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Abstract

Owing to their small size, micron-scale accuracy, rapid response, and biocompatibility,
microrobots are emerging as a promising tool for biomedical applications, especially in tar-
geted drug delivery and minimally invasive microsurgery. The architectural configuration
of microrobots governs their locomotion performance, environmental adaptability, and
functional integration capacity. Although existing reviews have systematically organized
this field by actuation strategies, material categories, or application scenarios, a compre-
hensive summary centered on the structural evolution paradigm remains conspicuously
absent. This review aims to fill this gap by systematically tracing the evolutionary trajectory
of microrobot structures from rigid architectures through soft configurations to rigid-soft
integrated systems. First, the foundational principles underlying structural evolution were
introduced, encompassing the connotation of structure, fluid dynamics constraints, and the
drivers of structural innovation. Then, rigid microrobot architectures were systematically
elucidated, including geometric asymmetric and surface asymmetric designs. Subsequently,
soft microrobot structures, covering both predefined deformation structures and dynami-
cally reconfigurable architectures, were discussed. Finally, the rigid—soft integrated systems
reconciling compliance and performance through spatial heterogeneity or temporal stiff-
ness modulation were systematically surveyed. This evolutionary trend reflects a transition
from optimizing individual performance parameters toward achieving balanced functional
synergy across distinct task phases. Based on the current research progress, this review
also presents future research directions in data-driven structural optimization, reconfig-
urable architectures, and autonomous structural intelligence, offering strategic guidance
for next-generation microrobot design.

Keywords: microrobots; structural evolution; rigid structures; soft structures; rigid—soft
integrated structures; biomedical applications

1. Introduction

Precision medicine fundamentally aims to achieve safe and efficient in vivo deliv-
ery of therapeutic agents to specific biological targets, followed by post-intervention
biodegradation or clearance mechanisms. However, conventional drug delivery is in-
herently constrained by passive stochastic transport within the bloodstream and elevated
interstitial fluid pressure characteristic of tumor tissues. Consequently, the actual drug
accumulation at target tumor cells is typically much lower than the injection dose, and
the remaining drug circulating in vivo often leads to significant off-target toxicity toward
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normal cells [1,2]. The advent of microrobots offers a paradigm-shifting solution to address
these critical biomedical challenges [3-5]. Microrobots refer to miniature robotic systems
with geometric dimensions spanning several micrometers to hundreds of micrometers
that achieve autonomous locomotion in biological fluids through external field actuation
or chemical self-propulsion [6-9]. In contrast to macroscopic robots, microrobots oper-
ate in low-Reynolds-number environments where viscous forces dominate over inertial
effects. As a result, any reciprocal motion sequence produces no net displacement, a
constraint known as the Scallop Theorem [10-13]. Consequently, propulsion necessarily
depends on breaking time-reversal symmetry via structural asymmetry or non-reciprocal
deformation. To satisfy this physical imperative, diverse actuation strategies, including
magnetic, optical, acoustic, electrical, and chemical fields [14,15], have been coupled with
material categories spanning metals, polymers, hydrogels, inorganic oxides, and biohybrid
systems [16,17]. Each combination imposes distinct requirements on structural configura-
tion and fabrication protocols.

To date, several reviews have systematically organized the microrobotics field from the
perspectives of actuation modalities [14,15], material categories [16,17], manufacturing tech-
nologies [18], and application scenarios [19-21]. The microrobotics roadmap published in
2026 provides comprehensive coverage from a multidimensional perspective [22]. Interdis-
ciplinary topics, including Al-integrated microrobots, in vivo manipulation frontiers, and
environmental and health impacts, have also been systematically reviewed [23-25]. How-
ever, these works predominantly treat structural configuration as a derivative of material or
actuation choices, rather than as an independent design dimension that orchestrates these
elements into task-specific functions. In fact, the functional performance of microrobots,
whether concerning targeting efficiency, tissue penetration capability, or in vivo safety,
is determined primarily by structural mechanical design rather than solely by actuation
modality or material selection [26-28]. Consequently, an overarching framework that traces
how microrobot architectures have evolved remains absent. This review aims to address
this gap by establishing structural evolution as the primary analytical axis. Furthermore,
in biomedical applications, microrobots can be used for targeted drug delivery, minimally
invasive surgery, cellular manipulation, and bioimaging [29,30]. However, these tasks
impose stringent and often contradictory mechanical demands across multiple stages, with
the navigation phase requiring high compliance for safe passage through tortuous and con-
stricted vascular networks, the penetration phase demanding adequate stiffness to breach
tissue barriers, and the execution phase necessitating stable positioning for precise payload
release or therapeutic action. To meet these multifaceted requirements, structural design
acts as the pivotal link that integrates actuation and material capabilities into task-specific
functions. In other words, materials prescribe the available functionality, actuation imparts
motility, and structural design orchestrates these constituents into reliable, task-specific
biomedical functions.

