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SUMMARY

Soft robots that respond to externally applied magnetic fields are emerging in various applications with inte

grated functional materials and patterned magnetization profiles. Current fabrication techniques, such as 

casting and 3D printing, typically involve prolonged processing cycles, limited throughput, restricted material 

choices, and substantial challenges in achieving precise, part-specific magnetic programming. Here, we 

establish a multi-layer screen-printing strategy for directly fabricating the main body of magnetic soft robots 

with patterned magnetization profiles. Leveraging the inherent advantages of screen-printing, materials such 

as paper and fabric and rigid substrates including glass and wood can be actuated in magnetic fields to 

exhibit programmed deformation. By incorporating multiple types of ink and substrate materials, magnetic 

soft grippers for vascular surgeries, wireless robots with embedded circuitry, and bio-inspired butterfly- 

like robots are demonstrated. This work improves the functionality and scalability of fabricating magnetic 

soft robots with expanded potential in deployment across biomedical engineering, robot research, and 

artistic disciplines.

INTRODUCTION

The emergence of magnetic soft robots (MSRs) has been driven 

by the development of materials that respond to magnetic fields, 

enabling programmable magnetization profiles and wireless 

actuation modes.1–8 Their untethered and adaptive shape 

morphing ability enables them to navigate complex environ

ments and perform precise manipulation tasks, providing 

considerable promise in applications such as health moni

toring,9–12 human-machine interaction,13,14 and minimally 

invasive surgery.15–18 Despite substantial advancements in 

fabricating MSRs achieved by recent research, integration of 

various materials and functions with arbitrary pattern and 

magnetization profiles still remains challenging. A typical 

approach involves attaching small permanent magnets to the 

soft robots for magnetic manipulation and localization.19–22

Alternatively, molding and casting have been the most common 

fabrication methods utilized for magnetic soft robotics with rela

tively simple geometry.23–25 For more complex configurations, a 

third strategy involves curing composites embedded with 

magnetizable particles, which are magnetized to saturation in a 

temporarily deformed state, followed by the manual assembly 

of components.26–29 With potential applications in biomedical 

devices and wearable technologies requiring more consistent 

and precise fabrication techniques,30 the limitations of these 

fabrication methods, particularly in assembly and magnetization 

processes, have become increasingly evident.

Recognizing these challenges, subsequent advancements in 

magnetic programming have led to the emergence of more 

automated methods for fabricating smaller and more delicate 

structures. Three-dimensional (3D) printing techniques have 

been developed to create complex 3D architectures that inte

grate magnetically responsive materials with other functional 

components.31–35 However, 3D printing like direct ink writing 

limits magnetization profiles to a single direction or along the 

printed fibers, depending on the printer’s magnetic system, 

and photolithography imposes strict requirements on both the 

materials and the environmental conditions. Recently, heat-as

sisted reprogramming methods based on phase-change 

materials with relatively low melting temperature such as poly

ethylene glycol36 and polycaprolactone,37 or heating the mag

netic component beyond the Curie temperature and reorienting 

upon cooling,38 have been presented for fabricating MSRs. 

This strategy allows the reorientation of embedded magnetic 

particles under an external magnetic field above the critical 

temperature followed by immobilizing the particles through 

cooling, but it still limits the selection of material systems and 

the integration of multiple functionalities. All the aforementioned 

processes require advanced laboratory equipment and 

materials with specialized physical properties, which signifi

cantly elevates the cost for industries to update their produc

tion lines. To address the rapidly evolving demands and fulfill 

the potential of MSRs, it is crucial to develop a simplified and 

widely applicable fabrication strategy that seamlessly 
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integrates customized magnetization profiles with multifunc

tional materials.

Screen-printing, a traditional technique with a history span

ning over a thousand years, has been one of the most mature 

and widely adopted methods in various industries, ranging 

from garment to integrated circuits.39,40 Through rapid and 

well-controlled ink transfer, this scheme provides wide pattern 

flexibility, material adaptability, and high production scalability. 

At present, screen-printing is prevalent in fabricating soft de

vices, covering a broad spectrum of applications such as bio

sensors,41–43 solar cells,44–47 and energy storage systems.48–51

For example, sensors use screen-printed soft electrodes to inte

grate different sensing modules and simultaneously monitor the 

key metrics in medical diagnostics.52,53 Solar cells are devel

oped by screen-printing organic semiconductor thin films that 

serve as essential components in photovoltaic devices, offering 

high electrical conductivity and transparency to improve the 

light-to-electricity conversion efficiency.54 Screen-printing also 

simplifies the fabrication of energy storage systems. High-per

formance electrodes and electrolytes are printed to assemble 

flexible batteries and supercapacitors.55,56 The screen-printing 

approach warrants further investigation due to the comparable 

rheological properties of magnetic elastomers and traditional 

viscoelastic inks commonly employed in screen-printing pro

cesses. However, research on screen-printing in the direct 

manufacture of the main body of soft robotics, especially mag

netic soft robotics, is limited. We assume that the main resis

tance comes from the introduction of magnetic programming 

to printed patterns. In this study, we embrace the screen-printing 

and magnetic reorientation technique to fabricate and program 

the main body of magnetic soft robotics, enabling part-specific 

programming of magnetic polarization. This capability marks a 

critical step toward scalable, low-cost manufacturing without 

compromising functional complexity.

