures can be further
diversified. Inspired by the sol-gel transformation mechanism of protoplasm, this paper
proposes a composite 3D printing method for magnetic and non-magnetic materials. A
magnetically controllable binary suspension system with strong thixotropic properties
was constructed, and its microscopic self-assembly structure was characterized. The yield
behavior, linear viscoelastic properties, and thixotropic recovery performance of the mag-
netic thixotropic fluid (MTF) were investigated through steady and dynamic rheological
measurements, and the optimal rheological parameters for printing were determined. A
3D printing platform with coordinated control of a magnetic field and a motion system was
built to further study and optimize the printing process. The supporting characteristics of
the MTF on a silicone film and the deformation of the printed composite structure under
a gradient magnetic field were studied. The composite 3D printing and its application
in soft robotics may provide new insights for space exploration, biomedicine, military
reconnaissance, and many other fields.

Keywords: magnetorheology; composite 3D printing; thixotropy; soft robotics

1. Introduction

3D printing, also known as additive manufacturing, constructs objects layer by layer
using materials such as metals [1], plastics [2] and ceramics [3] based on digital models.
This technology enables the rapid and precise production of highly customized parts
while reducing costs [4], making it widely applicable across industries including medical
applications [5], mechanical engineering [6], electronics [7], and so on. However, a core
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challenge lies in achieving in situ phase transitions of the printing materials. To address
this, various printing methods and hardware have been developed based on the specific
phase transition mechanisms of different materials. For instance, thermoplastic materials,
hot-melt materials, thixotropic materials, and photocurable materials are commonly used
in fused deposition modeling (FDM) [8], selective laser sintering (SLS) [9], direct inkjet
writing (DIW) [10], and stereo lithography appearance (SLA) [11], respectively.

Soft robots are a class of robots made from soft, elastic materials, offering excellent
flexibility and adaptability that enable safe interaction with humans and the surrounding
environment [12]. They are widely used in medical rehabilitation [13], surgical assis-
tance [14], environment exploration [15], and disaster rescue [16]. Advances in 3D printing
technology have significantly enhanced the fabrication of soft robots [17]. For instance, DIW,
known for its simplicity and compatibility with various materials, has become an ideal
method for soft robot manufacturing [18]. However, a key challenge remains: traditional
3D printing materials often lack the low modulus, high flexibility, and reversible phase
transition required for soft robotics. Consequently, developing new printing materials to
better meet these functional demands has become a prominent area of research.

4D printing builds upon 3D printing by introducing smart materials that respond to
external stimuli, thereby adding the dimension of time [19]. Marco et al. [20] categorize
4D printing transformations into two types: unidirectional and bidirectional. In unidirec-
tional 4D printing, the shape change remains even after the stimulus is removed, while
bidirectional 4D printing allows for reversible transformations between two shapes under
the influence of two alternating stimuli. Current 4D printing technologies primarily focus
on the response of cured materials to external stimuli, often overlooking the regulation of
liquid—solid reversible phase transitions. Magnetically controlled smart fluids can achieve
controlled gel-sol transitions under the influence of a magnetic field [21]. By combining
this characteristic with the DIW printing approach, we have creatively realized 3D printing
of soft material composites based on sol-gel transition in additive manufacturing. Unlike
traditional 3D printing, our new approach enables post-printing adjustment of the ma-
terial’s rheological state, allowing the printed structure—either as a whole or in selected
parts—to flexibly switch between solid and liquid phases, thus constituting a unique form
of 4D printing.

Soft-bodied robots fabricated using 3D /4D printing with polymer-based smart mate-
rials are often limited by their high Young’s modulus, which makes it difficult to achieve
highly flexible bionic locomotion. The most biomimetic form of soft-body motion is fluid
flow. For instance, NASA proposed a conceptual design of a smart-fluid-driven soft
robot for planetary exploration, while an amoeboid soft robot based on magnetically con-
trolled smart fluids has also been developed [22]. This robot encapsulates a magnetically
controlled smart fluid inside a polymer film; by modulating the internal magnetic field
distribution, it drives the flow of the smart fluid, enabling the robot to adapt to complex
exoplanet environments.