Grounded in this premise, the present review adopts the evolutionary trajectory of
microrobot structures as its organizing framework and systematically surveys the pro-
gressive maturation of three structural paradigms, specifically rigid, soft, and rigid—soft
integrated architectures. Despite substantial temporal concurrence among these categories,
their sequential emergence nevertheless embodies an intrinsic logical evolution. Early
microrobots predominantly employed rigid architectures constructed from high-modulus
materials such as metals or photoresists, exploiting fixed geometric or surface asymme-
try to achieve deterministic locomotion in low-Reynolds-number fluids [31]. While rigid
structures offer precise control and high propulsion efficiency, their intrinsic stiffness, typi-
cally in the GPa range, creates severe mechanical mismatches with soft biological tissues,
risking tissue injury, compromising environmental adaptability, and limiting navigability
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through narrow lumens [32]. In response, soft structures utilizing hydrogels, elastomers,
and stimuli-responsive polymers have emerged, harnessing programmable deformation
to enhance biomechanical compatibility, reduce interfacial stress, and navigate complex
anatomical geometries [33]. Nevertheless, soft structures tend to exhibit reduced force
output and motion precision compared with rigid counterparts of comparable dimensions,
posing a critical bottleneck for tasks requiring mechanical interaction with dense tissues.
This intrinsic rigidity-compliance trade-off has catalyzed the development of rigid—soft
integrated architectures that seek a dialectical synthesis through spatiotemporal program-
ming of mechanical properties, synergistically combining the actuation precision of rigid
components with the environmental adaptability of soft constituents [34,35]. It should
be noted that this trade-off is not universal, because architecture, material reinforcement,
actuation mechanism, geometric scale, and operating environment collectively determine
the achievable force, strain, and positioning accuracy. Accordingly, this evolutionary tra-
jectory reflects the progressive refinement of microrobot structural design in response to
increasingly authentic biomedical demands. The literature search and review methodology
is detailed in Appendix A, and the overall structure of this review is depicted in Figure 1.
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Figure 1. A schematic showing the outline of this review, including rigid microrobots, soft micro-
robots, and rigid—soft integrated microrobots.

2. Foundational Principles Underlying Structural Evolution of Microrobots
2.1. Connotation of Structure

The structure as discussed in this review encompasses two hierarchical levels. The
first level refers to macroscopic geometric configuration and surface physicochemical prop-

erties, namely the overall three-dimensional (3D) shape of the microrobot and the spatial
distribution of its surface properties. The second level concerns the microscopic spatial
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distribution of materials, including homogeneous structures, multi-material heterogeneous
structures, and structures with continuous gradients in crosslinking density or composi-
tion. The elastic modulus serves as the most direct quantitative metric for distinguishing
the three structural paradigms. Rigid microrobots typically exhibit elastic moduli on the
order of GPa, whereas soft microrobots are characterized by moduli in the kPa to MPa
range [32], corresponding to a material-level difference spanning approximately 3-6 orders
of magnitude. However, elastic modulus alone is insufficient for rigorous classification, as
the effective structural stiffness of a microrobot also depends on its geometry, dimensions,
loading mode, and boundary conditions. Accordingly, the classification adopted herein
integrates four criteria, namely constituent material modulus, effective structural stiffness
under operational loading, maximum reversible deformability, and the functional role
of each component. Rigid microrobots are defined as systems in which high material
modulus and structural configuration jointly yield deterministic locomotion with min-
imal elastic deformation. Soft microrobots are characterized by low material modulus
and high deformability, where shape adaptation is functionally integral to propulsion
or environmental interaction. Rigid—soft integrated systems deliberately combine high-
and low-modulus components in discrete spatial domains, assigning rigid segments to
force transmission and actuation precision while employing soft segments for compliance
and interfacial stress reduction. Borderline cases, such as phase-change materials whose
modulus spans GPa and MPa regimes depending on thermal state, and high-modulus
materials configured as origami-inspired designs, are classified according to their dominant
functional behavior and the design intent governing their structural compliance rather
than solely by material modulus. Notably, the elastic modulus of biological tissues spans a
broad range from endothelial cells (approximately 1-10 kPa) to bone tissue (approximately
15-20 GPa) [6]. This wide span implies that microrobots with a single homogeneous struc-
ture can hardly achieve both safe contact and effective manipulation simultaneously across
all physiological environments, necessitating either multi-material designs or adaptive
mechanical structures.

2.2. Constraints of Low-Reynolds-Number Fluid Dynamics

When a microscale robot moves in biological fluids, its characteristic Reynolds number
(Re = pvL/p) typically satisfies Re < 1. Under this condition, fluid inertia is entirely negli-
gible, and the time-reversal symmetry of the Stokes equation dictates that any reciprocal
motion sequence with time-reversal symmetry produces zero net displacement, which is
known as the Scallop Theorem [11-131212]. This theorem imposes the most fundamental
physical constraint on all structural paradigms that the propulsion of microrobots neces-
sarily depends on breaking time-reversal symmetry in its kinematics. Rigid microrobots
achieve this through fixed asymmetric geometric configurations or surface asymmetry, soft
microrobots do so by generating asymmetric deformation waves, and rigid-soft integrated
microrobots allow different symmetry-breaking mechanisms to be invoked at different
stages of a task. It is worth noting that the helical rotating propulsion of bacterial flagella in
nature serves as a classic example of breaking the scallop theorem. The hydrodynamic anal-
ysis of this mechanism has provided an important theoretical foundation for the structural
design of artificial microrobots [36].