Here, a layer-by-layer screen-printing strategy for rapid fabri

cation of MSRs with customizable magnetization profiles and 

multiple materials is established (Figure 1). By precisely depos

iting magnetic ink on elastomer films and other functional sub

strates, and iteratively programming the orientation of magnetic 

particles, we create soft robots with responsive shape-morphing 

ability and other functions. We also present screen-printing of 

MSRs such as mini-grippers that can navigate in a vascular 

model and carry small objects wirelessly; programmable sur

faces with 3D deformation; multi-layer flexible electronic devices 

with active deformation modes; and a bio-inspired butterfly 

robot with fluorescent coloration that responds to ultraviolet 

(UV) stimuli and flaps in response to magnetic field. Our fabrica

tion scheme provides a platform for producing soft robotic sys

tems, with innovative features such as enhanced versatility, scal

ability, and functionality, offering prospects for precise, facile, 

and high-throughput production of MSRs.

RESULTS

Multi-layer screen-printing and magnetic programming

The screen-printing process involves the precise transfer of ink 

from a stenciled mesh onto the target substrate through three 

stages: mesh flooding, squeegee action, and separation.57 In 

our approach, with the custom screen-printing equipment illus

trated in Figure S1 and Video S1, we implement a multi-layer 

printing technique whereby each subsequent layer is printed 

with the previous layer as the substrate (see methods for more 

details). A three-layer printing process is shown in Figure 1A as 

an example of integrating multiple materials. Initially, a base layer 

is printed using polysiloxane ink (Figure 1Ai), followed by 

conductive (or other functional materials) (Figure 1Aii) and mag

netic layers (Figure 1Aiii), each formed by carefully controlling the 

squeegee angle and direction to ensure uniformity. The stenciled 

mesh is created by attaching laser-scanned, self-adhesive paper 

to a pre-stretched nylon mesh, which is then secured within a 

custom 3D-printed frame. Prints with different speeds and 

mesh sizes are analyzed to further characterize the printing pro

cess (Figure S2). The results indicate that, using a 100-mesh 

screen combined with printing speeds in the range of 10– 

30 mm/s, yields optimal outcomes, effectively minimizing ink 

spillage and magnetic particle segregation.

The preparation of the magnetic ink involves blending PrFeB 

magnetic particles with a polysiloxane elastomer matrix to facil

itate magnetic responsiveness and rheological adjustments 

(Figure 1C). Figure 1D shows the seamless integration of three 

types of materials and characterized through a scanning electron 

microscopy (SEM) image (see methods). To optimize the printing 

quality and magnetic responses, we explore the rheological 

behavior of non-magnetic ink and magnetic ink through a series 

of rheology studies (Figure 1E). Steady shearing and oscillatory 

tests indicate that the mass load and initial magnetization condi

tion of PrFeB particles play a critical role in influencing the mag

netic ink’s viscosity and viscoelastic properties (see methods). 

Typically, an increased PrFeB particle ratio enhances both vis

cosity and viscoelastic properties, while the magnetization of 

PrFeB particles also shows a pronounced effect on the overall 

rheological behavior. The ink with magnetized particles shows 

a high shear-thinning behavior, with a reduction in viscosity as 

the shear rate increases (Figure 1Ei). The elastic component 

(storage modulus, G′), is higher than the viscous component 

(loss modulus, G′′) under a relatively low shear strain, where 

the shear strain of the turning point increases with the mass 

load of PrFeB particles (Figure 1Eii). This allows the ink to remain 

stable before and after squeezing but smoothly flow through the 

mesh. However, an excessively high particle ratio can compro

mise printing quality due to increased phase inhomogeneity. A 

mass ratio of 1:1 shows relatively uniform and stable features 

for both good printing quality and magnetic responses. 

Figure 1F illustrates the print quality by printing the letters 

"UMCG," demonstrating the clarity and resolution of the printed 

pattern. When inks with different mass ratio of magnetic particles 

were used, the results showed that a low mass ratio led to 

blurred outlines of the printed pattern, while a high mass ratio 

caused particle aggregation, clogging the mesh, and resulting 

in surface defects. The 1:1 mass ratio exhibited the most uniform 

print quality, with consistent patterning and minimal defects. We 

use SEM to further characterize the surface of the 1:1 mass ratio 

sample (Figure 1G). The SEM image reveals a uniform distribu

tion of magnetic particles across the printed surface, which is 

crucial for confirming the precision and consistency of the 

screen-printing process.
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To evaluate the print quality and magnetic response, we spe

cifically fabricated a two-layer prototype, which is designed to 

fold symmetrically in a uniform magnetic field (Figure 1H). The 

surface morphology of the prototype is examined using a laser 

scanning morphological system, providing high-resolution 

topographic details (Figure 1I) (see methods). We then fabricate 

two-layer prototypes with different numbers of printed lines and 

subject them to a uniform magnetic field for further evaluating the 

responsive performance of screen-printed MSRs. As the flux 

density increases from 0 to 38 mT, the magnetic responsiveness 

of these devices is quantitatively assessed by measuring θ, the 

supplementary angle between the two folding edges. The varia

tions in response to the applied magnetic field are recorded and 

displayed in Figure 1J, offering a detailed comparative analysis 

of the bending behavior as a function of the number of printed 

lines. Moreover, another set of prototype samples, each with 

Figure 1. Screen-printing strategy for magnetic soft robotics: process, magnetic customization, material characterization, and applications 

(A) Schematic illustration of multi-layer screen-printing process (in roman numeral order). 

