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Abstract 13 

Meso- or micro-scale soft robots with specific magnetization profiles have been demonstrated 14 

advanced locomotion capabilities in a plethora of unstructured environments. Despite some earlier 15 

success, technical challenges still exist for flexibly fabricating sophisticated constructed, 16 

heterogeneous and configurable soft magnetic robots at a relatively low cost. Here, by developing a 17 

new selective surface adhesion tuning, we report a transfer printing-based approach to flexibly 18 

configure magnetic domains for making 2/3-dimensional (2/3D) shaped fast-transforming untethered 19 

soft magnetic robots as well as heterogeneous integration of other desirable functional cells. This 20 

method enables physical realization of modular configurable magnetic robots integrated with specific 21 

magnetized profiles and other functional units like LEGO’s strategy. Further, we demonstrate a series 22 

of magnetic robots capable of configurable motion and responsive behaviors. This technique can serve 23 

as a new platform technique, potentially broadening the physical realization of heterogeneous 24 

integrable soft magnetic robots and empowering them with new capabilities and possibilities. 25 

Keywords 26 

Surface adhesion tuning, Selective transfer printing, Soft magnetic robots, Heterogeneous integration, 27 

Multifunctionalities  28 

Jo
urn

al 
Pre-

pro
of



3 
 

1. Introduction 29 

More intimate interactions between robots and humans/environments are anticipated with the rapid 30 

advancement of robotic technologies [1], and further social interactions have been listed as one of the 31 

grand challenges of Science Robotics, recently [2]. Being able to attenuate external impacts and adapt 32 

their morphologies in complex environments naturally, soft robots demonstrate great advantages 33 

over rigid ones [3-8]. To maximally exploit the great potential of soft robots, an untethered 34 

realization or embodiment is desirable, although it is technically challenging [9]. Recently, new 35 

designs were reported by employing, e.g., hydrogen peroxide decomposition [10], internal explosion 36 

[11,12], dielectric elastomer actuation [13], magnetic navigation [14], onsite flow battery 37 

energization [15] and actuation via induced energy gradients [16]. Among these, soft magnetic robots, 38 

inheriting the advantages from traditional rigid magnetic actuation [17], stand out due to their 39 

excellent performance in a confined space with relatively facile control strategies and rapid responses. 40 

Thanks to the well-established magnetic control strategies and infrastructures [18], these devices 41 

significantly lower the learning curve and allow developers to focus their efforts on new feature 42 

developments that can be applied readily in practice. 43 

Recently, a number of studies on soft magnetic robots have been reported [19-32]. These robots 44 

achieved advanced locomotion and various functionalities in enclosed, unstructured environments 45 

and some challenging applications, e.g., in targeted drug delivery [19-21] and in minimally-invasive 46 

surgery [22]. Targeted for biomedical applications, magnetic particles were introduced into soft 47 

matrix such as soft elastomers [23], hydrogels [24-26] and composites [27], and have been 48 

demonstrated in the applications for various manipulations at micro scale. Recently, a soft magnetic 49 

robot with a multi-legged design was shown to exhibit rapid locomotion in a harsh environment [29]. 50 
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Remarkably, such accurately presetting of the addressable internal magnetic domains in soft bodies 51 

paves a new way to precisely control the dynamic motion of soft robots and offers them new 52 

opportunities to achieve complex gaits [30-32]. For instance, utilizing high compliance of soft 53 

materials, Sitti’s group showed a continuously-magnetized soft robot that can achieve a multimodal 54 

locomotion [30]; nearly in the same period, Zhao et al reported an elegant 3D printing technique and 55 

build discrete magnetized ferromagnetic domains demonstrating complex shape changes [31]. 56 

However, to further exploit their potential and equip new capabilities towards higher level 57 

intelligence [30,33], it is very necessary to codesign magnetic actuation strategy with other 58 

functionalities, and further to heterogeneously integrate various functional parts into a configurable 59 

magnetic robot system [34-37], e.g., constructing a magnetic robot system with a specific magnetized 60 

and shaped profile and both integrated with other desirable heterogeneous functional components. 61 

Especially when those functional components can be obtained conveniently from diverse advanced 62 

manufacturing techniques, including but not limited to 3D printing, soft lithography, laser processing, 63 

molding and even transfer printing. However, physical implementation of such sophisticated soft 64 

magnetic robot has been hindered by lack of a facile yet universal manufacturing route that can fully 65 

take advantages of various manufacturing techniques, flexibly configure soft magnetic robots and 66 

integrate totally different functional units for desirable specifications as that LEGO toys do. 67 

Therefore, one desirable solution is to preset magnetic domains as “LEGO strategy”: a), design a few 68 

specific basic magnetized vector cells or functional cells in specific shapes serving as basic cells; and 69 

then b), configure a modularized robot system in various temporal sequences and spatial forms with 70 

diverse configurations to achieve various capabilities/functions in a cost- yet time-efficient way. 71 
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Transfer printing is a set of techniques for 2D and 3D discrete rearrangement of various material 72 

or functional parts spatially from a donor to a receiver [38]. As a versatile platform technology, it 73 

offers a useful yet flexible tool for fabricating a high-performance, heterogeneously integrated 74 

functional system at a relatively low cost. During the transfer process, the energy release rate 75 

between the transfer stamp and the donor/receiver substrate plays a critical role. Thus, successful 76 

implementation usually relies on precisely tuning such energy release rates [38]. Previously, various 77 

theoretical and experimental methods were reported using different tuning approaches [39-41], e.g., 78 

using various micro structures or kinetical controlling [42-46]. However, these transfer printing 79 

mechanisms usually results in a narrow operational window, hindering fast transfer of the knowledge 80 

to other groups that are likely to use them. Further, most of these transfer techniques often lack 81 

selectivity, and patterning selection is necessary during prior preparations, e.g., optical lithography 82 

and corresponding chemical/physical etching, which makes the process technically complicated and 83 

hence lower the success rate. By tuning the adhesion of the stamp via an amide embedment [47] and 84 

using the stamp as a receiver simultaneously, we presented a simple transfer printing technique that 85 

can achieve selective transfer of desired patterns [48]. However, such an adhesion tuning is a bit 86 

time-consuming, and the selection strictly based on pattern line width limits its widespread 87 

applications. Hence, a better tuning strategy with broad operational window and more general 88 

selective transfer printing mechanism would significantly enhance its efficiency and applicability. 89 

Inspired by LEGO toys, by utilizing a newly-developed laser-tuned selectively adhesive 90 

transfer printing of modularized heterogeneous (e.g. pre-anisotropic magnetized ferromagnetic and 91 

other functional) cells, we propose an elegant yet flexible approach to configure 3D 92 

discretely-magnetized multifunctional soft robots. With the newly presented method, we demonstrate 93 