Existing technologies face challenges in achieving precise and integrated fabrication of
single-cell-like robotic structures, and magnetically controlled phase-change reversible 3D
printing technology offers an innovative solution to this problem [23-26]. On the one hand,
the cured magnetically controlled smart fluid can provide effective support for printing
elastic thin-film structures during the composite printing process; on the other hand, the
molded smart fluid can serve as the driving medium of the soft structure. By regulating
both the flow direction and the solid-liquid transition of the smart fluid, a design mode for
soft-body intelligent structures that integrates manufacturing and actuation can be realized.
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Ferrofluids (FFs) and magnetorheological fluids (MRFs) are two typical magnetically
controlled smart fluids whose rheological properties change significantly under an ex-
ternal magnetic field. In FFs, the magnetic dipole force of nanoparticles is comparable
to thermal Brownian force, and its viscosity increases gradually under a magnetic field
while retaining a degree of fluidity [27]. Thus, FFs cannot be cured during printing. In
contrast, the magnetic interaction between micron-sized particles in MRFs is much stronger
than thermal Brownian motion. When a magnetic field is applied, these particles rapidly
form chain or network structures, resulting in considerable yield stress [28]. The viscosity
of MRFs increases instantaneously by several orders of magnitude. However, due to its
lack of thixotropy, MRFs under a magnetic field cannot be extruded smoothly through a
printing nozzle.

To overcome the limitations of FFs and MRFs in 3D printing, this paper proposes a
novel magnetically controlled smart material composed of a bentonite/nano-magnetic
particle binary suspension system, referred to as magnetic thixotropic fluid (MTF). Owing
to its excellent shear-thinning and thixotropic behavior, along with effective magneto-
rheological control, MTF is suitable for phase-change reversible 3D printing. Through an
in-depth investigation into its rheological properties and microscopic mechanisms, we
propose a magnetically controlled sol-gel transition-based composite 3D printing strategy
and construct a dedicated 3D printing platform integrated with a customized extrusion
module. By comparing printed filament cross-sections, grid patterns, and cylindrical
structures under different conditions, we have optimized the 3D printing process based
on the magnetically controlled thixotropy of the material. Using a multi-material printing
strategy, we fabricated a deformable smart structure. This composite structure demonstrates
precisely controllable deformation patterns in a gradient magnetic field environment. The
composite DIW 3D printing technology presented in this paper holds significant application
potential in areas such as flexible wearables, military reconnaissance, and biomedicine.

2. Preparation and Microstructural Characterization of MTF

MTF consists of three main components: a carrier liquid, magnetic nanoparticles, and
organic montmorillonite. The process for preparing MTF is illustrated in Figure 1. The
Fe304 magnetic nanoparticles were added to the L-AN32 machine oil at 60 °C and stirred
continuously at 500 rpm for 1 h, resulting in a solid phase volume fraction of 16% for
precursor A. For precursor B, organic montmorillonite and a small amount of 95% ethanol
were added to the L-AN32 machine oil. This mixture was stirred at 300 rpm for 1 h, followed
by ultrasonication for 30 min. Under the combined effects of polar activation and physical
shear, the organic montmorillonite was decomposed into monolayers, forming a three-
dimensional lattice structure within the carrier liquid. The Fe3O4 suspension (precursor A)
and organic montmorillonite suspension (precursor B) were mixed in a 1:1 volume ratio.
This mixture was stirred continuously for 30 min. The “house of cards” structure formed
by organic montmorillonite effectively resists the sedimentation of magnetic nanoparticles,
resulting in MTF with excellent stability. The raw materials used in the preparation of MTF
are listed in Table 1. Two different MTF samples with varying proportions were prepared,
and their specific components are shown in Table 2.

Transmission electron microscopy (JEM2010, JEOL, Tokyo, Japan) was used to observe
the Fe3Oy particles, with a representative TEM image shown in Figure 2a. Based on the
TEM images, the particle size distribution was analyzed, as depicted in Figure 2b. The
average particle size of the Fe3O4 particles is 82 nm, with 96% of the particles falling
within the range of 60 nm to 100 nm, indicating a relatively uniform size distribution. A
scanning electron microscope (FEI Quanta200, FEI, Hillsboro, OR, USA) was employed
to examine the microstructure of the MTF, as shown in Figure 2c. SEM imaging indicates
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that both Fe3O4 particles and exfoliated montmorillonite are well dispersed in the carrier
liquid, maintaining distinct boundaries. This uniform dispersion without agglomeration is
critical to the material’s favorable thixotropy, supporting its good fluidity and reversible
phase transition characteristics. A vibrating sample magnetometer (EZ8, MicroSense,
Lowell, MA, USA) was used to measure the magnetization of the MTF, with the results
displayed in Figure 2d. The results indicate that MTF exhibits superparamagnetism, with
a saturation magnetization of approximately 28.6 mT, demonstrating the MTF’s strong
magnetic response performance.

Table 1. The raw materials for magnetic thixotropic fluid.