(B) Magnetic reorientation aligns the magnetic particles in a uniform magnetic field before the polymer matrix curing. 

(C) Image of magnetic ink with explanatory diagram of the polymer structure and SEM image of magnetic particles. Scale bar, 10 μm. 

(D) Schematic and SEM images of a screen-printed multi-layer sample with the sandwich structure that includes magnetic layer, conductive layer, and polymer 

layer, respectively. Scale bar, 50 μm. 

(E) Rheological properties of magnetic ink with different mass ratio of magnetic particles and filler magnetization conditions. 

(F) Printing quality test of magnetic ink with varying mass ratio of particles. Left: printed "UMCG" letters with increasing mass ratio (1:5 to 2:1). Scale bar, 5 mm. 

Right: magnified views of printed layers showing the impact of mass ratio on layer thickness and uniformity. Scale bar, 1 mm. 

(G) SEM image for characterizing the surface morphology and particle distribution on the concentration of the 1:1 sample. 

(H) Design and demonstration and finite element analysis simulation of a two-layer prototype bending in the presence of a uniform magnetic field. Scale bar, 

10 mm. 

(I) Surface morphology test for thickness distribution of a two-layer prototype. 

(J) Results of actuation test for two-layer prototypes with 1–4 lines in the magnetic layer. 

(K) Results of actuation test for two-layer prototypes with 1:5–2:1 mass ratio. 

(L) Schematic illustration for the potential applications of screen-printed magnetic soft robots (MSRs).
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four printed lines but differing in the mass ratio of magnetic par

ticles of the ink are also evaluated. The results in Figure 1K pre

sent the effects of the variations in magnetic ink formulation on 

magnetic responsiveness and mechanical bending properties.

These experiments establish a robust framework for evalu

ating and enhancing the printing quality and functional perfor

mance of screen-printed MSRs. The detailed analysis of mag

netic ink, surface morphology, and magnetic response tests 

allows us to modify the screen-printing techniques and ink for

mulations. This, in turn, advances our capability to fabricate 

MSRs with more realistic functions such magnetic soft grippers, 

soft robots with onboard electronic circuits and attached LEDs, 

and biomimetic butterfly robots with fluorescent coloration 

(Figure 1L).

Screen-printed MSRs with diverse patterns and 

substrate materials

Currently, soft robots require specialized soft materials (e.g., 

elastomers, hydrogels) as the main structures. To explore the 

versatility of the screen-printing technique for magnetic soft ro

botics on a wide range of surfaces, we employ a series of mate

rials as substrates and perform magnetic actuation on each indi

vidual specimen (Figure 2A; Video S2). The selected substrates 

include natural materials such as wood and cotton fabric, which 

are assessed for their potential in integrating robotic behaviors 

with construction materials and wearable technologies; com

mon materials including paper and glass, emphasizing the devel

opment of magnetically responsive robots aimed at sustainabil

ity and cost-efficiency; and specialized substrates such as 

indium tin oxide (ITO)-coated films, which are particularly 

explored for their applications in advanced electronic devices 

such as perovskite solar cells. Here, we deploy a four-step print

ing and magnetizing procedure, fabricating two-layer samples 

for the folding behavior (Figure 2B). After each printing sequence 

of magnetic ink, the magnetic layer is programmed via magnetic 

reorientation or impulse magnetizing (Figures 1B and S3) (see 

methods). Further tensile tests are conducted to characterize 

the adhesion of printed magnetic soft materials to various sub

strates. The results show the adhesion strength is sufficient to 

maintain interface integrity while differences in adhesion still in

fluence the tensile performances of the printed structures 

(Figure S4).

To validate the potential of our screen-printing method on 

diverse surfaces, we present a conceptual demonstration high

lighting the application of MSRs as foldable solar panels for 

spacecraft (Figure 2C). Here, a pair of foldable ITO films with 

screen-printed magnetic actuators is integrated into a satellite 

model, thereby exhibiting the folding and expanding mecha

nisms of the MSRs within a space technology context. 

Figure 2D presents a wireless pH-sensing device fabricated by 

screen-printing a magnetic actuator between two pH test pa

pers. This device enables wireless testing in environments where 

manual handling of pH samples is impractical, such as in auto

mated lab-on-a-chip platforms. Screen-printing also substan

tially reduces the technical and practical barriers to 

patterning MSRs.

To demonstrate the versatility enabled by screen-printing, we 

design and present several MSR concepts with 3D shape- 

morphing structures (Figures 2E and S5; Video S3). These 

include biomimetic stimuli-responsive mimosa that can fold the 

leaves under a uniform magnetic field of 20 mT, mimicking the 

natural closing motion of Mimosa pudica in response to external 

stimuli. Additionally, we show an origami-inspired soft robot con

sisting of a flexible sheet that deforms into a cube actuated via a 

magnetic field generated by a permanent magnet, demon

strating the potential for complex shape transformations and 

the creation of reconfigurable structures through magnetic actu

ation facilitated by screen-printing. Furthermore, we introduce 

an undulating ring structure with eight pairs of arrow-shaped ac

tuators, where each arrow is magnetized in the direction indi

cated by the printed pattern, highlighting the ability to program 

complex deformation modes into MSRs. These demonstrations 

indicate that our screen-printing approach can endow MSRs 

with a diverse range of patterns and deformation modes for 

future applications.