Jo
urn

al 
Pre-

pro
of



6 
 

a wide range of soft magnetic robots, including 2D/3D magnetized, 2D/3D shaped, heterogeneous 94 

responsive, multi-field responsive, environment perception, multi-function integration and even 95 

functional updating, repairing and recombination of daughter robots. Furthermore, a few possible 96 

application scenarios were demonstrated, such as precisely assembling an LED with micron-scale 97 

electrodes onto a circuit in a confined space (height of 2 mm, Movie S1) and carrying out drug 98 

delivery with a certain trafficability and steering in a wet and unstructured condition that mimicked a 99 

gastric environment (Movie S2). As a simple yet effective technique, our fabrication method may 100 

offer researchers an extra toolbox to preset 2/3D discrete magnetic domains and achieve various 101 

functional integration towards intelligent soft robots. 102 

2. Results and discussion 103 

As mentioned earlier, a selective transfer of desired width pattern was developed by our group 104 

recently. However, when we try to use this technique to make a configurable soft robot as LEGO 105 

toys do, such a selective mechanism on width severely constrains freedom in robot design. A more 106 

general selective transfer printing is urgently needed. Surprisingly, as shown in Fig. 1a, we found 107 

that by selectively surface ablating an elastomeric stamp/film using different operational parameters, 108 

it can selectively lead to diverse local surface morphologies. Based on such a principle, the 109 

corresponding practical contacting surface area and hence its adhesion, can consequently change the 110 

energy release rate between the interfaces, Fig. 1b, instead of relying on the peeling speed and other 111 

factors. Such a surface adhesion tuning mechanism potentially provides a strategy for selective 112 

transfer printing. Furthermore, leveraging the external magnetized magnetic field, ferromagnetic 113 

particles can be arranged in an orderly queue in elastomer matrix and hence perform an anisotropic 114 

magnetism (Fig. 1c). Combining such a laser-tuned selectively adhesive transfer printing and laser 115 
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cut pre-anisotropic magnetized ferromagnetic silicone cells, as shown in Fig. 1d and e, we present 116 

here a simple yet effective way to fabricate 2/3D discretely-magnetized configurable soft robots with 117 

a 2/3D shape on a sacrificial 2/3D substrate (more details, refers to the following and Experimental 118 

section), as well as extensive heterogeneous integration of other functional modules via transfer 119 

printing of desirable functional cells. 120 

2.1. Laser-tuned selectively adhesive transfer printing and soft robot fabrication 121 

Initially, thin neodymium-iron-boron (NdFeB) microparticles embedded ferromagnetic silicone films 122 

are prepared by scraper scraping a thin layer of thoroughly mixed PDMS-prepolymer with NdFeB 123 

microparticles on a flat support. The internal magnetic domains in such a ferromagnetic particle 124 

embedded silicone film that is in a semi-cured state can be bulkily reoriented and then fixed upon 125 

fully cured in any arbitrary directions by aligning a parallel magnetic field (Fig. 1c and d). With a 126 

high-power lasing, the cured, anisotropic magnetized film can be cut into any arbitrary planar 127 

patterns. Surprisingly, as shown in Fig. 1a, when we tried to use a relatively low power laser to scan 128 

the surface, we found that the surface morphology of the magnetized film can be altered and tuned 129 

by varying the laser operational parameters. That means, the adhesion and corresponding energy 130 

release rate between a silicone made stamp and pre-pattern-cut magnetized film can also be tuned to 131 

satisfy the physical requirements during transfer printing (Fig. 1b, more detailed mechanism 132 

investigation, please refer to the following subsection). More importantly, such a laser-tuned surface 133 

morphology/adhesion mechanism removes the constraints on pattern width in the previous developed 134 

approach, hence can serve as a general strategy to transfer any desired patterns. 135 

Serving as basic pre-anisotropic magnetized ferromagnetic cells, any pre-cut specific patterns 136 

can be selectively picked up from the donor and transfer printed onto a receiver while undesirable 137 
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patterns remain on the donor after the surface morphologies are selectively altered. According to the 138 

previous work [30-32], precisely presetting (encoding) of magnetic domains inside silicone cells is of 139 

great importance in the construction of high-performance magnetic robots. Through a proper tuned 140 

predesigned temporal sequence or spatial alignment/configuration of a multiple transfer printing, a 141 

soft magnetic robot structure with discrete preset magnetic domains can be obtained on a temporary 142 

(e.g. water-soluble) receiver (Fig. 1e). After that, the adjacent cells were spliced before releasing 143 

from the receiver by removing the temporary receiver and a magnetic robot was formed finally 144 

(Movie S3). Owing to good compliance of silicone cells, the receiver can either be planar or 3D 145 

shaped. Therefore, 2/3D shaped robots can be obtained by a proper alignment of the pre-anisotropic 146 

magnetized ferromagnetic silicone cells and the corresponding design of soluble sacrificial receivers 147 

(Fig. 1e). 148 

Unlike on-demand magnetization strategies, our procedure homogeneously magnetizes the entire 149 

film which may potentially enable large-area parallel manufacturing, and the direction of internal 150 

magnetic domains can also be adjusted during laser patterning and transfer printing process. That is, 151 

the combination of original magnetization, laser patterning and cells alignment determine the final 152 

internal magnetic domain configuration. Such a magnetization strategy is a flexible configuration 153 

method and can effectively prevent magnetization interfere during the whole process. 154 

2.2. Mechanism of surface adhesion tuning and selectively transfer printing 155 

During the transfer printing process, silicone cells should be picked up from a donor and then printed 156 

onto a receiver. According to transfer printing theory, the surface adhesion/energy release rate 157 

between the donor, receiver and stamp should satisfy the following criteria: 158 
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�     for printing (2) 

As shown in Fig. 1b, the energy release rate between stamp and cells should be tuned in an 159 

appropriate range: greater than the energy release rate of weak interface between cells and donor for 160 

picking up, and less than the energy release rate of strong interface between cells and receivers for 161 

printing. 162 

As found in this work, the energy release rate between the pre-pattern-cut cells and stamp can 163 

be tuned by surface morphology control, e.g., via UV lasing the stamp or patterned magnetic cell 164 

surface. In practice, such a control can be implemented by varying a few laser operational parameters. 165 

Fig. 2a shows the effect of laser scanning speed v and scanning line spacing d on the surface 166 

roughness of a stamp. With a decrease in scanning speed or lasing line spacing, the surface changed 167 

from smooth to rough (Fig. 2a and S1). This is consistent with the profile observed in the images 168 

obtained using an ultra-depth three-dimensional optical microscope (Fig. S2). Furthermore, we 169 

systematically studied the effects of laser scanning speed and scanning line spacing on the energy 170 

release rate of the interface between the magnetic film and transfer stamp by following a previously 171 

developed protocol. 172 

It is well-known that the “sticky” contact surface plays an important role in surface adhesion that 173 

relies on van der Waals force and this was verified in the previous study [49]. Since we used 174 

silicone-based materials to make the transfer stamp as well as the transferred cells, it is hypothesized 175 

that the effective contact area will be an important factor in the transfer process. Based on this 176 

hypothesis, we propose a mathematical model (Eq. 3) relating scanning speed, scanning distance of 177 

laser, and energy release rate to the effective sticky contact surface: 178 
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 � = G� ���� − ���
�� � + �2�� − ��

