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S1 Structure of Soft Robots
S1.1 Microneedle Array Structures
S1.1.1 Solid MNs
The application of solid microneedle structures in the field of soft robotics is expanding rapidly, particularly in terms of enhancing the perception and interaction capabilities of robots. Microarray microneedle tactile sensors (MTSs) used for intelligent object recognition employ spike-like microstructures based on silica gel. [S1] This solid microneedle array provides soft robots with precise tactile information regarding the shape, size, and texture of objects. Its miniature size of just 6 millimeters and exceptional shape adaptability enable robots to identify and perceive curved materials effectively. When combined with machine learning technology, this approach significantly enhances a robot's intelligent recognition capabilities, thereby facilitating the development of soft robot systems with autonomous operation and multimodal perception capabilities. Additionally, although the research focuses differ, the robust structural characteristics of conical microneedle arrays used in multifunctional microneedle patches also provide insights for functional integration in soft robots. These solid microneedles can maintain structural integrity while combining with materials such as carbon nanotubes and hydrogels to achieve flexibility and multifunctionality. For example, their demonstrated capabilities in drug delivery and pressure in the biomedical field suggest their potential as controllable actuators or sensing interfaces in soft robots. (Fig. S1a) [S2]
1.1.2 Hollow MNs
Hollow microneedle structures have demonstrated significant application potential in the field of soft robotics, particularly in integrating biosensing, microfluidic manipulation, and material delivery functions. (Fig. S1b) [S3, S4] For example, hollow microneedle arrays based on soft hollow microfibers have been developed as stretchable microfluidic biosensing patches capable of integrated blood sampling and electrochemical biosensing functions. This soft microneedle array, composed of flexible hollow microfibers, is manufactured using nanocomposite materials (containing polyimide, polyvinylidene fluoride‒trifluoroethylene copolymer, and single-walled carbon nanotubes) and nickel‒gold plating to increase the mechanical strength and biocompatibility. It can effectively collect bodily fluids via negative pressure and transport them to flexible electrochemical biosensors for precise detection, such as glucose detection. This design emphasizes the integration of soft materials, stretchable microfluidic devices, and flexible biosensors, enabling conformable contact with soft skin and laying the foundation for future wearable, minimally invasive biomolecular detection self-testing systems. Additionally, advancements in adjustable hollow polymer microneedles have opened new possibilities for soft robotics. These MNs optimize drug loading and control drug release kinetics by adjusting the cavity volume, aiming to overcome challenges such as insufficient drug loading and sustained release issues in traditional drug delivery. Although primarily applied in drug sustained release for diabetes treatment, their adjustable hollow structure, excellent mechanical strength, and potential for achieving multidose or diversified drug release kinetics make them useful in soft robotics as integrated fluid actuators, precise chemical delivery systems, or responsive material platforms. These studies collectively demonstrate that hollow microneedles, with their unique internal channels and controllable flexible properties, are driving advancements in soft robotics across complex environmental sensing, intelligent interactions, and multifunctional integration.
1.1.3 Porous MNs
Porous microneedles (Porous MNs) exhibit unique advantages in the field of soft robotics, particularly in achieving intelligent response and controlled substance delivery. For example, Gholami studied dynamically sealed hierarchical porous microneedles whose core lies in using mesoporous silica (SiO₂) to construct microneedles with hierarchical pore structures and then sealed the surface with a chitosan hydrogel to form a pH-responsive “nanovalve”. This design enables microneedles to be loaded with drugs after manufacturing and to achieve self-regulated transdermal delivery of insulin in response to glucose levels. [S5] This “glucose-responsive” and “self-regulated” mechanism holds significant implications for soft robotics. This finding suggests that porous microneedles can serve as a platform for integrating smart materials, enabling soft robots to sense specific environmental stimuli (such as biological signals or chemical concentration changes) and trigger precise substance release (such as drugs or chemical reagents) or drive adaptive deformation of flexible actuators. This smart response capability based on porous microneedles holds promise for advancing soft robots toward more advanced and personalized functions in fields such as biomedicine, environmental monitoring, and intelligent interaction [S6].