The development of dynamically shape-morphing soft sur

faces that can perform precise and real-time reshaping behavior 

driven by magnetic fields is pivotal in soft robotics.58 In Figure 2F, 

we demonstrate the fabrication of screen-printed magnetic soft 

surfaces with programmable shape-morphing capabilities. The 

process begins with printing a layer of non-magnetized polysi

loxane grid, which serves as the substrate. Subsequent layers 

involve depositing magnetic ink at specifically designed nodes, 

which are then magnetized to achieve programmed rotational 

movements (Figure S6). By strategically arranging these mag

netic nodes, we create three distinct magnetic programmable 

surfaces that exhibit different shape-morphing scenarios: single 

polar (shape I), dual polar (shape II), and saddle-shaped surfaces 

(shape III), also demonstrated in Video S4. Screen-printing of 

programmable surfaces enables autonomous systems to have 

adaptive shape morphing, thereby expanding the potential ap

plications of soft robotics in fields requiring dynamic surface 

transformations.

Screen-printing of magnetic soft gripper robots

Soft gripper robots have garnered widespread interest due to 

their unique combination of flexibility, adaptability, and preci

sion. These robots are particularly advantageous in biomedical 

applications, where their soft, compliant nature allows for deli

cate interactions with biological tissues.59 The integration of 

magnetic materials facilitates remote actuation, enabling ma

neuvers without invasive intervention. Current advancements 

have primarily achieved progress in materials and controls, 

where scalable methods for fabricating gripper robots have 

received comparatively less attention.60

In this study, we employed the screen-printing technique to 

realize fast prototyping and functional integration potential of 

magnetic soft gripper robots (MSGRs) for biomedical applica

tions. Figure 3A shows the geometry and magnetization profile 

of the grippers, where the six beams are radially magnetized 

(Figure S7). The gripper robots have two deformation modes: 

folding and expansion, as illustrated and simulated in 

Figure 3C. To fabricate the MSGRs, magnetic ink is printed on 

an acrylic substrate through a stenciled mold, which allows for 

fabricating 100 grippers within a 40 × 40 mm area by a single 

squeegeeing (Figure 3D).
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Figure 2. Broad adaptability of screen-printing magnetic soft robotics onto various substrates and their pattern functionality 

(A) Screen-printed foldable samples with different substrate materials. Each sample shows a folding deformation under a uniform magnetic field of 40 mT. Scale 

bar, 8 mm. 

(B) Schematic diagram of screen-printing and reorientation steps (in roman numeral order). 

(C) Demonstration of using ITO films as substrate materials for screen-printed magnetically foldable solar panels in space engineering. Scale bar, 10 mm. 

(D) Demonstration of wireless pH sensor device that simultaneously tests the pH value of two samples by magnetically folding pH test papers, where a single layer 

of magnetic soft material is printed as the hinge. Scale bars, 10 mm. 

(E) Demonstration of three concepts with 3D shape-morphing structures: (i) biomimetic design of stimuli-responsive mimosa leaves, which can fold under a 

uniform magnetic field. Scale bar, 10 mm. (ii) Origami-inspired design of a foldable sheet that deforms into a cube in the presence of a magnetic field. Scale bar, 

5 mm. (iii) An undulating ring structure with eight pairs of arrow-shaped actuators, where each arrow is magnetized in the direction indicated by the pattern. Scale 

bar, 5 mm. 

(F) Magnetic programmable surfaces with precise shape-morphing ability, color bars, displacement on vertical direction. Scale bars, 10 mm.
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The grippers are deployed as drug delivery robots in a sce

nario that replicates motion inside the fluid environment of the 

human body (Figure 3E; Video S5). The programmed magnetiza

tion profile of the MSGRs also allows for rolling-based locomo

tion when placed in a rotating magnetic field. Meanwhile, the 

gripper’s folding deformation can firmly grasp and release the 

object with up to 200% of its body weight. Additionally, the small 

size and wireless actuation of MSGRs allow them to be pack

aged in a dissolvable capsule, from which 20 gripper robots 

were released and manipulated to break free (Figure 3F; Video 

S6). The escaped gripper robots simultaneously respond to the 

actuation magnetic field that allows for controllable group 

behavior. We further explored the potential application of 

screen-printed MSGRs in minimally invasive surgery. As illus

trated in Figure 3G and Video S7, the MSGR is actuated to navi

gate in a trigeminal artery model. We set up ultrasound imaging 

to validate the real-time tracking potential of the MSGRs, where 

the ultrasound imaging results show a clear outline and move

ments of the gripper robots at a depth of 2.0 cm. These results 

demonstrate the advantages afforded by screen-printing of 

MSGRs, highlighting the high throughput and reliability of fabri

cation at small sizes.

Multi-modal MSRs embedded with onboard circuitry

Flexible electronic devices are increasingly valued in biomedical 

sciences due to their mechanical compliance with tissue and 

Figure 3. Screen-printed magnetic soft gripper robots 

(A) Geometric design and magnetic configuration (as detailed in Figure S7) of the gripper robots. 

(B) Schematic illustration of magnetic soft gripper being actuated in the presence of a magnetic field. 

(C) Finite element analysis simulation for the magnetic gripper robot placed in a uniform magnetic field of 60 mT. 

(D) Image of 100 grippers fabricated with a single squeegee. The inset shows a gripper actuated by a uniform magnetic field of 60 mT. Scale bar, 5 mm. 

(E) Rolling-based locomotion of a gripper robot for sphere-shaped cargo transport under a rotating magnetic field. Scale bar, 3 mm. 