�� � !ksin� & '(2v�* + b,- + e (3) 

G�, w, v� are the original energy release rate (~14 J/m2), laser spot size (0.02 mm) and maximum 179 

scanning speed (2200 mm/s), respectively. By numerical fitting, the constants k, m, b and e in our 180 

situation can be determined resulting in: 181 

G = G� ���� − ���
�� � + �2�� − ��

�� � !199 × sin�.334 & π(2v�* − 123,- − 1.31 (4) 

According to Eq. 4, we can tune the surface adhesion with appropriate laser parameters during 182 

transfer printing implementation (Fig. S3) under the guidance of surface energy release theory (Fig. 183 

1b). 184 

Notably, during the transfer printing process, the energy release rate between the cells and donor 185 

was relatively low, which results in a weak interface between the cells and donor. Hence, the cells on 186 

the donor are prone to be picked up by the stamp. Meanwhile, the surface of dissolvable receiver is 187 

sticky, the pre-pattern cells can be transfer printed onto the receiver from the stamp. Therefore, by 188 

tuning the surface morphology of stamp and hence to its adhesion in an appropriate range, it offers a 189 

new method to achieve transfer printing in a simple way. More importantly, the surface morphology 190 

and adhesion of stamp can be modified on demanded on any specific zones with a laser scanning 191 

adjustment. Hence, the surface morphology can directly determine whether ferromagnetic silicone 192 

cells being picked up or not, combining the laser cutting. Consequently, utilizing this principle, we 193 

can easily achieve a selective adhesive transfer printing coupling laser patterning and operational 194 

parameter tuning. Similarly, such a strategy can be used on the surface morphology modification of 195 

the pre-anisotropic magnetized ferromagnetic films and hence the adhesion tuning as well. 196 
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As shown in Fig. 2c, we demonstrated such a selectively transfer print of a magnetic butterfly by 197 

tunable surface adhesion. The pre-cut stickier butterfly cell was selectively picked up and transfer 198 

printed onto the receiver by a stamp while roughened parts remained on the donor (more details, 199 

refer to Movie S4). Further, a parallel transfer printing and following splicing of two identical 200 

magnetic response rays were also accomplished employing two industrial robots (Fig. 2d and Movie 201 

S5), showing the capabilities of this technique for automatically and parallelly fabricating magnetic 202 

robots. 203 

2.3. Magnetization characterization 204 

To systematically study the effect of various factors on the response characteristics of ferromagnetic 205 

silicone cells that are subjected to magnetic fields [50]. We measured the deflection angle (θ) of 206 

ferromagnetic silicone cells as a function of magnetic flux density with a characterization platform 207 

(Fig. 3 and S4). As expected, we found that thinner and longer geometrical dimensions induce a 208 

greater deflection of ferromagnetic silicone cells because of decreasing structural stiffness (Fig. 3a). 209 

Also, the effect of various ratios of PDMS-prepolymer (silicone base/curing agent) on the response 210 

of magnetized cells was explored. As the ratio increased, the stiffness of the magnetized cells 211 

decreased [51], so that greater deflection occurred under the same magnetic flux density (Fig. 3b). 212 

However, excessive ratios will lead to too soft and sticky structures which are susceptible to 213 

mechanical damage. In addition, we also studied the effect of ferromagnetic particle (NdFeB) 214 

concentrations on ferromagnetic silicone cell response. As shown in Fig. 3c, when the ratio of PDMS 215 

base and NdFeB particles was 1:2, magnetized cells reached peak deflection. We found higher 216 

concentrations will enhance the stiffness of the structure thus decreasing deflection for the same 217 

magnetic flux density. 218 
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In practice, film-formation and curing on glass slides is prone to produce obvious structural 219 

anisotropy and residual stresses for this kind of membrane structure. Therefore, ferromagnetic 220 

silicone cells tend to deflect more in one direction than the other in equal and opposite magnetic 221 

fields, hence leading to relatively large errors as shown in Fig 3c. When the ratio of PDMS silicone 222 

base to NdFeB particles was high (2:1), the magnetic torque-induced force is very low and thus the 223 

structural anisotropy and residual stresses have a larger impact on magnetic response. In contrast, 224 

when the concentration of magnetic particles is larger, the error induced by residual stresses is 225 

smaller because the magnetic torque-induced force assumes a larger role. 226 

We further studied the effect the magnetized magnetic field. Stronger magnetized magnetic 227 

fields can produce better magnetization and show a better magnetic response under the same 228 

actuation magnetic fields (Fig. 3d). Additionally, the cross-section of pre-anisotropic magnetized 229 

ferromagnetic film was observed under the field scanning electron microscopy (FSEM) (Fig. S5). 230 

We also found that precuring times also affect the particle distribution, as revealed by 231 

energy-dispersive X-ray spectroscopy (Fig. S6). With increasing precuring time, the distribution of 232 

ferromagnetic particles was more uniform, resulting in a slightly higher magnetic torque-induced 233 

deflection (Fig. 3e and f). 234 

2.4.Configurable soft magnetic robots 235 

Configurable robots have high versatility and demonstrate stronger adaptability in different 236 

environments, and their operational modes can be switched or functional modules can be added or 237 

updated when needed [52]. Similarly, configurability is a desirable character for microrobots, too, to 238 

flexibly assemble target microrobots according to specific designs. Utilizing the newly-developed 239 

transfer printing method, various soft magnetic robots/structures with diverse shaped and magnetized 240 
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profiles can be flexibly obtained. Here demonstrated a serial of soft magnetic robots with specific 241 

magnetic domains and shape profiles that transfer printed with various magnetic cells. 242 

Reprocessable and repairable features are also desirable in many scenarios [53]. Here, by simply 243 

reassembly three more arms on a tripod robot, leveraging this transfer printing-based method in Fig. 244 

4, a and b, it can function as a weight-lifting robot being able to lift a cargo (0.05 g) up to 5 times of 245 

its own weight (Fig. 4, c and d). What’s more, the weight-lifting robot can be repaired by replacing 246 

the unnormal cells leveraging laser cutting and retransfer printing, a desirable feature if local 247 

degaussing/damage should occur, Fig. 4e-h. Since the pre-anisotropic magnetized ferromagnetic cells 248 

can be selectively transferred onto shape alterable sacrificial receivers, our technique is capable of 249 

combining 3D shapes or/and 3D discrete magnetization as demanded by some particular applications. 250 