2.3. Intertwined Factors Driving Structural Evolution

The reasons propelling the structural evolution of microrobots arise from three in-
tertwined aspects. First, the multi-stage mechanical demands of biomedical applications
play a crucial role. A typical targeted drug delivery mission can be decomposed into three
phases, namely navigation, penetration, and execution. The navigation phase requires high
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compliance for safe passage through tortuous lumens, the penetration phase demands
high stiffness to breach tissue barriers, and the execution phase necessitates stable posi-
tioning for precise payload release. These three requirements constitute a fundamental
contradiction within a single homogeneous structure. Second, continuous breakthroughs
in materials science also contribute to this evolution. For instance, magnetic materials
offer advantages including remote controllability, non-contact operation, and strong tissue
penetration capability, although their long-term safety depends on composition, dosage,
field, and clearance mechanisms [37-39]. The emergence of smart soft materials, such as
stimuli-responsive hydrogels and liquid crystal elastomers, has endowed microrobots with
active deformation capabilities [40—42]. Phase-change materials and magnetorheological
materials enable microrobots to achieve controllable stiffness switching [43]. Third, iterative
upgrades in manufacturing technologies also drive this evolution. For example, template-
assisted electrodeposition techniques enabled the precise fabrication of metallic nanorods
and helical structures [44], two-photon polymerization technology realized the direct print-
ing of arbitrary 3D polymer structures at a resolution of approximately 100 nm [45-48],
and the rise of 4D printing further inscribed deformation pathways in the time dimension
into the material during the manufacturing process [49-53].

2.4. Conceptual Nature of Structural Evolution

It is essential to clarify that the term “evolution” as used throughout this review
denotes a conceptual and functional paradigm shift in design philosophy rather than a
strictly chronological or mutually exclusive historical progression. The three structural
paradigms, namely rigid, soft, and rigid—soft integrated, are not successive technological
replacements but coexisting design philosophies that have matured unevenly over time. For
instance, soft hydrogel-based actuators were demonstrated as early as the 2000s, whereas
many rigid helical microswimmers were developed later in the 2010s. Accordingly, the
term “structural evolution” in this review does not imply a strict chronological sequence.
Instead, it refers to a conceptual and functional evolution in design priorities, moving from
an initial emphasis on deterministic locomotion and precision in rigid systems, through a
pursuit of environmental adaptability and biocompatibility in soft systems, to the current
integration of performance and compliance within unified rigid—soft integrated systems.
This conceptual framing accounts for the temporal overlap among paradigms and clarifies
that evolution concerns changing design philosophies and functional integration rather
than a strictly sequential historical timeline.

3. Rigid Microrobots

Rigid microrobots are constructed from high-elastic-modulus materials, such as metal
and SU-8 photoresist. These structures operate by trading geometric asymmetry for non-
reciprocal motion in low-Reynolds-number environments to achieve net locomotion. The
motion capability of rigid microrobots derives from either the asymmetry of geometric
structures (e.g., helical shapes) or the anisotropy of surface properties (e.g., Janus struc-
tures with heterogeneous surface composition). Based on how asymmetry is realized, the
structural design of rigid microrobots can be categorized into geometric asymmetric and
surface asymmetric types. Geometric asymmetric microrobots feature macroscopic geomet-
ric asymmetry (e.g., helical shapes) that enable net locomotion in fluids, whereas surface
asymmetric types maintain symmetric macroscopic structures (e.g., spherical shapes) and
their locomotion relies on asymmetric distribution of substances on the microrobot surface
or an asymmetric fluid environment.
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3.1. Geometric Asymmetric Structures

Geometric asymmetric microrobots achieve propulsion through the inherent asymme-
try of their overall 3D geometry. The geometric design of such structures directly determines
both motion patterns and propulsion efficiency, requiring fabrication processes capable of
precisely replicating predefined 3D shapes. Based on the characteristics of the geometric
configuration, geometric asymmetric microrobots can be classified into helical structures,
rod /wire-like structures, tubular structures, and other asymmetric configurations.