(F) Demonstration of a capsule-based robot delivery strategy, with 25 gripper robots sealed in a gelatin capsule. After the capsule dissolves in water, the gripper 

robots are actuated to escape and perform group locomotion under a rotating magnetic field generated by a permanent magnet. Scale bar, 5 mm. 

(G) Demonstration of the gripper robot navigating in a trigeminal artery model using rolling-based locomotion under a rotating magnetic field generated by a 

permanent magnet. Scale bar, 5 mm. 

(H) Ultrasound tracking image of the gripper robots while navigating in the trigeminal artery model. Scale bar, 1 mm.
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organs, providing more conformal contact and higher efficient 

transmission of electrical, optical, and mechanical signals. 

Recently, magnetic soft materials have enabled the creation of 

magnetically reconfigurable soft or flexible electronic devices 

with embedded electronic components, achieved through 

molding or 3D printing.61,62 These devices can perform different 

electronic functions through shape morphing under applied 

magnetic fields, featuring dynamic adaptability in electronic 

performance.

Current fabrication methods require producing a complete 

MSR before assembling the circuits, limiting the fabrication effi

ciency and inter-layer integration. To overcome the limits, we 

have employed the screen-printing strategy to enable the simul

taneous printing of both circuits and actuation modules, offering 

advantages in versatility, efficiency, and the seamless integra

tion of multi-modal functionalities. The layered architecture 

resulting from this process is illustrated in Figure 4A, which pre

sents a flexible electronic device wherein flexible electronic 

circuitry and magnetic actuators are embedded using screen- 

printing. A flexible paper-based substrate serves as the struc

tural layer, selected for its superior compatibility with both mag

netic and conductive inks. As illustrated in Figure 4B, the 

embedded flexible electronic circuits are intricately patterned 

using conductive graphite ink (see methods). This configuration 

incorporates two LED modules to exhibit three distinct illumina

tion modes, which are achievable through connections to circuit 

Figure 4. Schematic designs and working 

principles of the screen-printed flexible 

electronic device 

(A) Exploded, top, and bottom view of the flexible 

electronic device, in which flexible electronic cir

cuitry and magnetic actuators are embedded 

based on screen-printing. Scale bar, 3 mm. 

(B) Schematic diagram of the embedded flexible 

electronic circuits, which are designed to turn on 

only in the designated mode of transformation 

owing to the selective contact with the electrode 

on the substrate. Scale bar, 3 mm. 

(C) Images of the screen-printed flexible electronic 

device activated by magnetic fields in different 

directions with the same magnitude of 80 mT. 

Scale bar, 3 mm.

terminals. The circuits are designed to 

activate only in the corresponding mode 

of deformation, owing to the selective 

contact with the electrode on the sub

strate. Subsequently, magnetic ink is 

printed on the reverse side of the sub

strate and subjected to magnetization. 

Figure 4C and Video S8 exhibit the 

screen-printed flexible electronic device 

to illustrate the activation modes under 

magnetic fields of identical magnitude 

(80 mT) applied in different directions. 

Specifically, under a horizontal left mag

netic field, folding of the left-sided panel 

activates the red LEDs, and folding of 

the right-sided panel activates the blue LED while placed in a 

magnetic field in opposite direction. A vertical upward field in

duces upward bending with all LEDs illuminated. The seamless 

integration of heterogeneous materials and components high

lights the potential of screen-printed MSRs to advance future 

flexible electronics with multi-layer structures.

Bio-inspired MSR with fluorescent coloration

Inspired by natural organisms, biomimetic robots replicate spe

cific structural and functional features of living creatures, 

enabling innovative solutions tailored to complex challenges. 

For instance, their ability to emulate natural locomotion and 

adaptive behaviors offers practical advantages in tasks such 

as targeted drug delivery, dynamic environmental monitoring, 

and interactive educational tools.29,63 The designs inspired by 

a variety of creatures, including those observed in snakes, inch

worms, birds, jellyfish, spermatozoa, and turtles, have emerged 

as a prominent research area in soft robotics. Inspired by butter

flies’ appearance (Figure 5A), along and their efficient flapping 

motion, we have designed MSRs with a butterfly pattern and 

flapping behavior. The flapping of the wings is achieved by 

screen-printing and reorientating magnetic layers on top of poly

siloxane substrates (Video S9).

Biofluorescence is a phenomenon where living organisms 

absorb electromagnetic radiation at a specific wavelength and 

emit it at a lower energy level and a longer wavelength, playing 
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an important role in camouflage, threat display, and attrac

tion.64,65 The integration of fluorescent materials in bio-inspired 

robots endows more realism, enabling visual feedback and 

enhancing the esthetic appeal of soft robots. We create fluores

cent ink for screen-printing by mixing polysiloxane with stron

tium aluminate glow powder, which can be excited by UV light 

and emits visible afterglow (Figures 5B and S6) (see methods). 