As shown in Fig. 4i, a series of magnetic 2/3D shaped structures with 2/3D magnetization have been 251 

realized and show specific response behaviors.  252 

Besides the above flexible alignment and combination of discrete pre-anisotropic magnetized 253 

cells, our strategy can be extended to robot combination and reconfiguration from a few modular 254 

(daughter) robots targeted for various behaviors. As shown in Fig. 4j, based on the same honeycomb 255 

gridded structure with an opposite alignment of magnetized cells (afferent, α type, and afferent, β 256 

type, to its geometrical center), we configure them with different combinations (evenly 257 

circumferential distributed three α type daughter robots with inner tips spliced together, triangular 258 

distributed three α type daughter robots with tips spliced together, stacked α type and β type 259 

daughter robots with outer tips spliced together, 60° shifted stacked α type and β type daughter 260 

robots with centers spliced together) to obtain various behavioral magnetic robots, Fig. S7 and Movie 261 

S6. under a same external magnetic field, they showed totally different behaviors and motion 262 
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patterns, although they were made from the homologous daughter robots. Connection forms and 263 

fixed constraints between daughter robots also play an important role in controlling the motion of 264 

robots subjected to external magnetic fields. For instance, just shifting the connection points, the 265 

robots showed totally different behavior in a same external driven magnetic field. More potential 266 

motions can be achieved by varying assembly alignment and fixed constrains based on such kind of 267 

daughter robots. 268 

2.5. Heterogeneous integration towards multifunctional soft magnetic robots 269 

Heterogeneous integration of different functional parts into a robotic system is an effective way to 270 

achieve more sophisticated and controllable response behaviors [54], such as gradient-response, 271 

multi-field actuation, actuation and perception integration and so on. In our transfer printing 272 

processes, the transferred targets can be easily substituted, and it brings a native advantage for 273 

heterogeneous integration of diverse functional cells. Utilizing this feature, abundant functional cells 274 

fabricated by a variety of advanced manufacturing methods can be transfer printed in a robotic 275 

system at a low cost, which significantly extends the fabrication flexibilities and abundance of soft 276 

magnetic robots. 277 

With a different concentration of ferromagnetic particles and pattern shapes as shown in Fig. 278 

5a-c, we made a heterogeneous magnetically-responsive flower-like structure by mimicking stamens, 279 

petals, and leaves of a true flower. Under the same actuation situation, the corresponding magnetic 280 

cells show a different bending response (Fig. 5d-f). As shown in Fig. 5g and Movie S7, it can mimic 281 

the open and close processes like a true dandelion flower with a single relatively uniform actuation 282 

magnetic field. 283 
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Multi-field actuation, self-sensing and environment perception are also attractive attributions for 284 

small-scale robots, as showing in the previous work [55,56]. For example, Nelson et al reported an 285 

ingenious soft micromachine with programmable motility and morphology. The compound bodies 286 

can respond to external magnetic signals for mobility and spatiotemporally controlled heating signals 287 

for shape shifting [55]. Besides heterogeneous magnetically-responsive cells, we further integrate the 288 

cells with totally different materials and actuation mechanism to realize multi-field actuation. A 289 

multi-field responsive robot with magnetic cells and shape memory polymer (SMP) cells was 290 

achieved with two independent actuations (Fig. 5, h and i, Movie S8). The thermal stimulus actuates 291 

the SMP cells to recover its initial shape and subsequently the magnetic stimulus actuates the 292 

magnetic cells to deform, which is mutually independent and will not interfere with each other. For 293 

multifunctional heterogeneous integration, we seamlessly transfer print the actuation cells and sensor 294 

cells into a robot, Fig. 5j and Movie S9. There, a three-legged robot is integrated with 3 actuation 295 

magnetized cells and a temperature sensor cell. The robot can locomote and detect the ambient 296 

temperature real-timely by indicating different colors (orange red on cold surface and yellow on the 297 

hot surface). Moreover, other functions can also be integrated into a robot system for more complex 298 

tasks including but not limited to actuation, sensor, active signaling/interaction, energy 299 

harvesting/storage/management and computing/control cells. Since these diverse functional cells 300 

with various materials, structures or functions may be obtained conveniently with most suitable 301 

fabrication techniques, the transfer printing method can provide a general platform technique to 302 

heterogeneously integrate these functional cells into a soft magnetic robot for a specific application 303 

or scenario in practice. Consequently, this method can maximize the advantages from all kinds of 304 

materials, structures or functions with corresponding fabrication techniques, fully utilizing the 305 
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specialties of these techniques for sophisticated robot implementation in a reasonable cost at present 306 

stage. 307 

2.6.Application demonstrations 308 

To explore the potential applications of soft magnetic robots, we further develop several specific 309 

configured magnetic robots, working in several unstructured environments and demonstrating their 310 

corresponding capabilities. We are excited that it is easy to directly obtain a hollow sealed ultrathin 311 

structure on a soluble sphere receiver. Such a hollow sealed ultrathin 3D structure with specific 312 

magnetization profiles is costly to make with other fabrication techniques. This 3D shaped structure 313 

with 3D continuous and discrete magnetization and can be actuated under varying actuation magnetic 314 

fields (Fig. 6a). Furthermore, such a kind of hollow sealed ultrathin structure can be utilized to mimic 315 

the rolling mode of the tumbleweed, and provides a solution for a robot to pass through an 316 

unstructured and harsh gastric environment. As shown in Fig. 6b and Movie S2, targeted drug 317 

delivery can be accomplished with few obstacles in such a condition. This tumbleweed robot shows 318 

omnidirectional motion and pass-ability in such a gastric bumpy model filled with water in a rolling 319 

mode. What’s more, it has a high empty volumetric factor (92.8%) and hints it potentially allows for 320 

relatively high volume for cargo load. 321 

Besides the tumbleweed inspired robot, we also developed an inchworm-liked robot and a 322 

three-legged robot. Their linear locomotion characteristics have been discussed in the Supplementary 323 

Materials and figures (Fig. S8 and S9). The inchworm-like robot can walk steadily in an S-shaped 324 

tube with an inner diameter of 8 mm (Fig. S8). Further, in this configuration of the inchworm-like 325 

magnetic robot that is heterogeneously integrated using our method, its none responsive planar cell 326 

can provide a relatively stable bearing platform in movement. We found that under a tight, confined 327 
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environment, it can carry an LED with micron-scale electrodes into the confined space with height of 328 

about 2 mm and assemble it onto a functional circuit and turn on the circuit by precisely assembling 329 

an LED on liquid metal circuits (Fig. 6c-f, Fig. S10 and Movie S1), indicating its potential 330 

applications in ultrafine assembly in the future. 331 

2.7. Discussion 332 

Compared with the previous works, the advantages of our method are mainly reflected in the 333 

following aspects. First, it is easy for flexibly presetting magnetic domains since the ferromagnetic 334 

particles can be re-orientated in an arbitrary 3D direction during magnetization process (additionally, 335 

laser cutting patterning and alignment can also tune the magnetic domains). Alternatively, we can 336 

also achieve a 3D shape by aligning the discrete magnetized cells on an arbitrarily-shaped temporary 337 

receiver and further flexibly combine 2D/3D shapes and 2D/3D magnetization profiles as demanded. 338 