Name Manufacturer Type Density Particle Size
Orgaplc ) Elementis Bentone SD-2 1.62 g/cm? <1um
montmorillonite
Fe304 Hangzhou Jikang New Materials Co., Ltd SS-F909 5.16 g/cm? 60-100 nm
Machine oil Mercuria L-AN32 08g/ cm? -

Fe,O,

R 5 500 rpm

60°C

Precursor A \

Organic
montmorillonite Ethanol

/

Precursor B

Figure 1. The preparation process of magnetic thixotropic fluid.

Table 2. Specific proportions of components in magnetic thixotropic fluids.

Sample Number  Bentone SD-2 (Vol %)  SS-F909 (Vol %) L-AN32 (Vol %)

1 8 8 84
2 10 8 82
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Figure 2. (a) TEM images of Fe304 particles. (b) Histogram of Fe304 particle size distribution.
(c) SEM images of magnetic controlled thixotropic materials. (d) Two types of MTF hysteresis loop
test results.

3. Printing Device and Process

The successful 3D printing of MTF depends primarily on two key processes: precise
extrusion and rapid solidification under a magnetic field. To achieve these goals, we
developed a direct-write magnetic control 3D printing device, as shown in Figure 3a. The
control system manages the entire process of the device, with a PLC (programmable logic
controller) regulating the drive module, extrusion module, magnetic field module and
recording module. The PLC is connected to a LabVIEW platform and can be controlled via
custom software. Precise extrusion relies on the extrusion head, as illustrated in Figure 3b.
The extrusion head simultaneously controls both the extruded amount and the rheological
state of the material, using homogenization stirring and screw extrusion. In Figure 3c,
the rotor generates a strong radial shear stress, breaking down the structures formed by
magnetic nanoparticles and organic montmorillonite through intense shear forces. This
process ensures uniformity in MTF and induces significant shear thinning, enabling the
smooth extrusion of the MTFE. A magnetic field application device provides a uniform
magnetic field environment using Helmholtz coils. Additionally, an observation and
recording device is integrated to monitor the printed structure’s shape through a contact
angle measurement system, as shown in Figure 3d. This system recorded and analyzed
the shape parameters of the MTF under various magnetic field conditions, providing
insights into the material’s behavior and the forces acting on the printed lines. The analysis
helped to determine the optimal MTF samples and magnetic field strengths suitable for
high-quality printing. The detailed analysis panel is given in Section 5.
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Figure 3. Direct-write magnetic control 3D printing device. (a) Photograph of the 3D printing device.
(b) Photograph of the extrusion head. (c) Schematic diagram of three-stage extrusion head’s structure.
(d) Schematic diagram of the contact angle measurement system.

4. Rheological Behaviors of MTF
4.1. Shear-Thinning Property

The rheological properties of MTFs were tested using a rotational rheometer (Anton
Paar MCR302, Anton Paar, Graz, Austria) equipped with an MRD170 magnetic field
generator module. The measurements were conducted with a conical rotor of 20 mm
diameter and a test gap of 0.084 mm.

From the flow curves of the two MTF samples, shown in Figure 4a,b, two distinct
stages of shear thinning are observed. In the first stage, under relatively low shear rates,
the “house of cards” structure formed by montmorillonite laminates gradually breaks
down (phase 1). As the system approaches the transition between the first and second
stage, most of the “house of cards” structure is fully destroyed, while the Fe3O4 particle
agglomerates remain intact, generating viscous effects in response to the flow field. As the
shear rate increases, the agglomerate structure also disintegrates, leading to a second phase
of pronounced shear thinning [29]. Upon the application of a magnetic field, the transition
point between these two phases shifts to higher shear rates, indicating that the magnetic
field induces the alignment of Fe3O, particles along the field direction, forming a more
solid and stable structure. This alighment enhances the resistance of the MTFs to the shear
forces. The viscosity curves of both MTF samples, as depicted in Figure 4c,d, also display
two distinct shear-thinning phases. Due to the higher concentration of Bentone SD-2 in
sample 2 (composition detailed in Table 2), its viscosity is higher than that of sample 1. In
both samples, as shown in Figure 4a—d, the shear stress and viscosity increase with the
magnetic field strength. Once the magnetic field strength reaches 75 mT, further increases in
field strength lead to minimal changes in both shear stress and viscosity. This indicates that
the MTFs approach saturation magnetization at 75 mT, and the magnetic particle alignment
reaches its most stable configuration.
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Figure 4. Shear-thinning characteristics of two types of MTF samples. (a) Relationship between shear
rate and shear stress of sample 1. (b) Relationship between shear rate and shear stress of sample 2.
(c) Relationship between shear rate and viscosity of sample 1. (d) Relationship between shear rate
and viscosity of sample 2.