1.1.4 Inverse Opal MNs
Inverse opal microneedles (inverse opal MNs) exhibit unique and significant application potential in the field of soft robotics, particularly in the development of intelligent biointerfaces with high-sensitivity biosensing and real-time diagnostic capabilities. These MN arrays are fabricated via a colloidal crystal template method, resulting in highly ordered and interconnected porous structures that significantly increase the surface area and optical path length, thereby markedly enhancing the fluorescence signals. [S7] For example, inverse opal microneedle arrays have been developed for the in situ extraction of skin interstitial fluid biomarkers and fluorescence-enhanced screening. This system can effectively and sensitively detect bacterial infections at an early stage, achieving precise capture and analysis of biomarkers through its unique optical properties and microfluidic transport capabilities. Although this research focused primarily on medical diagnostics, the highly efficient biofluid extraction capabilities, fluorescence enhancement mechanisms, and high-sensitivity detection of trace biomarkers demonstrated in this study have profound implications for soft robots. This means that soft robots can utilize inverted opal microneedle arrays as part of their flexible bodies or end effectors to achieve noninvasive or minimally invasive real-time monitoring of the environment or internal biological systems. For example, in medical assistance robots, smart wearable diagnostic devices, or biomimetic robots with adaptive sensing capabilities, this technology can provide unprecedented diagnostic accuracy and response speed. Therefore, inverted opal microneedle structures offer an innovative solution for integrating advanced biosensing and intelligent diagnostic functions into soft robots.
1.2 Multilayer Composite Structures
1.2.1 Sandwich-like materials
Sandwich-like structures in soft robotics, particularly in biomedical soft robotics, offer a new design paradigm for achieving multifunctional integration and complex environmental interactions.[S8] A typical example is the integrated conductive microneedle patch for treating myocardial infarction (MI) via induced cardiac muscle cells (iPSC-CMs), whose core is a sophisticated sandwich-like structure. The patch consists of three layers: the bottom layer is a drug-encapsulated microneedle layer responsible for local drug delivery; the middle layer is a conductive layer composed of parallel carbon nanotubes (CNTs), providing the necessary electrical signal conduction pathways; and the top layer is a methyl acrylate-modified gelatin (GelMA) hydrogel scaffold used to support and integrate induced pluripotent stem cell-derived cardiomyocytes. This multilayer design enables the patch to perform multiple functions synergistically, including drug delivery, electrical signal conduction, and cell integration, to promote tissue regeneration. Its ability to integrate multimaterial, multifunctional components on a flexible substrate, coupled with its ability to regulate complex biological processes through the synergistic interaction of its layers, aligns closely with the demands of soft robotics for highly integrated, adaptive, and biocompatible interfaces. The design philosophy of this sandwich structure provides important insights for developing flexible systems with multiple functions, such as sensing, actuation, therapy, or diagnosis, in soft robotics, enabling robots to interact with biological organisms more precisely and safely.
1.2.2 Cap-Doffing System
The “Cap-Doffing System” demonstrates significant potential in soft robotics, particularly in biointegrated robots that require intelligent response and precise material release. These systems enable soft robots to achieve self-regulating functionality through dynamic capping mechanisms. A typical example is the layered porous microneedle used for insulin self-regulating transdermal delivery, whose core is a clever dynamic “cap-doffing system”. [S5] This system utilizes the nanopores of mesoporous silica (MS) and employs an enzyme-loaded chitosan (CS) hydrogel as a dynamic cap. When exposed to specific stimuli, such as changes in glucose concentration, enzymatic reactions cause the CS hydrogel to undergo reversible swelling or deswelling, thereby ‘opening’ or “closing” the cap and precisely controlling the on-demand release of encapsulated substances. This mechanism not only provides ‘on/off’ drug release performance but also demonstrates rapid and repeatable responses to physiological stimuli. For soft robots, this ‘cap-removal system’ capable of adaptively releasing substances or regulating channels in response to environmental changes opens up broad prospects for applications in drug delivery, chemical sensing, self-healing material integration, and the development of intelligent soft actuators with complex biomimetic functions, enabling them to interact more intelligently and precisely with complex environments.