Second, it is easier for heterogeneous integration of various function/material cells to obtain more 339 

sophisticated behaviors, and undesirable cells or daughter robots can be quickly 340 

replaced/updated/recombined by retransfer printing (the detailed characteristic comparison with 341 

existing methods was shown in Supplementary Table S1 in the Supplementary Materials). However, 342 

with our present fabrication facility, the lower bound limit of constructed robots is around 343 

submillimeter scale. Smaller scale and more sophisticated robots could be configured with further 344 

material/process optimization or/and advanced fabrication facility with higher precision. Furthermore, 345 

more heterogeneously-integrated, functional synergistic soft magnetic robots can be further studied 346 

towards higher intelligent and performance in the future. 347 

More importantly, small scale soft robots are often preferably reconfigured in real time and 348 

programmed online in many specific applications, e.g., previously demonstrated camouflaging soft 349 
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robots [57], shape-morphing micromachines with an in situ reprogrammable strategy [58] and a 350 

swarm robotic system based on loosely coupled component [59]. Under the existing circumstance, 351 

our method, majorly, is an offline strategy like LEGO’s, providing a feasible solution for making 352 

modularized soft magnetic robots with a flexible configuration and working modes shifting. With 353 

further investigation and development, we believe such a technique will be helpful to develop a robot 354 

that can highly adapt to their immersed complex environments via introducing the real-time 355 

reconfiguration and re-programming mechanisms of both actuated and functional modules in the 356 

future. 357 

3. Conclusions 358 

By introducing a surface adhesion tuning mechanism derived from laser surface morphology 359 

alteration and establishing its theoretical adhesion model, we developed a facile transfer 360 

printing-based technique for flexible fabrication of multifunctional soft magnetic robots. This 361 

method enables rapid fabrication of soft magnetic robots in a configurable way and makes it easier 362 

for heterogeneous integration of diverse functions. Particularly, via systematic experiments and 363 

theoretical modeling, we revealed the influence mechanisms of laser treatment under different 364 

parameter settings on the surface morphology and thus its surface adhesion of flexible silicone film 365 

substrate. The magnetized cells can be specific directly and selectively split, transferred and 366 

subsequently printed to make a robot simply by varying laser parameter settings. This method can be 367 

a versatile platform technique for flexibly configuring soft magnetic robots with specific shaped and 368 

magnetized profiles, and enabling the heterogenous integration of totally different functional cells for 369 

constructing sophisticated magnetic robots. 370 
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4. Experimentals 371 

4.1. Preparation of the ferromagnetic silicone cells 372 

The magnetic robots consist of two kinds of cells: magnetic cells and connecting cells, respectively. 373 

The magnetic cells were made by mixing commercial silicone elastomer (Sylgard 184, silicone 374 

base/curing agent 20 g: 1 g, Dow Corning, USA) with 40 g ferromagnetic particles 375 

(MQFB-B-20076-089, Magnequench, USA). The connecting cells were made by mixing the 376 

commercial silicone elastomer with carbon black (XC72R, Cabot, USA) from Alibaba at a weight 377 

ratio of 10: 1: 0.05 (silicone base: curing agent: carbon black). The detailed processes are described 378 

as following: First, the ferromagnetic particles, silicone base, and curing agent were stirred by digital 379 

stirring (RW 20, IKA, Germany) at 2000 RPM for 3 min. Second, the mixture was vacuumed to 380 

remove bubbles. Third, the mixture was bladed into a thin film. Fourth, the thin film was precured at 381 

75°C for 5 min in an oven (UF 55 plus, Memmert, Germany) to increase its viscosity and avoid the 382 

ferromagnetic particle accumulating in the two sides in magnetization process. Specifically, to 383 

visualize different parts of dandelion flower-like structure such as stamens, petals and leaves, various 384 

dyes were added in the PDMS mixture. 385 

4.2. Preparation of the stamp and the donor/receiver substrate 386 

The stamp was prepared via mixing PDMS (Sylgard 184, silicone base/curing agent 30 g:1 g) with 3 387 

g of nano reduced iron powder. First, the silicone, curing agent and nano reduced iron powder were 388 

stirred by a digital stirring at 2000 rpm for 3 min. Second, the mixture was bladed casted into a thin 389 

film of 1000 μm after vacuumed for removing extra bubbles. Third, the film was cut as a stamp and 390 

the surface of the stamp was ablated to tune its adhesion by a UV laser maker (HGL-LSU3/5EI, 391 

Huagong Laser, Wuhan, China) with a pulse frequency of 80 kHz, pulse width of 0.2 μs, and 392 
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working current of 33.5 A. the donor is a release paper peeled off from adhesive stickers (Tango, A4, 393 

Alibaba, China). The planar receiver was made of the water-soluble tape (ASWT-1, Aquasol, USA) 394 

and the 3D receiver is customized by a 3D Printer using polyvinyl alcohol (PVA) soluble filament 395 

from Alibaba. 396 

4.3. Magnetization, patterning, transfer printing and splicing 397 

The semi-cured thin nonmagnetic film was magnetized under the parallel magnetic field produced by 398 

a pair of planar magnets (N35-NdFeB purchased from Alibaba, about 2500 Gs surface flux) in the 399 

oven at 75°C for 40 min. Then, the magnetized film was full-cured on a programmable heating 400 

platform (PR5-3T, Harry Gestigkeit, Germany) at 90°C for 30 min. Finally, the magnetized film was 401 

cut into various magnetized cells and selectively treated to tuning the adhesion according to the 402 

design by the UV laser maker with a pulse frequency of 80 kHz, pulse width of 0.2/0.1 μs, and 403 

working current of 33.5 A. Ferromagnetic silicone cells were selectively picked up by the stamp and 404 

printed on the temporary receiver. The assembly of magnetic robots can be achieved by multiple 405 

splicing discrete magnetic cells into an entity on a supportive receiver. The interfaces between the 406 

adjacent cells were spliced by a superglue (7146, Deli, China). to quantitatively characterize the 407 

response of magnetic cells, all cells are cut into specific rectangular cells (thickness of 0.2 mm, 408 

length of 5 mm and width of 2 mm in Fig. 3b-d, thickness of 0.2 mm, length of 8 mm and width of 2 409 

mm in Fig. 3e). 410 

4.4. Optical characterization 411 

A metallographic microscope (BA310MET-T, Motic, Xiamen, China) with a CCD camera was used 412 

to observe the direction state of the Ferromagnetic particles in the liquid PDMS matrix. An 413 

ultra-depth three-dimensional microscope (DXS 510, Olympus, Japan) was used to characterize the 414 
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surface roughness of the stamp scanned by the laser under different parameters. The response of the 415 

magnetic robots or structures were recorded by a digital camera (Canon EOS 70D, Tokyo, Japan). 416 