4.2. Nonlinear Viscoelastic Property

To quantitatively assess the strength of the microstructures in MTFs, amplitude sweep
tests were performed on both MTF samples. The plots of storage modulus (G’) and loss
modulus (G”) versus shear strain for the two MTFs are shown in Figure 5.
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Figure 5. Nonlinear viscoelastic properties of two MTF samples. (a) Relationship between shear
strain and storage modulus of sample 1. (b) Relationship between shear strain and storage modulus
of sample 2. (c) Relationship between shear strain and loss modulus of sample 1. (d) Relationship
between shear strain and loss modulus of sample 2. (e) Relationship between shear strain and loss
factor of sample 1. (f) Relationship between shear strain and loss factor of sample 2.
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From Figure 5a,b, it is evident that within the shear strain range of 0.01% to 0.1%,
the MTFs remain in the linear viscoelastic zone (LVE), where the storage modulus (G) is
not affected by the shear strain change. As the shear strain increases from 0.1% to 10%, a
sharp decline in G’ is observed, signaling the material’s yield point. Between 10% and 100%
shear strain, the decrease in G’ slows and eventually reaches a plateau. Beyond 100% shear
strain, the storage modulus drops sharply again, a phenomenon referred to as secondary
yielding [19]. In the absence of a magnetic field, the secondary yielding effect is minimal,
but as the magnetic field strength increases, the effect becomes more pronounced. The
first yielding corresponds to the breakdown of the “house of cards” structure formed by
montmorillonite laminates, while the second yielding reflects the collapse of the structure
formed by magnetic nanoparticles. The strong magnetic dipole interactions and dense
packing of magnetic nanoparticles enable the structure to withstand larger shear strain, and
the second yielding occurs at higher shear strain under increased magnetic field strength.
The energy storage moduli associated with the first and second yielding are denoted as
G/lve and G'tran, respectively. The magnitude of G'tran represents the structural integrity
of the MTF during the printing process. Notably, under a magnetic field of 25 mT, the
G’tran for sample 1 is 121 Pa, which is higher than that of sample 2, at 88 Pa, indicating
that sample 1 possesses superior self-supporting strength.

As the shear strain increases, the loss factor (tan 0) rises, indicating a transition from
an elastic to a viscous state. Figure 5¢,d show that the loss modulus (G”) increases with
magnetic field strength, suggesting a more pronounced viscous response as the magnetic
field intensifies. In Figure 5ef, the overall range of tan 6 for sample 2 is smaller than that
of sample 1. For example, under a magnetic field of 25 mT, the loss factor of sample 1
increases from 0.484 to 1.77 as the shear strain varies from 1% to 100%, while for sample 2,
it increases from 0.792 to 1.74. The larger variation in the loss factor of sample 1 compared
to sample 2 indicates that sol-gel transition becomes more difficult as the volume fraction
of Bentone increases.

4.3. Thixotropic Recovery Characteristic

The thixotropic recovery process plays an important role in the formation of uniform
filaments when the material flows out of the print nozzle. Within the MTF, magnetic
nanoparticles and organic montmorillonite gradually form anisotropic microstructures of
different scales under the influence of a magnetic field. Over time, these internal structures
evolve toward equilibrium, contributing to the MTFs’ strong thixotropic recovery properties
at the macroscopic level. Before conducting the thixotropic recovery test, a shear rate of
1000 s~ ! was applied for at least 5 min to ensure that the internal structures in the samples
were fully destroyed. The magnetic response of MTFs is highly rapid, as the magnetic
nanoparticles quicky align to form anisotropic structures. As a result, the thixotropic
recovery curve of MTFs can be divided into two distinct stages, as shown in Figure 6a,b.
In the initial stage, the Fe304 rapidly forms columnar structures under the magnetic field,
leading to a sharp increase in storage modulus G’ on the thixotropic recovery curve. In
the subsequent, longer time range, Bentone forms a “house of cards” structure between
the columnar structures created by Fe3O4. During this phase, the Fe30,/Bentone binary
dispersion system undergoes further relaxation due to both magnetic and non-magnetic
interactions, eventually reaching equilibrium. This gradual relaxation corresponds to
the slower rise in G’ over time on the thixotropic recovery curve. In the early phase of
recovery, the sample 2 curve shows a more gradual upward trend compared to sample 1.
This is attributed to the higher volume fraction of bentonite in sample 2, which generates
greater resistance to the formation of the Fe3O, anisotropic structures. Since the thixotropic
recovery speed directly impacts the selection of the extrusion head’s movement speed
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during the printing process, a quantitative parameter is needed to evaluate recovery
performance. The critical recovery time, Trec, is defined as the time required for the energy
storage modulus to reach 85% of its stabilized value. The critical recovery time of sample 2
is longer than that of sample 1 at various magnetic field strengths. Under a magnetic field
of 150 mT, the Tyec of sample 1 is 62.7 s, while that of sample 2 is 73.8 s. The critical recovery
time for both MTF samples increases with the magnetic field strength, indicating that the
composite microstructures formed through the interaction of magnetic and non-magnetic
components become more stable and efficient as the magnetic field intensifies. These
composite structures, being more complex and anisotropic, require longer relaxation time
under a stronger magnetic field.
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Figure 6. Thixotropic recovery characteristics of two MTF samples. (a) Relationship between recovery
time and storage modulus for sample 1. (b) Relationship between recovery time and storage modulus
for sample 2.