The helical structure is the most representative configuration among the asymmetric
structures and is widely recognized as the most important design in rigid microrobot
research. Inspired by the helical geometry of bacterial flagella in nature, the core geometric
feature of helical microrobots is a continuous helical surface with chirality. The direction
of left or right rotation directly determines the propulsion orientation. Under the action
of a rotating magnetic field, the helix rotates around its long axis, and through viscous
coupling with the surrounding fluid, the rotational motion is converted into translational
motion along the axis. The research on helical microrobots has evolved from achieving
basic mobility to developing specific functionalities and pursuing biological applicability.
In the early stage of research, researchers mainly focused on the fabrication of microrobots,
as well as the stability and controllability of their locomotion in low-Reynolds-number
fluid environments [54-61]. For instance, Zhang et al. used the self-scrolling technique
to fabricate helical microrobots named artificial bacterial flagella (ABF) for the first time,
and successfully achieved their controllable locomotion under a rotating magnetic field
(Figure 2A) [54]. Technologies such as glancing angle deposition (GLAD), template-assisted
electrodeposition, and 3D direct laser writing (DLW) have been employed for microrobot
fabrication [62-65]. It is worth noting that DLW has stood out as a compelling fabrication
technique in recent years, by virtue of its high resolution, miniaturized feature sizes, and
unrestricted geometric versatility [66—68]. Subsequently, researchers center on functional
capabilities such as object transportation or grasping in vitro. Various microrobot configu-
rations, including grippers, syringe-like architectures and screw-pump structures, have
been proposed [69-73]. For example, Sdnchez et al. employed sperm-carrying helical mi-
cromotors to enhance sperm motility for the treatment of asthenozoospermia [69]. Huang
et al. employed a screw pump microrobot for helical microswimmer transport tasks [70].
Later, researchers have devoted considerable effort to addressing the challenges of biocom-
patibility, imaging capability, and degradability encountered by microrobots in biological
environments, and have proposed a variety of solutions [74-81]. For instance, by coating
the surface with Ti, the rigid microrobots have demonstrated improved cytocompatibility
in in vitro assays, though comprehensive in vivo biocompatibility assessment remains
necessary [74,75]. Imaging methods such as fluorescence imaging [76-78], magnetic reso-
nance imaging (MRI) [79,80], and acoustic imaging [81] have been proposed to address the
in vivo imaging issues within the microrobots.

Rod/wire-like structures are characterized by quasi-one-dimensional geometries with
high aspect ratios [82-88]. Their propulsion capability originates from geometric anisotropy
rather than chirality that when placed in an oscillating acoustic field or a rotating magnetic
field, the difference in fluid drag along the long and short axes of the slender body leads
to an asymmetric flow field distribution, generating a net propulsive force along the long
axis. For instance, Wang et al. demonstrated that such nanorods utilize their geometric
asymmetry to achieve acoustophoretic propulsion in an ultrasound field (Figure 2B) [86].
Zhang et al. showed that rotating Ni nanowires achieve controlled propulsion and cargo
transport near patterned surfaces [87]. The magnetically actuated multi-link nanoswimmer
developed by Jang et al. generates undulatory propulsion under a rotating magnetic
field, expanding the motion degrees of freedom of rod-like structures [88]. In biomedical
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applications, nanorod structures have been employed in scenarios such as circulating
tumor cell capture and biosensing, owing to their high specific surface area and ease
of functionalization.

Tubular structures are characterized by quasi-two-dimensional rolled-up geometries
featuring an internal cavity and at least one opening [89-95]. Their propulsion relies on
the directional confinement by the cavity of bubbles or fluid jets generated by chemical
reactions that catalytic reactions occur on the inner surface of the cavity, and bubbles
constrained by the tube wall can only be ejected from the opening direction, generating net
propulsive force via momentum recoil. For example, Solovev et al. utilized the thin-film
stress mismatch principle to fabricate Ti/Fe/Au microtubes with diameters in the range
of 5-10 pum, achieving propulsion speeds of up to approximately 50 body lengths per
second in hydrogen peroxide solution [93]. Mei et al. reported self-rolled-up titanium
dioxide/platinum microtube robots, enabling precise control of tube diameter and length by
adjusting the number of rolled layers (Figure 2C) [94]. The advantage of this configuration
is that bubble-induced thrust far exceeds phoretic propulsion, yielding extremely high
propulsion efficiency. However, the requirement for hydrogen peroxide as a chemical fuel,
along with its associated cytotoxicity concerns at present levels, represents a major obstacle
for in vivo biomedical applications [95].

Other asymmetric structures include gear-like, star-like, and other configurations with
asymmetric geometric features [96-100]. Gear-like structures exploit rotational symmetry
in their design for specialized manipulation tasks. For example, Liu et al. developed
magnetically controlled microwheel robots based on metal-organic frameworks (MOFs),
whose architecture enables multiple switchable motion modes, including standing, lying,
rotation, axial rolling, and radial rolling under a three-dimensional Helmholtz coil system,
demonstrating excellent magnetic actuation and precise maneuverability across various
biological media (Figure 2D) [96]. In terms of star-like configurations, He et al. designed
star-like magnetic sheet robots with a thickness of approximately 40 um that can freely
navigate on water surfaces and achieve capture, transport, and release of non-magnetic
microscale objects by modulating the frequency and orientation of a rotating magnetic
field [99].

3.2. Surface Asymmetric Structures

Surface asymmetric microrobots are highly symmetric in their macroscopic 3D geom-
etry (e.g., spherical), with asymmetry originating from a gradient distribution of surface
physicochemical properties or boundary layer fluid effects induced by proximity to a
substrate. Based on the source of asymmetry, they can be subdivided into structures
with asymmetric distribution of catalytic active substances on the microrobot surface and
structures that exploit boundary layer effects near substrate surfaces for propulsion.