The distribution of the ferromagnetic particles in the cured PDMS matrix was observed by a field 417 

scanning electron microscope (FSEM, GeminiSEM300, Garl Zeiss, Germany) through the cross 418 

section. The response characteristics of quadrate magnetic cells was recorded by an industrial USB 419 

microscope (A1, Andonstar, China) under specific magnetic fields. 420 

4.5. Sample preparation and test methods for Energy release rate measurement 421 

Sample preparation: first, a thin film of release paper was stuck onto the surface of a smooth 422 

aluminum plate. Second, the magnetic PDMS composite was bladed into a thin layer (thickness: 200 423 

μm) on the Polyethylene terephthalate film (YH-2910, Shanghai Yunhao, China) and consequently 424 

cured at a 75°C for 40 min in the oven and at 90°C for 30 min on the heating platform for totally 425 

curing. Third, the cured magnetic film on the PET film was cut into a specific pattern by the UV 426 

laser marker finally being attached uniformly to the donor surface. A standard customized roller was 427 

used to ensure the attachment tightly and evenly, and then the sample for measuring the energy 428 

release rates of the interface between the magnetic film and donor was ready for the energy release 429 

rate measurement. The same method is used for preparing the sample of stamp and planar receivers 430 

for characterizing the interface of magnetic film/stamps and magnetic film/receivers; Energy Release 431 

Rate Measurement methods: the energy release rate measurement setup was based on the 432 

international standard test method for 90° peeling resistance of energy release rate (Designation: 433 

ASTM D 6862-2004) and test method for peeling strength of pressure-sensitive tape (Designation: 434 

GB/T 2792-1981). 435 

4.6. Fabrication methods and experimental settings in demonstrations 436 

Jo
urn

al 
Pre-

pro
of



22 
 

For Automatically parallel assembly of two magnetic rays, the pre-anisotropic magnetized film was 437 

patterned and surface treated by laser with different operational parameters. Two identical ray cells 438 

were selectively transferred printing on a planar soluble receiver by an industrial robot (KR3, R540, 439 

KUKA, Germany). And the junctions were spliced with glue by a 3-axis automated fluid dispensing 440 

robot (SM 200DS, Musashi, Japan); For Assembling LED in a confined space and targeted drug 441 

delivery: a rectangle NdFeB magnet (100 mm × 50 mm × 20 mm, N52, about 2200 Gs surface flux, 442 

Alibaba) was used to generate magnetic fields required for actuation; For configuration of 443 

homologous daughter robots: all combined gridded structures were actuated in a water environment 444 

and show the different behaviors and motion patterns due to their different alignment and constraints; 445 

For multi-field responsive robot: the robot was integrated with magnetic actuation cells and thermal 446 

actuation cells that was printed by commercially available 3D FDM printer directly with SMP 447 

filament; For Heterogeneous integration of actuation cells and sensor cell: the actuation cells were 448 

made of pre-anisotropic patterned magnetized silicone cells (PDMS base: cross-linking agent: 449 

NdFeB=20: 1: 40 g). the temperature sensor was made of a patterned PDMS film coated with a 450 

thermochromic pigment (720-QT-004-10, Angelus Shoe Polish, USA) which was red in cold 451 

environment and yellow in warm environment (more than 28°C); For targeted drug delivery: a 452 

polyvinyl chloride model stomach (160 mm × 110 mm × 55 mm) filled with water was used to 453 

mimic unstructured stomach environment, and a tumbleweed-inspired robot was actuated for 454 

targeted drug delivery in such environment under the external magnetic fields. (Fabrication of the 455 

ultrathin 3D sealed structure: first, they were assembled by multiple splicing discrete magnetized 456 

cells on a dissolvable 3D receiver. Then, adjacent cells were spliced by a superglue. Finally, the 457 

temporary receiver was dissolved by water to gain the independent 3D structure); For locomotion 458 

Jo
urn

al 
Pre-

pro
of



23 
 

and assembling process, the direction and intensity of the applied magnetic fields were varied by 459 

manually manipulating the magnet to change its position and orientation according to the specific 460 

situation. 461 
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Fig. 1. Soft magnetic robot fabrication by selectively transfer printing. (a) Schematic illustration of 610 

typical settings and parameters for surface adhesion tuning by a surface laser scanning. (b) Analytical 611 

diagram of critical energy release rates for the stamp/cells interface, cells/donor substrate interface 612 

(weak interface) and cells/receiver substrate interface (strong interface). The surface adhesion of 613 

stamp or magnetized film can be tuned by laser surface treatment under different scanning speed and 614 

scanning distance, which can easily tune the critical energy release rates for the stamp/cells interface 615 

to satisfy the transfer printing criteria. (c) Schematic magnetization mechanism. (d) Arbitrarily 616 

magnetized film preparation processes. (e) Selectively transfer printing soft magnetic robots on 2/3D 617 

soluble receivers. 618 
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Fig. 2. Surface adhesion tuning and selective adhesive transfer printing. (a) Tuning energy release 619 

rate between the cells and stamp by modifying laser parameters (laser scanning speed, v, and 620 

scanning line spacing, d). (b) The surface roughness of laser surface treated stamp cells under various 621 

laser operation parameters. (c) Selectively transfer printing of a magnetic butterfly by tunable surface 622 

adhesion: selectively setting laser operational parameters on the magnetized film and thus causing 623 

different adhesion during transfer printing process. Laser selective treated magnetized film for 624 

transfer printing of a butterfly can be obtained leveraging above method. The magnetic butterfly that 625 

was selectively transfer printed. (d) Automatically parallelly printing of two magnetic ray robots by 626 

an industrial robot and a dispenser system and their response behaviors immersed in the water 627 

environment. 628 
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Fig. 3. Characterization of ferromagnetic silicone cells response to magnetic fields under various 629 

factors and magnetic particles distribution with different precuring time and temperature. (a) Effects 630 

of geometrical parameters of cells on the response characteristics and the setup of test platform for 631 

charactering the response characteristics. (b) Effects of different component ratio of PDMS on the 632 

response characteristics. (c) Effects of the ratio of PDMS and microparticles of NdFeB on the 633 

response characteristics. (d) Effects of the magnetized flux density on the response characteristics. 634 