5. Printability and Forming Quality Assessment of MTF
5.1. Modulation of the Cross-Sectional Shape of MTF Filaments

Extruding continuous filaments through the nozzle is fundamental for successful
printing of gel-like materials [30]. A custom-built 3D printing platform was used to
optimize the printing parameters, including extrusion pressure and printing speed, under
a magnetic field ranging from 0 to 30 mT. This range was chosen because the viscosity
rises steeply within it, reaching over 65% of its saturation value at 30 mT and increasing
by approximately an order of magnitude compared to the zero-field state, whereas higher
fields would require excessively bulky coils incompatible with the printing head. Based on
the shear-thinning behavior of MTFs, the optimal printing head speed was determined to be
5 mm/s, with a material flow rate of 15 mL/s. To further investigate the effect of magnetic
field on the MTF printing quality, the cross-sectional shape of the extruded filaments was
analyzed using a contact angle measurement system. Cross-section shape is critical in
direct ink writing (DIW) printing, as the printed filament must support its own weight and
the weight of subsequent layers. The strength and shape of the filament’s cross-section
determine whether complex structures can be successfully fabricated. When filaments
from upper layers cross those from lower layers, the upper filament may experience
shape collapse and bulging due to the internal flow of uncured material. This is more
pronounced when the cross-sectional shape of the lower layer is triangular, as shown in
Figure 7a. For a given filament height, a larger average width da indicates a fuller cross-
sectional shape, as shown in Figure 7b. The ratio of height to average width R describes
the three-dimensionality of the cross-section, providing a useful metric for evaluating the
performance of the printed filament. In Figure 7c, the cross-sectional shapes of sample 1 and
2 filaments change significantly under varying magnetic field strengths. As the magnetic
field strength increased from 0 to 30 mT, the height of sample 1 remained relatively constant,
while the width decreased significantly, transitioning the filament’s shape from a bow-like
structure to a combination of rectangular and bow shapes. In contrast, both the height
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and width of sample 2 decreased, with a more pronounced change in width, leading to a
larger centroid angle of the bow arc. During filament magnetization, internal material flow
occurred under the joint action of magnetic lifting force Fm, surface tension Fs and gravity
G, as shown in Figure 7d. This internal flow generated viscous resistance Fr, which initially
increased with shear rate but eventually reached equilibrium. The final cross-sectional
shape of the MTF filament is thus determined by both the external magnetic field strength
and the material’s internal rheological properties.
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Figure 7. Schematic of filament shape collapse and bulging. (a) Schematic of filament shape collapse
and bulging. (b) Definition of cross-sectional parameters. (c) Cross-sectional shape evolution of
samples 1 and 2 under varying magnetic fields. (d) Force analysis and internal flow mechanism
within a magnetized filament. (e) Average width of MTF filaments as a function of magnetic field
strength. (f) Height of MTF filaments as a function of magnetic field strength. (g) Aspect ratio of MTF
filaments as a function of magnetic field strength.

As shown in Figure 7e/f, the average width and height of both MTF samples decreased
as the magnetic field strength increased, indicating a reduction in the cross-sectional area
of the printed filament. This suggested that higher-resolution printing can be achieved by
increasing the magnetic field strength. The reduction in extrusion volume was attributed
to the strong magnetorheological effect at the nozzle under the magnetic field, which
significantly increased the MTFs’ viscosity. In Figure 7g, the ratio R of sample 1 increased
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sharply with increasing magnetic field strength, whereas the ratio R of sample 2 increased
more gradually. Specifically, as the magnetic field increased from 0 to 30 mT, the ratio R of
sample 1 rose from 0.43 to 1.2, while that of sample 2 increased from 0.41 to 0.55. These
results indicated that sample 1 exhibits a more three-dimensional cross-sectional shape.
The extruded MTF’s shape changed dynamically under the influence of the magnetic
lifting force and gravity. The speed and duration of these changes were related to the
MTF’s thixotropic properties. When the columnar and network structures formed inside
the extruded MTF, the material developed a high yield stress, which was reflected in
a high internal viscous resistance. Consequently, the height of the cross-section was
no longer elevated. Due to the higher organic montmorillonite content in sample 2, it
reached internal mechanical equilibrium more quickly, leading to a faster stabilization of
the printed filament’s shape. The normal flow within the filament under the magnetic
field was concentrated in the upper portion due to the lower shear rate exerted by the
moving print head at the filament’s base. This caused a decrease in cross-section saturation
as the magnetic field increased. Based on the results of the above study, the magnetic
field had a more pronounced effect on the shape regulation of sample 1. Therefore, a
magnetic field strength of 30 mT was selected, and sample 1 was chosen for the further
printing-related experiments.