Structures with asymmetric distribution of catalytic active substances on the robot
surface are typified by Janus spheres [101-105]. Half the surface of such spherical particles
is coated with a catalyst (e.g., platinum, gold, manganese dioxide), while the other half
is an inert surface. In solutions containing chemical fuel, the chemical reaction on the
catalytic side generates concentration gradients or bubbles, propelling the particle in
a directed manner through self-diffusiophoresis or bubble recoil forces. For instance,
Howse et al. reported the self-diffusiophoretic motion of Janus platinum-polystyrene
spheres in hydrogen peroxide solution [101]. Baraban et al. fabricated Pt/SiO; Janus
microspheres with self-phoretic propulsion in hydrogen peroxide solution (Figure 2E) [102].
Gao et al. further developed Janus gold—-manganese dioxide spherical microrobots, utilizing
manganese dioxide to catalyze hydrogen peroxide and generate oxygen bubbles for rapid
propulsion [103].
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Figure 2. The rigid microrobots. (A) The helical microrobots (reprinted from Ref. [54] Copyright ©
2009, American Institute of Physics). (B) The rod-like microrobots (reprinted from Ref. [86] Copyright
© 2012, American Chemical Society). (C) The tubular microrobots (reprinted from Ref. [94] Copyright
© 2008, Wiley-VCH GmbH). (D) The gear-like microrobots (reprinted from Ref. [96] Copyright © 2026,
Springer Nature Limited). (E) The Janus microrobots (reprinted from Ref. [102] Copyright © 2012,
American Chemical Society). (F) The spherical surface walker (reprinted from Ref. [67] Copyright ©
2021, Wiley-VCH GmbH).

Structures requiring proximity to a substrate surface to exploit fluid asymmetry
on the substrate side for motion include rotors, nanowires, spheres, spherical chains,
etc. [67,106-113]. These microrobots are also known as surface-rolling microrobots. Un-
der magnetic field control, they roll forward on surfaces by leveraging fluid interactions
between themselves and the adjacent substrate. For instance, Wang et al. developed a
spherical surface walker with engineered surface microstructures, demonstrating a fourfold
increase in velocity (507 um/s) on patterned substrates compared to its smooth counterpart
(Figure 2F) [67]. Sing et al. demonstrated that self-assembled colloidal chains could serve as
surface walkers under rotating magnetic fields, where the proximity to the substrate broke
the time-reversal symmetry and generated controllable surface-induced flows for targeted
cargo transport (Figure 2F) [109]. However, their motion is confined to the substrate surface
or its immediate vicinity. Once they enter free fluid, they generally fail to produce effective
displacement. In biomedical applications, these structures exhibit a unique motion en-
hancement effect in near-wall regions such as blood vessel walls or tissue interfaces, which
can be leveraged to improve the targeting efficiency of microrobots at biological interfaces.
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3.3. Advantages and Limitations of Rigid Microrobots

After nearly two decades of research, rigid microrobots have established a relatively
comprehensive system encompassing design, fabrication, actuation, and characterization.
Their core advantages lie in precise and controllable movement as well as high motion speed.
Additionally, their theoretical models, including low-Reynolds-number fluid mechanics
and magnetic mechanics, can well describe their movement behaviors.

However, the rigidity of the structure also reveals its drawbacks, as the inflexible
structure lacks the ability to adapt to the physiological environment. As research indicates,
traditional rigid robots have disadvantages, including limited flexibility of motion and
poor adaptability to the environment. When encountering a narrow lumen with a diameter
smaller than itself, the rigid microrobot can only face a binary outcome of either passing
through or becoming blocked, and it cannot actively deform to adapt to spatial constraints.
The mechanical mismatch between rigid materials (with elastic modulus in the GPa range)
and soft biological tissues can lead to damage during interaction [114]. Additionally, bio-
compatibility and biodegradation remain important considerations for in vivo applications.
These inherent limitations have driven researchers to explore soft structures that offer better
environmental adaptability and safer tissue interaction.

4. Soft Microrobots

The fundamental design shift of soft microrobots lies in replacing the fixed asymmetry
of rigid structures with the programmable deformation capability of low-modulus (kPa
to MPa range) materials, such that motion originates from the active deformation of the
structure under external stimuli [115-146]. Based on whether the deformation mode can be
altered online during operation, soft structures can be divided into two categories, namely
deformation-driven structures with predefined deformation patterns and those with recon-
figurable deformation patterns. For predefined deformation structures, the deformation
mode is determined by the spatial distribution and material properties established during
the fabrication stage, and environmental stimuli merely trigger a predefined deformation
pathway. In contrast, for dynamically reconfigurable structures, the deformation mode can
be switched online during operation by adjusting the parameters of the external actuating
field, such as magnetic field orientation and intensity.

4.1. Predefined Deformation Structures

The deformation mode of predefined deformation structures is primarily determined
by the material properties and geometric configuration established during the fabrication
stage. The design core lies in encoding deformation pathways into the material combi-
nations and internal structure. Based on structural geometric features, existing designs
include bilayer/multilayer beam deformation structures, single-layer beam structures, and
origami/kirigami structures. The deformation pathways of these structures are largely fixed
by their initial design, meaning that environmental stimuli can only trigger predetermined
shape changes and cannot enable online reconfiguration of the deformation mode.