(e) Effects of the precuring time on the response characteristics. (f) Effects of the precuring time on 635 

the distribution of the microparticles of NdFeB.  636 
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Fig. 4. Configurable modularized magnetic robots: function updating, repairing, transfer printing of 637 

various magnetic robots with different magnetic profiles and shapes, recombination of homologous 638 

daughter robots. (a-b) A three-legged robot in the rest state and response state, respectively. (c) A 639 

weight-lifting robot that is transformed from the three-legged robot by reprinting three arm cells. (d) 640 

The weight-lifting robot under the magnetic fields lifts a cargo that is five times weight to itself. (e-f) 641 

The weight-lifting robot suffered from local degaussing and local damage. (g-h) The weight-lifting 642 

robot was repaired by replaced the abnormal cell. (i) Demonstrations of various magnetic robots with 643 

different magnetization profiles and shapes. (j) Reconfiguration of the magnetic robots employing 644 

homologous daughter robots with different constraints and corresponding response behaviors in the 645 

water environment under the actuation magnetic fields.  646 
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Fig. 5. Heterogeneous integration of different responsive, actuation and functional cells. (a-c) Three 647 

kinds of petals with different ferromagnetic particle concentrations and gradient response 648 

characteristics. (d-f) Recombinant flower-like structure with gradient responses under a magnetic 649 

field of 300Gs, 900Gs and 1500Gs, respectively. (g) Mimicking the blooming process of the 650 

dandelion flower. (h) A multi-field actuated robot by heterogeneously integrating SMP cells and 651 

magnetic cells together. (i) Sequential actuation in the hot water environment under the thermal 652 

stimulus and magnetic stimulus, respectively. (j) Heterogeneous integration of actuation and sensor 653 

cells on a three-legged magnetic robot for surficial temperature perception during locomotion.  654 
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Fig. 6. Application demonstrations of soft magnetic robots. (a) The schematic of the shape and the 655 

magnetic domain profiles of the tumbleweed-inspired robot and corresponding actuation setup. (b) A 656 

tumbleweed-inspired robot achieved targeted drug delivery in a gastric model filled with water. (c-f) 657 

Demonstration of an inchworm-like magnetic robot for an SMD LED delivering and functional 658 

circuits assembling in a confined space.  659 Jo
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Printing of Anisotropic Ferromagnetic Cells 663 

 664 

Xingxing Ke a, Shuo Zhang a, Zhiping Chai a, Jiajun Jiang a, Yi Xu a, Bo Tao a, Han Ding a, **, Zhigang 665 

Wu a, * 666 

a State Key Laboratory of Digital Manufacturing Equipment and Technology, School of Mechanical 667 

Science and Engineering, Huazhong University of Science and Technology, Wuhan 430074, China 668 

* Corresponding author, ** Corresponding author.  669 

Email: zgwu@hust.edu.cn (Z.W.); dinghan@hust.edu.cn (H.D.)  670 

Jo
urn

al 
Pre-

pro
of



38 
 

The PDF file includes: 671 

Appendix 672 

Figure. S1. Surface three-dimensional contours of the stamp treated by a UV laser under the different 673 

parameters respectively. 674 

Figure. S2. The ultra-depth view of diverse surface morphologies by varying laser scanning 675 

parameters. 676 

Figure. S3. The actuation platform and the response characteristics platform. 677 

Figure. S4. The relationship among scanning speed, distance of laser and energy release rate. 678 

Figure. S5. FSEM view of the PDMS mixed with magnetized Ferromagnetic particles. 679 

Figure. S6. The EDAX results of different positions of magnetized film. 680 

Figure. S7. Multiple-printing and reconfiguration processes of magnetic robots. 681 

Figure. S8. An inchworm-like magnetic soft robot and its locomotion characteristics under a magnetic 682 

field pulse. 683 

Figure. S9. Actuation of wadding gait and its displacement under a periodic external magnetic field. 684 

Figure. S10. The demonstration setup for LED precise assembly by the inchworm-like magnetic robot 685 

in a confined space. 686 

Table S1. Capabilities of major methods for fabricating soft magnetic robots.  687 

Other Supplementary Materials for this manuscript includes the following: 688 

Movie S1 (.mp4 format). Assembling an LED in a confined space by an inchworm-like magnetic 689 

robot. 690 
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Movie S2 (.mp4 format). An ultrathin healed hollow tumbleweed-inspired robot for targeted drug 691 

delivery in a model gastric environment. 692 

Movie S3 (.mp4 format). Transfer printing processes of a magnetically-responsive petal. 693 

Movie S4 (.mp4 format). Selectively transfer printing a magnetic butterfly by surface adhesion 694 

tuning. 695 

Movie S5 (.mp4 format). Automatically and parallelly printing two magnetic rays.  696 

Movie S6 (.mp4 format). Reconfiguration of daughter robots with different connections and 697 

constraints. 698 

Movie S7 (.mp4 format). A magnetically-responsive flower-like structure by combining magnetic 699 

stamens, petals and leaves with different concentrations of ferromagnetic particles. 700 

Movie S8 (.mp4 format). Sequential actuation in the hot water environment under the thermal 701 

stimulus and magnetic stimulus, respectively. 702 

Movie S9 (.mp4 format). Heterogeneous integration of actuation and sensor cells for temperature 703 

perception.  704 Jo
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Appendix 705 

Locomotion analysis of inchworm-like magnetic robots and three-legged magnetic robots 706 

An inchworm-like magnetic soft robot was assembled based the above fabrication processes and 707 

characterization results. The magnetic robot consisted of two inverse ferromagnetic silicone cells 708 

with a different terminal structure that would cause a different frictional force during locomotion 709 

(Fig. S8a). With the predesigned discrete distribution of the ferromagnetic domains, the 710 

inchworm-like magnetic soft robot can be actuated easily under a pulsed magnetic field 711 

perpendicular to the operation plane. As shown in Fig. S8b, by controlling the distance h between the 712 

planar permanent magnet and operation platform, the magnetic flux density acting on the operation 713 

platform changed. Therefore, an approximate periodic magnetic field can be generated by a periodic 714 

up-and-down movement of the planar permanent magnet to actuate the magnetic soft robot for a 715 

linear motion (Fig. S8c). The planar magnet can move in the horizontal direction synchronously with 716 

the magnetic robots in order to maintain a steady vertical magnetic field. Thus, as shown in Fig. S8d, 717 

a periodic displacement can be achieved under the trigger of the external magnetic field.  718 

Furthermore, we analyzed the locomotion of the magnetic robot in detail. As shown in Extended 719 

Fig. S8e and f, we assume that the frictional force can be divided into static and kinetic friction. 720 