5.2. Optimization of Printing Speed Based on Curing Kinetics

The curing of the printed material under a magnetic field is a thixotropic process. For
successful stacking of multiple layers, selecting the appropriate printing speed based on
the curing rate of MTFs under the magnetic field is crucial. Following the investigation
of the magnetic field effect on the MTF cross-sectional shape, a grid pattern with double-
layer, crossing filaments was selected to examine the MTFs’ thixotropic recovery properties
during the printing process, as shown in Figure 8.

v=3mm/s v=5mm/s v=10mm/s
Pr=0.920 Pr=1.055 Pr=1256

Figure 8. Investigation of MTF curing status at different printing speeds. (a) Schematic diagram of
shapes corresponding to different printing curing parameters. (b) Comparison diagram of cross-
pattern structure printed with different printing speeds.
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The raster pore shapes vary with different printing speeds. By quantitatively analyzing
these pore shapes, the degree of thixotropic recovery of the MTF at different printing speeds
can be assessed. A square pore shape indicates that the sample’s thixotropic recovery is
well matched to the chosen printing speed. If the pores are close to a circular shape, it
suggests that the printed filaments have fused together, implying insufficient thixotropic
recovery during extrusion. Conversely, an irregular pore shape indicates that the filaments
recovered too quickly, preventing continuous curing during extrusion flow.

To qualitatively assess the thixotropic recovery behavior of the MTF during printing,
the curing parameter P, was introduced for comparison, calculated using the following
formula [31]:

L2
" 16A

where L is the internal perimeter of the pore, and A is the pore area.

Pr

When Pr < 1, it represents undercuring, hindering proper formation of the designed
structure. When Pr = 1, the optimal curing state is achieved, resulting in a standard square
pore shape. Conversely, when Pr > 1, it indicates overcuring, as illustrated in Figure 8a.
The statistics analysis of the Pr value for sample 1 under different printing speeds is shown
in Figure 8b At a printing speed of 5 mm/s, the optimal printing result is obtained, with
Pr close to 1, indicating near-ideal curing. At a slower printing speed of 3 mm/s, the Pr
value drops to approximately 0.92, signaling undercuring. In contrast, at a higher printing
speed of 10 mm/s, the printing time interval between different layers is insufficient, leading
to inadequate thixotropic recovery of the MTF within the grid pattern. As a result, the
filaments converge in the pattern due to insufficient recovery time, with the Pr value
increasing to 1.256, indicating overcuring.

5.3. Self-Supporting Capability

The self-supporting characteristics of MTFs are critical for determining both their max-
imum printable height and their capacity to provide structural support during composite
printing processes. Based on the study of the thixotropic recovery properties of MTFs, we
investigated the self-supporting properties of MTFs by printing a square cylinder structure.
A 10 x 10 mm square base was selected for layer-by-layer stacking, with a single-layer
printing height of 0.4 mm, as illustrated in Figure 9a. During the printing process, the
structure is subject to gravity and shear forces due to the movement of the print head. These
forces limit the print height, preventing infinite growth. As the number of printed layers
increases, the shear stress within the printed structure caused by the gravity component
gradually increases. When the local shear stress exceeds the material’s yield strength,
internal flow occurs within the structure, leading to variations in thickness at different
heights and causing the sides of the printed structure to transition from rectangular to
trapezoidal shape. In Figure 9b, the relationship between the number of stacked layers and
the resulting print height initially exhibits a linear increase under various magnetic field
strengths. However, as the number of layers continues to rise, the rate of height increase
slows, and the print height eventually stabilizes. This occurs because the material in the
lower layers exceeds its yield stress, causing the upper layers to flow downward, resulting
in uneven thicknesses across the structure. With increasing magnetic field strength, the
anisotropic microstructures formed within the MTF become more complex and robust,
enhancing the material’s yield stress. Consequently, the maximum achievable print height
increases with the increased strength of the magnetic field.
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Figure 9. Research on the self-supporting characteristics of MTFs under different magnetic field
intensities. (a) MTF square columnar structure printing process. (b) The relationship between
the number of printing layers and the structural height under varying magnetic field conditions.