Bilayer/multilayer beam deformation structures are a typical configuration of prede-
fined deformation structures [115-123]. Their structural characteristic is the superposition
of two or more layers of materials with different stimuli-responsive properties along the
thickness direction. By compositing material layers with different thermal expansion co-
efficients, swelling ratios, or response characteristics, bending deformation is achieved
through interlayer strain mismatch. For instance, Breger et al. designed a finger-like bi-
layer microgripper in which polypropylene fumarate (PPF) segments are patterned atop
a continuous poly (N-isopropylacrylamide-co-acrylic acid) (pNIPPAm-AAc) hydrogel
layer. The PPF segments serve as geometric constraints that localize differential swelling-
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induced bending to discrete inter-segmental gaps, enabling the planar sheet to reversibly
fold into a three-dimensional gripper capable of grasping and releasing (Figure 3A) [115].
Hippler et al. demonstrated that spatially varying the laser exposure dose during two-
photon lithography locally tuned the crosslinking density of poly (N-isopropylacrylamide)
(pPNIPAAm) hydrogel within a single resist, enabling complex three-dimensional archi-
tectures with large-amplitude, programmable deformation that could be spatially con-
trolled via localized two-photon heating [116]. Wang et al. developed an asymmetric
polypyrrole/polyethylene glycol terephthalate (PPy/PET) bilayer actuator in which a
hierarchically micro/nanostructured PPy layer stacked on a PET substrate generated in-
trinsic differential deformation in response to humidity, light, electric, and thermal stimuli.
Laser-carved geometric patterns in the PPy film dictated reversible transitions between flat
2D sheets and curved 3D architectures, while the spiral-shaped bilayer geometry enabled
temperature-gradient-driven ultrafast rolling and light-induced crawling locomotion [117].
In biomedical applications, the temperature-sensitive and pH-responsive properties of
these structures hold broad application prospects for drug release triggered by body tem-
perature or microenvironment changes, as well as for tissue engineering scaffolds [118].
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Figure 3. The soft microrobots. (A) The bilayer thermo-magnetically responsive soft microgrippers
(reprinted from Ref. [115] Copyright © 2015, American Chemical Society). (B) The single-layer
self-rolled microrobot (reprinted from Ref. [125] Copyright © 2021, Wiley-VCH GmbH). (C) The
Kirigami-based light-induced shape-morphing microrobots (reprinted from Ref. [129] Copyright ©
2020, Wiley-VCH GmbH). (D) The soft-bodied microrobots with multimodal locomotion (reprinted
from Ref. [134] Copyright © 2018, Macmillan Publishers Limited). (E) The nanomagnetic encoding of
shape-morphing microrobots (reprinted from Ref. [138] Copyright © 2019, Springer Nature Limited).
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Single-layer beam structures achieve deformation through asymmetric geometry or
asymmetric stimulus loading of a single material [124-128]. Unlike bilayer/multilayer
structures, their deformation does not rely on differential expansion at material interfaces.
Instead, it arises from structural geometric asymmetry (e.g., one end fixed, one end free)
or from the spatially non-uniform distribution of an external stimulus (e.g., local heating
by focused light) to produce bending deformation. For example, Ye et al. developed a
single-layer hydrogel microrobot in which voxel-programmed intrinsic stress gradients
combined with integrated hinge designs enabled rapid 2D-to-3D shape transformation
within seconds, achieving multifunctional capabilities such as targeted drug release, cargo
transport, and modular assembly without requiring multi-material architectures [124].
Nguyen et al. fabricated a single-layer microrobot in which anisotropic photoprinted
planar patterns introduced crosslinking density gradients, driving spontaneous self-rolling
of the structure into a hollow cylindrical configuration. The resulting tubular architecture
enabled magnetic targeting, co-loading of contrast agents and therapeutic drugs, near-
infrared-triggered localized drug release, and complete retrievability (Figure 3B) [125]. The
advantage of such structures lies in their structural simplicity and rapid response, but their
deformation modes are relatively limited compared to multilayer configurations.

Origami/kirigami structures achieve controllable transformation from two-dimensional
(2D) planes to 3D complex configurations under external stimuli by introducing prede-
fined fold lines (origami) or cut patterns (kirigami) into 2D thin films or sheet materi-
als, thereby encoding macroscopic deformation degrees of freedom into localized hinge
motions [129-133]. Unlike single-layer and bilayer beams, which rely on the intrinsic ex-
pansion or contraction of the material itself to generate deformation, origami/kirigami
structures derive their deformation from the concentrated motion of geometrically pre-
defined weakened regions (fold lines or cuts) under stress, while the rigid panel regions
undergo negligible deformation. For instance, Chen et al. developed a kirigami-based
light-fueled robotic structure, in which external stress fields induced out-of-plane defor-
mation of liquid crystal network films, enabling 2D-to-3D shape transformations and
mechanical actuation upon light illumination (Figure 3C) [129]. Novelino et al. developed
a magnetically actuated origami system based on bistable Kresling patterns, in which
distributed magnetic plates attached to individual unit cells generate localized torques that
drive untethered, rapid shape transitions with instantaneous state locking. This segmented
spatial architecture enables independent control of each cell and allows for on-demand
multimodal structural reconfiguration [130]. The advantage of origami/kirigami structures
lies in their high determinacy and repeatability in deformation.