The butterfly robot is constructed through a strategic layering 

of fluorescent ink and magnetic ink (Figure 5C). The magnetic 

layer is polarized with alternating poles (S-N-S configuration), 

which enables wing flapping of the butterfly when exposed to 

an actuating magnetic field. Specifically, we establish the struc

ture through a four-layer printing procedure to integrate the 

fluorescent layer with magnetic actuators while each layer is 

illustrated in the exploded schematic of Figure 5C. We further 

demonstrate the magnetic butterfly robot’s response under 

both natural and fluorescent color conditions. In Figure 5D, the 

robot is shown in its natural color, both at rest and during actu

ation under a uniform magnetic field of 50 mT. In Figure 5E and 

Video S9, the robot displays its fluorescent color, with a distinct 

afterglow observed following UV excitation (wavelength, 

∼410 nm), highlighting its luminescent properties. These func

tionalities operate in parallel rather than interactively, their simul

taneous yet independent operation is an important achievement, 

highlighting the compatibility and non-interference between 

magnetically and optically responsive systems. Fluorescent 

coloration, activated externally by UV exposure, provides a 

stand-alone visual functionality ideal for bioimaging or environ

mental sensing. Meanwhile, independent magnetic actuation 

enables precise shape morphing. This decoupled design 

approach ensures modularity, allowing each functional system 

to be individually optimized and adapted for a wide range of ap

plications. This combined concept of screen-printed MSR ex

emplifies the potential for integrating esthetics and functionality 

into soft robotic systems, broadening application prospects in 

biomedical imaging, and educational robots.

DISCUSSION

In this study, we have introduced a screen-printing-based multi- 

layer fabrication scheme for magnetic soft robotics. This method 

harnesses the unique advantages of screen-printing, including 

broad applicability across various materials and patterns, as 

well as layering, which seamlessly integrates distinct functional 

layers. We have demonstrated a precise deposition process 

and improved the printability of magnetic ink with a high filler ra

tio (50 wt %) and stable rheological properties. The comprehen

sive material applicability of the screen-printing method has 

been verified by successfully printing on diverse substrates 

and actuating in magnetic fields. We also applied the multi- 

step magnetization procedure to customize the magnetic re

sponses. The screen-printing technique is demonstrated 

through various examples, including biomimetic mimosa leaves, 

origami cubes, undulating rings, and reconfigurable surfaces, all 

capable of programmable 3D shape morphing. Building upon 

these demonstrations, three advanced applications are show

cased: tether-free gripper robots designed for biomedical pur

poses, fully printed three-layer soft robots integrated with 

Figure 5. Bio-inspired butterfly robot with fluorescent coloration 

(A) Image of the butterfly (Morpho menelaus) for bioinspiration. 

(B) Fluorescence afterglow emission mechanism of fluorescent ink. 

(C) Schematic illustration of the layer structure and actuation mode of screen-printed butterfly robot. 

(D) Screen-printed butterfly robot at rest and being actuated when placed in natural light. Scale bar, 8 mm. 

(E) Screen-printed butterfly robot at rest and being actuated after being excited by ultraviolet (UV) light (wavelength ∼410 nm). Scale bar, 8 mm.
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onboard circuits for actuatable flexible electronics, and a bio- 

inspired butterfly robot featuring fluorescent coloration. Collec

tively, these examples underscore screen-printing’s versatility 

and potential for creating functional MSRs with diverse capabil

ities. Despite these strengths, inherent limitations exist in fabri

cating fully 3D freeform architectures with screen-printing. 

Compared with extrusion-based 3D printing methods such as 

direct ink writing and fused filament fabrication, screen-printing 

typically restricts the thickness of the designs to a few tenths 

of a millimeter and limits the bridging distances achievable. 

Nonetheless, screen-printing excels in applications demanding 

exceptional planar resolution, rapid prototyping, and scalable 

production of 2D and 2.5D structures. These unique capabilities 

position screen-printing as a promising method for mass pro

duction and functional integration, particularly suited to automa

tion industries, biomedical devices, and educational settings.

While the screen-printing strategy is demonstrated to be a 

noteworthy advance for the fabrication of MSRs with silicone 

mixtures, we propose further exploration of water-based ma

terial systems, including hydrogels and other dispersions, to 

elevate the integration of the screen-printed MSRs in high-de

mand applications such as minimally invasive surgery and 

tissue engineering. Such efforts could involve investigating 

alternative water-based ink matrices that exhibit optimized 

rheological properties, stable boundary attachment, and 

robust mechanical performance. Furthermore, due to mag

netic reorientation, the strategy inherently supports batch pro

gramming, enabling simultaneous magnetization of multiple 

robot components sharing identical polarization directions in 

a single step. Future automation could involve incorporating 

conveyor belt-based magnetic programming stations or pro

grammable magnet arrays, streamlining mass production 

and enabling rapid, high-throughput manufacturing of MSRs. 

Developing an automatic configuration algorithm that converts 

the demanded deformation modes to simple printing and 

magnetic reorientation sequences is also important in the 

future automation. These explorations would significantly 

broaden the adaptability and functionality of soft robotics. 

We envision that the screen-printing of MSRs could provide 

a foundation for untethered soft robots and flexible elec

tronics, enabling their deployment in diverse biomedical and 

industrial applications while advancing scalable and cost- 

effective manufacturing methods.

METHODS

Ink preparation

Magnetic ink preparation

To prepare the magnetic ink, we utilized a composite system 

consisting of magnetic particles and elastomers. Magnetic par

ticles (PrFeB, MQFPTM-16-7) were selected due to their high 

magnetic remanence. Before mixing, all the PrFeB particles 

were magnetized beyond saturation using an impulse magne

tizer (IM-10-30, ASC Scientific). The elastomer matrix, Dragon 

Skin 30 (Smooth-On), was prepared by mixing silicone resin 

and curing agent at a 1:1 weight ratio. The PrFeB particles 

were gradually added to the matrix at a 1:1 weight ratio, and 

the entire formulation was blended by an overhead stirrer 

(NANOSTAR, IKA, Germany) at ∼2,000 rpm for 2 min to ensure 

homogeneity. The final mixture was degassed for 5 min in a vac

uum chamber to eliminate air bubbles.