(c) Collapse process of MTF square tube structure after removing the magnetic field. (d) Square
structure with a straight-line 50% infill was printed.

The magnetically induced microstructure of the MTF can be thermodynamically
decomposed, giving it reversible rheological properties, enabling a gel-sol transition similar
to that of protoplasm in the printed structure. After the magnetic field is removed, the
thermodynamic breakdown of the magnetic columnar structure weakens the connection
between the hydrogen bonds in the bentonite laminates. This significantly reduces the
material’s yield stress, preventing it from maintaining its self-supporting state. Due to
the thixotropic nature of MTE, the collapse of the structure occurs gradually, with the side
profile folding inward continuously. Using a high-speed camera to capture the side profile
of the square cylinder at 40 ms intervals (Figure 9c), it was observed that the printed square
cylinder collapsed after the magnetic field was withdrawn, with the most pronounced
collapse occurring in the middle of the cylinder wall, where the structure was weakest. To
investigate the ability of MTF to print arbitrary complex shapes, a three-dimensional model
of a square structure with a straight-line 50% infill was printed, as shown in Figure 9d. The
printed structure consists of five layers, with the infill lines oriented at 45° relative to the
square edges. The printing interval between adjacent layers was set to 1 min. According
to rheological data, this time allows the MTF sufficient thixotropic recovery, resulting in a
high storage modulus before the next layer is printed, ensuring high molding precision.
The final printed structure exhibited uniform width from top to bottom. The overall shape
accuracy of the square was high, with clear boundaries at the right-angle corners. Moreover,
the 45° straight infill lines were clearly distinguishable from one another, with no merging
or blurring between adjacent lines, demonstrating the good printability of the MTF.

6. Fabrication and Actuation of Magnetically Deformable
Smart Structures

6.1. Integrated Multi-Material Printing Process for Core-Shell Structures

Due to the relatively low structural strength of silicone, creating large-span hollow
dome shell structures through silicone 3D printing alone is not feasible. However, MTF
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can serve as a vital support during the silicone 3D printing process, leveraging its unique
magnetorheological properties. Achieving integrated 3D printing of a core—shell soft
structure requires careful coordination of MTF and silicone printing paths, precise control
of the extrusion mechanism, and magnetic field application. Figure 10a illustrates the three
sequential steps of the composite printing process. First, the bottom silicone layer is printed
as the base. Second, MTF is deposited onto the silicone base, while simultaneously the
silicone outer wall is printed around the MTF core. Finally, the silicone top layer is printed,
completing the fabrication of the core-shell structure. A key challenge is the irregular
interface between the silicone structure and MTF, which makes it difficult to achieve a
standard MTF structure on the silicone base layer. To address this, we proposed a novel
printing approach: First, a controlled amount of non-magnetized MTF is deposited onto
the silicone base layer using a print head without applying a magnetic field. Due to MTF’s
excellent fluidity, it easily fills the gaps between silicone filaments, forming a smooth surface.
Subsequently, a moderate magnetic field is applied to facilitate layer-by-layer printing of
the MTF structure on this prepared surface. To optimize support, we fine-tune the filling
ratio and MTF placement method within the core-shell structure. Experimental analysis
revealed that a vertical stripe pattern with a 25% filling ratio, as depicted in Figure 10b,
yields the best results. Using this approach, we successfully fabricated a core-shell structure
with a 10 mm diameter and a 0.6 mm membrane thickness, combining MTF and silicone.
This innovative structure serves as a prototype for smart fluid-driven soft robots. After the
silicone was fully cured, the magnetic field strength gradually reduced, inducing the MTF
inside to undergo a gel-to-sol phase transition. Consequently, the MTF core structure lost
its self-supporting capability and collapsed to varying degrees depending on the magnetic
field strength. Without the support of the MTEF, the silicone shell structure deformed
elastically under gravity, maintaining constant contact with the MTE. As the MTF core
structure collapsed further with the decreasing magnetic field, the overall height of the
core—shell composite structure gradually reduced, as depicted in Figure 10c. In the presence
of a gradient magnetic field, MTF within the elastic shell undergoes both gel—sol transitions
and localized flow. By pre-programming an electromagnet array, continuous deformation
of the printed structure becomes feasible. When the electromagnet generates a gradient
magnetic field in a specified direction, the MTF flows within the cavity of the composite
structure, causing localized deformations. Once the MTF transitions from sol to gel, the
deformation stops. When the magnetic field is removed, the MTF returns to its sol state.