Predefined deformation structures, whose deformation pathways are fixed during
fabrication, face inherent limitations when operated within the dynamic and heteroge-
neous milieus of biomedical applications. In vivo conditions, including vascular geometry,
tissue stiffness, and local biochemical gradients, differ substantially across patients and
even within the same individual over time. A structure designed to undergo a specific
bending or folding sequence under a presumed stimulus may fail to deform appropri-
ately when the actual physiological environment deviates from the design assumptions,
leading to compromised navigation, inaccurate payload release, or unintended tissue in-
teraction. This rigidity in behavioral programming thus motivates the development of
dynamically reconfigurable structures, which can adjust their deformation mode in real
time according to the encountered conditions, offering a more robust and adaptive solution
for biomedical microrobots.

https://doi.org/10.3390/gels12090803


https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803

12 of 32

4.2. Dynamically Reconfigurable Structures

Dynamically reconfigurable structures enable online switching of deformation modes
by adjusting the parameters of the external actuation field or modulating the spatial distri-
bution of responsive materials embedded within the structure. The physical basis for this
capability lies in the fact that the deformation forces originate from the interaction between
the external field and responsive components. Based on the physical mechanism under-
lying deformation reconfiguration, these structures can be categorized into three types,
namely external field parameter-driven reconfigurable structures, internal heterogeneity
programming reconfigurable structures, and hybrid-driven reconfigurable structures.

External field parameter-driven reconfigurable structures are composed of relatively
homogeneous stimuli-responsive materials without complex spatially encoded heterogene-
ity within the structure [134-137]. The switching of deformation modes relies entirely on
real-time variations in the parameters of the external actuation field, such as frequency,
amplitude, direction, and wavelength. Different deformation modes arise from differences
in the global dynamic response of the structure induced by changes in the external field.
For example, Hu et al. developed rectangular sheet-shaped soft microrobots with spa-
tially encoded harmonic magnetization geometry throughout the elastomer matrix. The
ordered arrangement of NdFeB microparticles generates a differential torque distribution
under magnetic stimulation, driving reversible reshaping of the planar sheet into curved
3D profiles. These geometry-derived morphological transformations enable diverse loco-
motion modes across multiple terrains (Figure 3D) [134]. Yang et al. demonstrated that
one-dimensional colloidal chains with multiblock asymmetry can fold into complex ge-
ometries including helices, plectonemes, lassos, and coils by varying the applied magnetic
field [135]. The advantage of those structures lies in their relatively simple fabrication
process, which does not rely on complex internal encoding procedures.

Internal heterogeneity programming reconfigurable structures embed spatial inhomo-
geneities, such as magnetization direction distributions, into the material during the fabri-
cation stage [138-141]. Under a uniform or slowly varying external field, these pre-encoded
heterogeneities trigger differentiated local responses that drive complex three-dimensional
deformations, with the deformation mode switchable online by varying the amplitude or
direction of the external field. For instance, Cui et al. encoded multiple shape-morphing
instructions into a micromachine by programming single-domain nanomagnet arrays on
connected panels via tailored magnetic field sequences, demonstrating modular units that
morphed into alphabet letters and a microscale bird capable of flapping, hovering, turning,
and side-slipping (Figure 3E) [138]. Lahikainen et al. developed a single light-active actua-
tor capable of achieving six distinct shape reconfigurations under identical illumination
conditions by synergistically combining photochemical azobenzene isomerization with
photothermal effects in liquid crystal polymer networks [139]. This design strategy extends
structural programming from macroscopic geometric design to the regulation of internal
material structure at the magnetic domain scale, vastly expanding the design space while
enabling rich and precise shape reconfiguration under simple uniform external fields.

Hybrid-driven reconfigurable structures integrate real-time modulation of external field
parameters with internal heterogeneity encoded during the fabrication stage. For example,
Huang et al. constructed composite microswimmers featuring partitioned bilayer and
monolithic hydrogel geometries, in which pre-oriented magnetic nanoparticle arrays encode
tunable folding behavior, and the patterned body flagellum architectures enable multiple
switchable swimming modalities under combined magnetic and thermal control [142].
Those structures substantially expand the dimensionality and complexity of achievable
deformation modes by simultaneously exploiting the differentiated response characteristics
pre-encoded within the material and variations in external actuation field parameters.
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4.3. Advantages and Limitations of Soft Structures

The main advantage of soft microrobots lies in the enhancement in biomechanical com-
patibility. Low-modulus materials are expected to reduce the contact stress with biological
tissues, minimizing mechanical damage risks faced by rigid structures [30]. Deformable
structures may pass through narrow anatomical spaces that rigid microrobots cannot navi-
gate, offering advantages in complex geometries such as vascular bifurcations. Furthermore,
the diversification of motion modalities opens possibilities for multi-functional integration.

While soft architectures endow microrobots with high mechanical compliance and
biosafe environmental adaptability, they often exhibit reduced force output and motion
precision under conventional operational conditions, both of which are essential for many
biomedical interventions. Soft microrobots typically generate nanonewton-level forces,
insufficient to penetrate dense extracellular matrices or perform mechanical work on
stiff tissues [143]. Moreover, the theoretically infinite degrees of freedom in continuum
deformation of soft structures complicate precise motion prediction and control [134].
Essentially, this inherent contradiction among structural compliance, force output capa-
bility, and motion controllability constitutes a central challenge in soft microrobots, as
pure soft systems find it difficult to simultaneously achieve safe biological interaction
and high-force functional actuation [144]. However, this trade-off is not universal, as it
can be modulated by architecture, material reinforcement, actuation mechanism, length
scale, and operating environment. Accordingly, to overcome this limitation and integrate
the complementary advantages of soft adaptability and high-performance force output,
rigid—soft integrated microstructures have emerged as a feasible direction for advanced
biomedical microrobotic systems.