1.2.3 Separable-Tip System
The separable-tip system represents a highly intelligent and practical design paradigm in soft robotics, particularly in the field of micromedical robots, aimed at optimizing drug delivery within the body while ensuring biosafety. [S9] This system achieves precise delivery and safe removal by separating the functional and control components of the microneedle through a sophisticated structural design. For example, to achieve efficient oral delivery of large-molecule drugs to the intestines, researchers have developed a magnetically responsive MN robot whose core is a separable tip system composed of three key components: a magnetic base, a separable connector, and a drug-carrying tip. The MN robot was fabricated via an LEGO-like multistage 3D manufacturing strategy. After oral administration, it enters the small intestine protected by an enteric capsule and releases the drug into the intestinal environment. Owing to its polarized magnetic base, the microneedle tip can be guided by a specific magnetic field to target the small intestinal wall, penetrate the complex gastrointestinal barrier, and implant itself into the tissue to deliver the encapsulated active substance. The unique feature of this system is that once the detachable connector degrades, the drug-carrying tip remains in the tissue to continuously release the active substance, while the magnetic base is safely excreted from the body. This design not only significantly improves the oral bioavailability of large-molecule drugs (such as insulin), addressing the challenges of traditional oral administration but also ensures long-term efficacy and ultimate biosafety through an intelligent separation mechanism, opening a new chapter in the development of novel, efficient, and safe soft robots for in vivo drug delivery.
1.3 Smart-actuated architectures
1.3.1Magnetic Microneedle Robots
Magnetic microneedle robots, as cutting-edge developments in the field of soft robotics, have opened new avenues for precise manipulation and remote intervention in biomedical applications [S10–S12]. These robots utilize external magnetic fields for noncontact control, enabling targeted delivery or precise manipulation within the body. For example, to overcome intestinal barriers and achieve efficient oral delivery of large-molecule drugs, researchers have developed a magnetic MN robot. The robot is constructed via a modular, multistage 3D printing strategy and consists of three components: a magnetic base, a detachable connector, and a drug-loaded tip. After oral administration, under the influence of a specific magnetic field, the polarized magnetic base guides the tip to orient and insert into the small intestinal wall, enabling precise delivery of active substances such as insulin. The detachable connector subsequently degrades, allowing the tip to release the drug continuously, while the magnetic base is safely expelled from the body, significantly increasing drug bioavailability and safety. Furthermore, the layered magnetic MN array robot has also been applied to controlled tissue cutting (histotomy). This robot can precisely cut primary tissue to establish high-throughput organoid-on-a-chip models, thereby addressing the shortcomings of traditional tissue sectioning and culture techniques in meeting clinical needs. These studies collectively demonstrate that magnetically responsive MN robots, owing to their externally controllable motion, precise positioning capabilities, and multifunctional integration characteristics, exhibit tremendous potential in soft robotics applications such as smart drug delivery, minimally invasive surgical assistance, and advanced bioengineering platform construction. [S9, S13]
1.3.2 Electroactive System
Electroactive systems are playing an increasingly important role in the field of soft robotics, particularly in enhancing their sensory capabilities and intelligent interaction. These systems can convert mechanical stimuli into electrical signals or generate mechanical responses through electrical stimulation, thereby endowing robots with environmental perception and adaptive functions. A microneedle tactile sensor (MTS) for intelligent object recognition operates on the basis of the triboelectric effect and electrostatic induction. The sensor is constructed using a silicone-based composite material, enabling it to efficiently convert intuitive information such as the shape, size, and texture of an object during contact into electrical signals, thereby assisting robots in making more precise decisions. This miniaturized electroactive tactile sensor not only exhibits excellent shape adaptability and is capable of identifying curved surfaces but also significantly enhances a robot's object recognition capabilities when combined with machine learning algorithms. This design concept demonstrates how electroactive systems can simulate the tactile perception capabilities of biological organisms through precise material and structural design, enabling soft robots to interact with complex environments in a refined manner. It also lays the technological foundation for future advanced soft robot systems with autonomous operation and multimodal perception capabilities. [S2]