When the driving force was lower than the static friction, the feet were anchored; otherwise, 721 

movement of the feet occurred resisted by kinetic friction. The locomotion of the inchworm-like 722 

magnetic robot is comprised of two movements: front foot movement and rear foot movement. Due 723 

to the different tip structures of the feet, the front foot and rear foot can have different maximum 724 

static frictional forces (fR1 and fF2) and kinetic friction forces (fF1 and fR2) on a same actuation 725 

platform. FM represents the force induced by the magnetic field on the ferromagnetic silicone cell. 726 
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During the first movement, the front foot slides while the rear foot is anchored on the platform. 727 

The state condition is expressed as Equation (S1): 728 

 789 > FM > 7<9 (S1) 

During the second movement, the rear foot slides while the front foot is anchored on the platform. 729 

The state condition is expressed as Equation (S2): 730 

 78� < FM < 7<� (S2) 

We can further understand the locomotion of the inchworm-like robot and predict the movement by a 731 

more elaborate mechanical model based on Newton’s second law if we further calculate the magnetic 732 

force. 733 

To further verify our understanding on motion modes, a three-legged magnetic robot was 734 

designed. As shown in Fig. S9a, the robot moves forward with a swaying gait. This agrees well with 735 

our expectations. The periodic actuation magnetic fields can be generated by a pair of permanent 736 

magnets oscillating below the actuation platform (Fig. S9b and c), and the angle between the 737 

actuation magnet and horizontal plane was defined as >. The front foot displacement of three-legged 738 

robots in five consecutive cycles was recorded (Fig. S9d) and indicates the robust and periodic 739 

locomotion.  740 

References  741 

[S1] E. Diller, J. Zhuang, G. Zhan Lum, M. R. Edwards, M. Sitti, Continuously distributed 742 

magnetization profile for millimeter-scale elastomeric undulatory swimming, Appl. Phys. Lett. 104 743 

(2014) 174101. 744 

[S2] E. Diller, M. Sitti, Three-dimensional programmable assembly by untethered magnetic robotic 745 

micro-grippers, Adv. Funct. Mater. 24 (2014) 4397–4404.  746 

[S3] J. Zhang, O. Onaizah, K. Middleton, L. You, E. Diller, Reliable Grasping of Three-Dimensional 747 

Untethered Mobile Magnetic Microgripper for Autonomous Pick-and-Place, IEEE Robot. Autom. 748 

Lett. 2 (2017) 835–840.  749 

Jo
urn

al 
Pre-

pro
of



42 
 

 
Figure S1. Surface three-dimensional contours of the stamp treated by a UV laser under the different 750 

parameters respectively. 751 
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Figure S2. The ultra-depth view of diverse surface morphologies by varying laser scanning 752 

parameters. 753 

 
Figure S3. The actuation platform and the response characteristics platform. (a) A planar NdFeB 754 

magnet (length of 100 mm, width of 50 mm, thickness of 20 mm, surface flux density of 2500 Gs) 755 

was used to create spatially varying magnetic fields for dynamic actuation by combining vertical, 756 

horizontal, rotational, forward and backward movements of the magnet. (b) A test platform for 757 

quantitatively characterizing the response of the magnetized PDMS cells in specific magnetic fields.  758 
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Figure S4. The relationship among scanning speed, distance of laser and energy release rate. 759 

 

Figure S5. FSEM view of the PDMS mixed with magnetized Ferromagnetic particles. (a) The 760 

surface of the magnetic cells in the top view. (b) The distribution of the ferromagnetic particles in the 761 

PDMS matrix in the cross section. (c and d) The distribution of the ferromagnetic particles in the 762 

PDMS matrix in longitudinal section.  763 
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Figure S6. The EDAX results of different positions of magnetized film. (a) Schematic of test 764 

position of a magnetized film in cross section direction. (b) Fe and Nd content in various position. (c) 765 

The EDAX results in position -1, 0 and 1, respectively.  766 
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Figure S7. Multiple-printing and reconfiguration processes of magnetic robots. (a-d) Assembly 767 

processes of magnetic robots. (e-f) Reconfiguration processes of daughter robots with different 768 

combinations and constraints.  769 

Jo
urn

al 
Pre-

pro
of



47 
 

 
Figure S8. An inchworm-like magnetic soft robot and its locomotion characteristics under a 770 

magnetic field pulse. (a) Linear locomotion of an inchworm-like magnetic robot. (b) Motion diagram 771 

of planar magnet for actuation of the robot. (c) Actuation magnetic field acting on the platform (x-y 772 

plane). (d) The displacement under the magnetic field pulse. (e and f) Two gait states in different 773 

steps. f@9, f@�, fA9, fA� represent the static friction of rear foot in step 1, kinetic friction of rear foot 774 

in step 2, kinetic friction of front foot in step1, static friction of front foot in step 2, respectively. And 775 

the FM  represents the force induced by the magnetic field. (g) An inchworm-like robot walking 776 

through the narrow s-shaped tube.  777 
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Figure S9. Actuation of wadding gait and its displacement under a periodic external magnetic field. 778 

(a) The locomotion of the magnetic robot under wadding gait. (b) Motion diagram of planar magnet 779 

for actuation of the robot. (c) The actuation magnetic fields acting on the platform (x-y plane). (d) 780 

The displacement under the magnetic field.   781 Jo
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Figure S10. The demonstration setup for LED assembly by the inchworm-like magnetic robot in a 782 

confined space. 783 

Table S1. capabilities of major methods for fabricating soft magnetic robots.  784 

Method 
Shape of 

media 

States of 

magnetization 

Template or 

mold required 

Heterogeneous 

integration 

Parallel processing 

capabilities 

Template-aided 

magnetization [23, 30, S1] 
2D Continuum, 3D Yes No Yes 

Microassembly of magnetic 

components [S2, S3] 
3D Discrete, 3D Yes No Yes 

Ultraviolet lithography [32]  2D Discrete, 3D No No Yes 

3D printing of ferromagnetic 

domains [31] 
3D Discrete, 2D No No Yes 

This work 3D Discrete, 3D No Yes Yes 

*Shape of media refers to the structure of the composite materials in which the magnetic particles are 785 

dispersed. 2D refers to planar structures, whereas 3D refers to solid 3D structures.  786 

*States of magnetization is defined as degrees of freedom related to the orientation of hard magnetic 787 

particles or preferred magnetic axes of soft magnetic particles in each area. Discrete: Magnetization 788 

in each area is independent of adjacent areas. Continuum: Magnetization in each area cannot have 789 

sudden changes with respect to adjacent areas. 790 
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Highlights  

1) Selective surface adhesion tuning via laser surficial morphology alteration.  

2) Selective transfer printing technique leveraging laser selective adhesion tuning  

3) A LEGO’s strategy to flexibly configure heterogeneous soft magnetic robots. 

4) This method is potentially useful for the integration and synergy of 

multifunctionalities for higher intelligent soft robots  
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