Conductive ink preparation

The conductive ink is prepared by mixing Electric Paint (Bare 

Conductive, UK) with glycerin (Glycerol, Sigma-Aldrich) in a vol

ume ratio of 100:1. The final mixture was degassed for 5 min in a 

vacuum chamber to eliminate air bubbles.

Fluorescent ink preparation

Strontium aluminate-based glowing powder (purchased from 

Alibaba, China) was blended with Dragon Skin 30 (Smooth-On) 

in a volume ratio of 1:1. The final mixture was degassed for 

5 min in a vacuum chamber to eliminate air bubbles. The images 

of fluorescent ink before and after UV excitation are shown in 

Figure S8.

Screen-printing procedures

The MSRs were fabricated using a layer-by-layer screen-printing 

technique. A piece of 120 mesh nylon net with a laser-cut screen 

was tensed and mounted onto a 3D-printed frame (Figure S1). 

Each layer of magnetic ink was deposited by sweeping an acrylic 

squeegee at an angle of around 70◦ and a manually controlled 

pressure. The substrates, including elastomer films, paper, 

glass, and wood, were secured onto the printing stage. After 

printing each layer, the ink was cured at 80◦C for 10 min on a 

heating platform. For multi-layered devices, additional layers 

were printed following the same procedure.

Magnetic programming

We employed two magnetic programming methods in this 

research to streamline the fabrication process, depending on 

the requirements of specific samples. These methods are 

described in detail in Figure S3 and Table S1. The majority of 

samples are programmed by magnetic reorientation, as demon

strated in our previous research,66 where particles are aligned in 

a relatively weak magnetic field. Each alignment sequence 

required approximately 5 s within a pair of electromagnetic coils 

at a magnetic induction intensity of 80 mT. After alignment, each 

programmed region was cured at 100◦C for 30 s.

For more complex structures, such as the origami cube 

(Figure 2E) and gripper robots (Figure 3), we applied magnetiza

tion by an impulse magnetizer (IM-10-30, ASC Scientific). The 

samples were first fixed to deform in an acrylic mold and magne

tized in the impulse magnetizer for less than 1 s under a strong 

magnetic field of 2.5 T. This method was chosen because these 

designs require stronger magnetic responses and multiple direc

tional alignments, which would necessitate repeated printing 

cycles if using magnetic reorientation, thus potentially compro

mising positional accuracy.

Rheological test

The rheological properties of the magnetic ink were measured 

using a rotational rheometer (Anton Paar MCR 302). The ink 

was loaded onto the parallel plate fixture with a 25 mm diameter 

at a 1 mm gap. A shear rate sweep was performed from 0.01 to 

1,000 s− 1 at room temperature to determine the ink’s viscosity 

profile and shear-thinning behavior, crucial for the screen-print

ing process. Additionally, oscillatory tests were conducted to 

measure the storage modulus (G′) and loss modulus (G′′) at a 
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constant frequency of 1 Hz, providing insights into the visco

elastic properties of the ink.

Surface morphology test

The surface morphology test in Figure 1I was analyzed using a 

two-axis morphology meter (Scantron Industrial Proscan 2000, 

UK). The sample was scanned by a laser sensor in the Y direction 

with 0.01 mm accuracy. The data were processed by R version 

4.3.1 to generate the contour plot.

SEM characterization

SEM (Thermo Fisher Apreo S) was used to examine the morphol

ogies and mesoscopic structures of the printed film. The sample 

was spread flat and securely affixed to the test bench before 

SEM characterization and analyzed at an accelerating voltage 

of 10 kV. This characterization allowed us to observe the printing 

quality and dispersion of the magnetic particles in the elastomer 

matrix.

Finite element analysis

For the designs presented in Figures 1H, 2F, and 3C, deforma

tions in the presence of external magnetic fields were simulated 

using the Solid Mechanics and Magnetic Fields, No Currents 

(mfnc) module in COMSOL Multiphysics 5.4. Materials and envi

ronmental parameters are listed in Table S2.

Material mechanical characterization

The tensile tests are conducted using a texture analyzer (CT3, 

AMETEK Brookfield). Standardized testing samples made of 

Dragon skin 30 and the magnetic composites are subjected 

to axis tensile tests as per ASTM standard tests. The loading 

speed for the tests is set to 1 mm/s, and the testing range is 

set to 200% strain. Nominal stress-strain curves are provided 

in Figure S9.
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and Zhang, C.J. (2020). Turning Trash into Treasure: Additive Free MXene 

Sediment Inks for Screen-Printed Micro-Supercapacitors. Adv. Mater. 32, 

2000716. https://doi.org/10.1002/ADMA.202000716.

57. Zavanelli, N., and Yeo, W.-H. (2021). Advances in Screen Printing of 

Conductive Nanomaterials for Stretchable Electronics. ACS Omega 6, 

9344–9351. https://doi.org/10.1021/acsomega.1c00638.

58. Bai, Y., Wang, H., Xue, Y., Pan, Y., Kim, J.T., Ni, X., Liu, T.L., Yang, Y., Han, 

M., Huang, Y., et al. (2022). A dynamically reprogrammable surface with 

self-evolving shape morphing. Nature 609, 701–708. https://doi.org/10. 