1.3.3 Optogenetic-Triggered MNs
Optogenetically triggered MNs (optogenetically triggered MNs) represent a cutting-edge integrated technology in the field of biomedical soft robotics. By combining optogenetic tools with microneedle delivery systems, they enable precise, remote regulation of biological processes within the body. These systems allow researchers or robots to manipulate cellular activity or substance release with high specificity and temporal resolution via light signals. A self-powered triboelectric-responsive microneedle system designed for intervertebral disc degeneration (IVDD) repair. This microneedle array can controllably release optogenetically engineered extracellular vesicles (EVs). These EVs achieve sustainable release through the triboelectric effect, and the TRAMI protein loaded within them is also functionalised via optogenetics, enabling them to target and precisely regulate the intracellular DNA-sensing pathways associated with inflammatory activation in aged nucleus pulposus cells. This design allows the microneedle system to deliver light-sensitive or light-regulated bioactive substances, thereby enabling remote, noninvasive, and high-precision intervention in complex biological pathological processes. The core of the microneedle lies in delivering and activating optogenetic functional elements, endowing soft robots with the ability to simulate complex biological interactions. This provides a new paradigm for future targeted therapy, intelligent diagnosis, and the development of biorobots deeply integrated with living tissues. [S14]
1.4 Flexible and Stretchable architectures
1.4.1 Flexible MN Electrodes
Flexible microneedle electrodes (Flexible MN Electrodes) are a key technology in the field of soft robotics, enabling robots to achieve seamless, conformable electrical interactions with biological tissues [S15–S17]. This technology holds significant potential in areas such as biosensing, neural interfaces, and tissue engineering. These electrodes typically combine minimally invasive penetration capabilities with material flexibility to adapt to irregular biological surfaces while ensuring effective transmission or collection of electrical signals. Hollow microneedle arrays based on soft microfibers have been developed as stretchable microfluidic biosensing patches that integrate flexible electrochemical biosensors. This system utilizes hollow microneedle arrays manufactured from flexible hollow microfibers, which are imparted with conductivity through nickel‒gold plating, enabling minimally invasive sampling from interstitial fluid and precise biomolecular detection. This provides an ideal flexible electrode solution for wearable biosensing and diagnostic soft robots. Additionally, an inductively integrated conductive microneedle patch for treating myocardial infarction (MI) demonstrates the application of flexible microneedle electrodes. The patch features parallel carbon nanotube (CNT) conductive intermediate layers, providing electrical conduction pathways, thereby imparting flexibility and conductivity to the entire patch. This enables the transmission of electrophysiological signals and the regulation of cellular activity, further supporting tissue regeneration. These microneedle electrodes combine conductive materials with flexible substrates, minimize tissue damage, enhance signal stability, and improve long-term wear comfort, providing critical technical support for soft robotics in long-term monitoring, stimulation, or treatment within biological organisms. [S1, S4]
1.4.2 Stretchable microfluidic platform
Stretchable microfluidic platforms represent a significant advancement in the fields of soft robotics and wearable biomedical devices [S18, S19]. By combining flexible materials with microfluidic technology, these platforms achieve conformal adhesion to irregular surfaces, such as human skin, while maintaining fluid transport and functional integrity under deformable conditions. The core advantage of such platforms lies in their inherent flexibility and extensibility, enabling them to overcome the limitations of traditional rigid devices and provide a more comfortable, stable, and nonintrusive biointerface. A stretchable microfluidic biosensing patch featuring an array of hollow microneedles made from soft microfibers. This platform integrates a stretchable microfluidic device, a flexible electrochemical biosensor, and a microneedle array made of flexible hollow microfibers. Through a negative pressure-driven sampling mechanism, the system can minimally invasively collect biological fluids from interstitial fluid and utilize flexible sensors for precise electrochemical detection of biomarkers (such as glucose). This design philosophy not only emphasizes the use of thin, soft materials but also highlights their ability to provide durable, nonirritating, stable, and user-friendly interfaces, which is crucial for developing next-generation wearable point-of-care testing (POCT) technology. Therefore, the stretchable microfluidic platform, with its unique physical properties and integrated multifunctionality, significantly expands the application scope of soft robotics in fields such as biomonitoring, drug delivery, and smart diagnostics, enabling it to interact more effectively with complex and dynamic biological systems. [S20]
