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            Abstract
Untethered small-scale (from several millimetres down to a few micrometres in all dimensions) robots that can non-invasively access confined, enclosed spaces may enable applications in microfactories such as the construction of tissue scaffolds by robotic assembly1, in bioengineering such as single-cell manipulation and biosensing2, and in healthcare3,4,5,6 such as targeted drug delivery4 and minimally invasive surgery3,5. Existing small-scale robots, however, have very limited mobility because they are unable to negotiate obstacles and changes in texture or material in unstructured environments7,8,9,10,11,12,13. Of these small-scale robots, soft robots have greater potential to realize high mobility via multimodal locomotion, because such machines have higher degrees of freedom than their rigid counterparts14,15,16. Here we demonstrate magneto-elastic soft millimetre-scale robots that can swim inside and on the surface of liquids, climb liquid menisci, roll and walk on solid surfaces, jump over obstacles, and crawl within narrow tunnels. These robots can transit reversibly between different liquid and solid terrains, as well as switch between locomotive modes. They can additionally execute pick-and-place and cargo-release tasks. We also present theoretical models to explain how the robots move. Like the large-scale robots that can be used to study locomotion17, these soft small-scale robots could be used to study soft-bodied locomotion produced by small organisms.
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                    Figure 1: Design, shape-change mechanisms and rigid-body rotation of the magneto-elastic soft millirobot.[image: ]


Figure 2: Locomotion and transition modes of the soft millirobot.[image: ]


Figure 3: Multimodal locomotion over a hybrid liquidâ€“solid environment.[image: ]


Figure 4: Towards medical applications.[image: ]
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Jellyfish-like swimming
The video sequentially shows jellyfish-like swimming in slow motion (Fig. 2a), visualization of the fluid vortices produced by the jellyfish-like swimming locomotion as traced by 45 Î¼m beads (Fig. S37), and arrest of the jellyfish-like swimming locomotion when B flipping is stopped. (MP4 1737 kb)


Meniscus climbing and landing
The video sequentially shows the robot climbing a water meniscus (Fig. 2b) and landing on a solid platform (Fig. 2c). (MP4 1162 kb)


Rolling and walking
The video sequentially presents rolling (Fig. 2e) and straight walking (Fig. 2f), demonstrates steered walking, and a comparison of using rolling or walking to cross a gap. (MP4 1404 kb)


Crawling
The video presents the relationship between the traveling wave produced on the soft robot body and the crawling direction (Fig. 2g), and demonstrates that the robotâ€™s crawling direction can be flipped by reversing the direction of the traveling wave. (MP4 1100 kb)


Jumping
The video first presents the directional jumping locomotion shown in Fig. 2h. Subsequently, it presents the straight jumping locomotion, which is induced solely via the shapechange mechanism. It further shows how the straight jumping locomotion can be affected by different vertical magnetic field spatial gradients. Finally, it presents a control experiment in which a robot that has a homogenous magnetization profile is unable to jump, as opposed to a robot with a harmonic magnetization profile. (MP4 2128 kb)


Multimodal locomotion
The video presents the sequence of Fig. 3, whereby the soft robot navigates through different terrains by combining all the discussed locomotion modes. (MP4 3990 kb)


Multimodal locomotion in a surgical phantom
The video presents the soft robot navigating through a stomach phantom by a combination of meniscus climbing, landing, rolling and jumping, also shown in Fig. 4a. In the video, the robot moves very quickly at around 00:34 because it is pulled by unwanted magnetic gradient-based pulling forces generated by the spatial gradients of B. (MP4 1147 kb)


Ultrasound-guided locomotion
The video shows ex-vivo ultrasound-guided locomotion of the soft robot (Fig. 4b and Fig. S44). Jellyfish-like swimming, rolling and crawling are respectively demonstrated in three different biological phantoms. (MP4 2039 kb)


Cargo transport
The video demonstrates gripping, transportation and release of a cargo by the soft robot (Fig. 4c). (MP4 908 kb)


Cargo delivery
The video demonstrates selectively triggered cargo release by a modified soft robot (Fig. 4d and Fig. S45). (MP4 962 kb)
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Small-scale actuators and robots designed to travel, potentially while carrying cargo, to locations that are inaccessible for their human overlords, tend to struggle to negotiate complex surfaces or terrains. This is pronounced if the miniscule robot has only one style of locomotion, which cannot handle challenges such as slopes, steps or a change in friction. Metin Sitti and colleagues develop a magnetically controlled cuboidal silicone device that exhibits a range of locomotive styles including rolling, crawling, walking, jumping and swimming, which it can switch between depending on the terrain. The device can move from swimming through liquids to transporting itself on a solid surface without physical intervention and can pick up cargo, transport it whilst rolling and deposit it elsewhere.
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