1038/s41586-022-05061-w.

59. Zou, S., Picella, S., de Vries, J., Kortman, V.G., Sakes, A., and Overvelde, 

J.T.B. (2024). A retrofit sensing strategy for soft fluidic robots. Nat. Com

mun. 15, 539. https://doi.org/10.1038/s41467-023-44517-z.

60. Shintake, J., Cacucciolo, V., Floreano, D., and Shea, H. (2018). Soft Ro

botic Grippers. Adv. Mater. 30, 1707035. https://doi.org/10.1002/ADMA. 

201707035.

61. Qi, Z., Zhou, M., Li, Y., Xia, Z., Huo, W., Huang, X., Qi, Z., Zhou, M., Li, Y., 

Xia, Z., et al. (2021). Reconfigurable Flexible Electronics Driven by Origami 

Magnetic Membranes. Adv. Mater. Technol. 6, 2001124. https://doi.org/ 

10.1002/ADMT.202001124.

62. Kim, Y., Yuk, H., Zhao, R., Chester, S.A., and Zhao, X. (2018). Printing 

ferromagnetic domains for untethered fast-transforming soft materials. 

Nature 558, 274–279. https://doi.org/10.1038/S41586-018-0185-0.

63. Zhou, L., Ren, L., Chen, Y., Niu, S., Han, Z., and Ren, L. (2021). Bio- 

Inspired Soft Grippers Based on Impactive Gripping. Adv. Sci. 8, 

2002017. https://doi.org/10.1002/ADVS.202002017.

64. Andika, I.B., Wei, S., Cao, C., Salaipeth, L., Kondo, H., and Sun, L. (2017). 

Phytopathogenic fungus hosts a plant virus: A naturally occurring cross- 

kingdom viral infection. Proc. Natl. Acad. Sci. USA 114, 12267–12272.

65. Jeng, M.-L., and Jeng, M.-L. (2019). Biofluorescence in Terrestrial Ani

mals, with Emphasis on Fireflies: A Review and Field Observation. In Biolu

minescence - Analytical Applications and Basic Biology. https://doi.org/ 

10.5772/INTECHOPEN.86029.

66. Wang, Z., Misra, S., and Venkiteswaran, V.K. (2024). Fluidic control pro

gramming for 3D magnetic soft metamaterials with reconfigurable me

chanical behaviors. Cell Rep. Phys. Sci. 5, 102125. https://doi.org/10. 

1016/j.xcrp.2024.102125.

Please cite this article in press as: Wang et al., Multi-layer screen-printing of magnetic soft robots with integrated materials and functions, Cell Reports 

Physical Science (2025), https://doi.org/10.1016/j.xcrp.2025.102614

12 Cell Reports Physical Science 6, 102614, June 18, 2025 

Article

ll
OPEN ACCESS

https://doi.org/10.1002/ADMA.201404133
https://doi.org/10.1002/ADMA.201600772
https://doi.org/10.1002/ADMA.201600772
https://doi.org/10.1002/SMLL.202312207
https://doi.org/10.1002/CELC.202400051
https://doi.org/10.1002/ADFM.202411648
https://doi.org/10.1002/ADFM.202411648
https://doi.org/10.1016/J.JPOWSOUR.2016.10.019
https://doi.org/10.1016/J.JPOWSOUR.2016.10.019
https://doi.org/10.1002/ADFM.201807326
https://doi.org/10.1002/ADFM.201807326
https://doi.org/10.1016/J.BIOS.2021.113760
https://doi.org/10.1016/J.SOLMAT.2008.10.004
https://doi.org/10.1002/AENM.201901839
https://doi.org/10.1002/AENM.201901839
https://doi.org/10.1002/ADMA.202000716
https://doi.org/10.1021/acsomega.1c00638
https://doi.org/10.1038/s41586-022-05061-w
https://doi.org/10.1038/s41586-022-05061-w
https://doi.org/10.1038/s41467-023-44517-z
https://doi.org/10.1002/ADMA.201707035
https://doi.org/10.1002/ADMA.201707035
https://doi.org/10.1002/ADMT.202001124
https://doi.org/10.1002/ADMT.202001124
https://doi.org/10.1038/S41586-018-0185-0
https://doi.org/10.1002/ADVS.202002017
http://refhub.elsevier.com/S2666-3864(25)00213-9/sref64
http://refhub.elsevier.com/S2666-3864(25)00213-9/sref64
http://refhub.elsevier.com/S2666-3864(25)00213-9/sref64
https://doi.org/10.5772/INTECHOPEN.86029
https://doi.org/10.5772/INTECHOPEN.86029
https://doi.org/10.1016/j.xcrp.2024.102125
https://doi.org/10.1016/j.xcrp.2024.102125

	XCRP102614_proof.pdf
	Multi-layer screen-printing of magnetic soft robots with integrated materials and functions
	Introduction
	Results
	Multi-layer screen-printing and magnetic programming
	Screen-printed MSRs with diverse patterns and substrate materials
	Screen-printing of magnetic soft gripper robots
	Multi-modal MSRs embedded with onboard circuitry
	Bio-inspired MSR with fluorescent coloration

	Discussion
	Methods
	Ink preparation
	Magnetic ink preparation
	Conductive ink preparation
	Fluorescent ink preparation

	Screen-printing procedures
	Magnetic programming
	Rheological test

	Surface morphology test
	SEM characterization
	Finite element analysis
	Material mechanical characterization

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References