Figure 10. Integrated 3D printing process for core—shell soft structure. (a) Schematic diagram of the
integrated printing process for the MTF-silicone core-shell structure. (b) Optimized internal filling
pattern (vertical stripes with 25% fill ratio) for the core structure. (c) Magnetic field-dependent overall
height reduction in the core—shell structure.
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6.2. Simulated and Experimental Deformation Under Gradient Magnetic Fields

By varying the strength of the magnetic field, it is possible to achieve controllable
adjustments in shape and deformation characteristics of the deformable smart structure.
The deformation characteristics of the deformable smart structure at different distances
h1 from the magnetic source were obtained using the finite element software COMSOL
Multiphysics 6.1, as shown in Figure 11a.

Displacement 1,/ mm

Figure 11. (a) Simulation obtained the deformation amplitude of amoeba-like soft robots with a
permanent magnet at different distances. (b) Experimentally obtained deformation amplitude of
amoeba-like soft robots with a permanent magnet at different distances.

By manipulating the permanent magnet to generate a gradient magnetic field in a
specified direction, the MTF experiences directed flow within the cavity of the composite
material structure, inducing localized deformations. It can obtain the deformation am-
plitude of amoeba-like soft robots as it increases with the increase in magnetic field. At
hy = 3 mm, the maximum deformation amplitude is 1.69 mm, and the maximum defor-
mation rate at z-direction is (1.69/10) x100% = 16.9% (hemispherical structure with a
radius of 10 mm), which shows that the deformable smart structure based on MTF has
good deformation ability under gradient magnetic field. 3D composite printing fabricates
the deformable smart structure based on MTF (hemispherical structure with a radius of
10 mm) for further experiments, as shown in Figure 11b. Three independent samples of

https://doi.org/10.3390 /magnetochemistry12070077


https://doi.org/10.3390/magnetochemistry12070077

Magnetochemistry 2026, 12, 77

16 of 18

the optimal structure were fabricated, and all deformation data presented are mean values.
The experimental results are consistent with the simulation results, with the deformation
amplitude increasing as the distance h; decreases.

The experimental results are consistent with the simulation results, and the defor-
mation amplitude increases with the distance 11 reduction. However, when the distance
hy =15 mm, hy = 8 mm, which means that the height of the deformable smart structure is
lower than when 3D composite printing is used. Due to the support of the magnetically
controlled thixotropic fluid, the silicone shell structure experiences elastic deformation due
to gravity, maintaining constant contact with the fluid, and the maximum deformation
rate at z-direction is (1.8/8)x100% = 22.5%. By designing compressible and stretchable
structures, the deformable smart structure can adapt to narrow spaces of different sizes and
shapes, achieving precise navigation, reducing damage, improving therapeutic outcomes,
and lowering risks. It is worth noting that the current deformation performance, while
sufficient for concept validation, can be substantially improved in future work by introduc-
ing a magnetic yoke around the permanent magnet. Such a design would create a closed
magnetic flux path, significantly enhancing field uniformity and gradient strength, which
in turn would yield larger deformation amplitudes and more precise controllability—key
factors for real-world applications in constrained environments.

7. Conclusions

This study focuses on soft robotics applications, preparing a novel magnetically con-
trolled thixotropic fluid capable of reversible thixotropic sol-gel transition under a magnetic
field. Based on the rheological characteristics of the ink, a specialized 3D printing platform
equipped with an extrusion device was designed. Using this platform, we systematically
studied the printing process of the material, optimized parameters to improve its print-
ability, and achieved reversible 3D printing of complex deformable structures with phase
transitions.

(1) The yield characteristics, linear viscoelastic properties, and thixotropic recovery
characteristics of the magnetically controlled thixotropic fluid were tested. The experi-
mental results showed that the magnetically controlled fluid exhibited secondary yield
characteristics and double shear-thinning properties.

(2) At a magnetic field strength of 30 mT, the cross-sectional shape of MTF No. 2
achieved maximum height and fullness. Through research on printing recovery, it was
found that at a printing speed of 5 mm/s, the recovery effect was good under the magnetic
field, with a maximum printing height of 25 layers.

(3) In this paper, we achieved printing of hollow structures, completed composite print-
ing of MTF and silicone materials, fabricated soft robots, and demonstrated controllable
deformation of the composite structure under gradient magnetic fields.

Despite these achievements, several limitations remain. The current printing speed
is constrained by the thixotropic recovery time of MTE, and the long-term stability of the
fluid under cyclic magnetic actuation requires further investigation. Future work will focus
on improving the material’s fatigue resistance and response speed, as well as optimizing
the coil design for more compact and efficient magnetic field generation.
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