1.5 Bioinspired and Biomimetic Design
1.5.1 Imitation plant spiny structure
Bioinspired plant-like spiny structures demonstrate exceptional design ingenuity in the fields of biointegrated soft robots and wearable devices. Drawing inspiration from the morphology and functionality of natural plant spines, these structures enable optimized tissue penetration, fixation, and seamless integration with dynamic biological interfaces. This biomimetic design significantly enhances device stability and biocompatibility, making it particularly suitable for applications requiring long-term, high-precision monitoring. Inspired by plant spines, the skin-integrated, biocompatible, and stretchable silicon microneedle electrode (SSME) is specifically designed for long-term electromyography (EMG) monitoring in motion scenarios. The electrode adopts a silicon microneedle structure and is cleverly semiencapsulated with polyimide (PI). This composite structure not only enhances the electrode's adaptability to deformation and fatigue resistance but also provides it with a stretchability of no less than 36%. The plant-thorn-inspired SSME was prepared via a semiadditive method, and its biocompatibility was verified through cytotoxicity testing. This design enables the electrode to securely and comfortably adhere to the skin surface, enabling accurate and stable EMG signal acquisition even during human movement. This provides an innovative solution for neuromuscular function assessment and efficient, reliable human‒machine interfaces. Owing to its unique mechanical properties and compatibility with biological tissues, the plant-inspired spiny structure clearly offers important biomimetic design insights for developing the next generation of intelligent, flexible, and long-lasting biointegrated soft systems. (Fig. S1c) [S21]
1.5.2 Fish-like adsorption structure
Fish-inspired adhesive structures provide important biomimetic examples for the field of soft robotics, particularly for robot designs that require both strong adhesion and efficient mobility. These structures draw inspiration from fish, especially climbing fish, which exhibit unique adhesion and sliding mechanisms in complex, moist environments. By uncovering the secret behind climbing fish's ability to maintain tight adhesion while achieving rapid sliding, research has revealed that the key lies in the synergistic interaction between the flexible ‘lamellar structures’ on their adhesion discs and the hardened ‘epidermal spines.’ The flexible lamellae primarily provide wet adhesion or suction cup effects, ensuring close contact with the substrate, whereas the hardened spines provide additional friction or anchoring during sliding, thereby balancing adhesion strength and movement efficiency. This ingenious biological design points the way for the development of bioinspired robots, enabling them to replicate or surpass the movement and manipulation capabilities of natural organisms on complex surfaces. Integrating this fish-inspired adhesion structure into soft robots holds promise for unprecedented adhesion and mobility performance in fields such as underwater exploration, gripping on wet surfaces, and high-adaptability interactions with unstructured environments. (Fig. S1d) [S22]
1.6 Textile Structure
Advanced textile architectures for soft robots achieve high-performance, multi-modal flexible actuation by integrating active materials, such as liquid crystal elastomers (LCEs), with custom-designed textile topologies. Specifically, LCE actuators based on knitting technology utilize loop structures and internal torque to transform the contraction of LCE fibers into quantitatively controllable, complex 3D deformations, simultaneously exhibiting excellent processability and recyclability [S23]. Furthermore, bioinspired hierarchical textile-structured pneumatic actuators ingeniously combine dual-stiffness boucle fancy yarns with a novel trilayer-knit architecture. This design imparts super-anisotropic mechanical properties to the actuators, providing advantages such as high power density and fast response at low operating pressures, making them particularly suitable for wearable healthcare devices (Fig. S1e) [S24]. These advanced fabrication strategies collectively drive the development of soft robotics toward complex deformation, functional integration, and commercial viability.
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