5. Rigid-Soft Integrated Microrobots

Rigid structures are generally precise and forceful but lack compliance, whereas soft
structures offer safety and compliance but limited force output. Rigid-soft integrated
structures have been proposed to combine the advantages of both approaches, aiming to
achieve task-dependent synergy between the actuation force and control precision of rigid
components and the environmental adaptation capabilities of soft components. However,
such synergy is not automatic but must be engineered through deliberate spatial or tem-
poral partitioning, and it requires experimental validation against appropriate pure-rigid
and pure-soft benchmarks. From an engineering perspective, the physical realization of
rigid-soft integration can be achieved through two fundamentally distinct design pathways.
The first is permanent spatial heterogeneity, in which rigid and soft components are dis-
tributed in distinct regions through material arrangement during fabrication. The second is
genuine on-demand variable stiffness, in which the same material or structure operates
at different stiffness levels depending on the task requirement or environmental stimulus.
The first approach achieves functional partitioning through spatial material and structure
arrangement during the fabrication process, whereas the second enables the system to
exhibit different stiffness characteristics at different times, being rigid during manipulation
phases and soft during adaptation phases. These two strategies differ substantially in
mechanism, reversibility, energy demand, switching time, fatigue behavior, achievable
stiffness range, and biocompatibility.

5.1. Spatially Heterogeneous Integration Structures

Spatially heterogeneous integration structures distribute rigid and soft components at
discrete physical locations within the microrobot, a design strategy inspired by biological
systems in which rigid bones and soft muscles operate synergistically to achieve both
structural support and adaptive motion. Based on the spatial organization of rigid and soft
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components, they can be subdivided into segmented joint configurations, origami/kirigami-
inspired designs, and rigid-frame/soft-shell architectures.

Segmented joint configurations arrange rigid segments and soft segments alternately or
sequentially along the length of the microrobot, representing a direct approach to spatially
heterogeneous integration [147-151]. Rigid segments, typically composed of high-modulus
materials or high-stiffness geometric configurations, provide force transmission and struc-
tural support, while soft segments, composed of low-modulus elastomers or hydrogels,
provide compliance and deformation degrees of freedom. For instance, Su et al. developed
an acoustic micromachine composed of two rigid microbubble frames connected by a soft
microhinge that achieved millisecond-scale deformation through acoustic-field-induced
bubble interactions, enabling programmable multi-mode switching and precise control
via tunable excitation amplitude (Figure 4A) [147]. Watanabe et al. developed a soft-rigid
hybrid microrobot composed of pNIPAAm and a rigid photoresist, in which graphene
incorporated into the pNIPAAm matrix imparted high photothermal conversion efficiency,
enabling sequential actuation through localized heating via focused light irradiation [148].
The advantage of such structures lies in their design simplicity and the functional inde-
pendence of each module. However, mechanical reliability at inter-segment interfaces
represents a critical challenge, as stress concentrations on rigid /soft interfaces may easily
cause failure of segmented microswimmers during long-term operation.

Origami/kirigami-inspired rigid-soft integrated structures employ rigid panels to
provide structural support and force transmission pathways, and soft hinges to provide
deformation degrees of freedom [152-156]. In those configurations, panels remain largely
undeformed during structural actuation, with mechanical energy primarily stored in the
crease or linkage regions. This design paradigm enables predictable kinematic behavior
while allowing for programmable shape morphing through controlled folding and cut-
ting patterns. For instance, Zhu et al. developed an electrothermal micro-origami system
that employed localized Joule heating for rapid elastic folding and overheating for plastic
folding to reprogram static geometry, thereby enabling environment-independent multi-
degree-of-freedom shape morphing and complex motions [152]. Wang et al. developed
origami-inspired rigid—soft coupled microbuilding blocks by integrating high-stiffness
frames with soft hydrogel actuators, achieving high torsional deformation through para-
metric optimization, with modular assembly into chain structures further enabling complex
three-dimensional shape morphing and magnetic locomotion via selective magnetic mate-
rial integration (Figure 4B) [153]. From a mechanical essence perspective, origami/kirigami
structures leverage patterning design during the fabrication stage to achieve modulus
distribution control in space.

Rigid-frame/soft-shell structures feature an internally rigid framework that provides
mechanical support and actuation, and an externally soft shell that mediates environmen-
tal interaction, reduces friction, and minimizes mechanical damage [157-161]. This clear
functional division between rigid and soft components ensures both actuation efficiency
and structural integrity while potentially improving biocompatibility at the biological inter-
face, though comprehensive in vivo validation remains necessary. For example, Ma et al.
developed femtosecond laser-programmed artificial musculoskeletal microbots featuring
stiff SU-8 skeletons and soft pH-responsive bovine serum albumin muscles, as demon-
strated by a spider microbot and a smart microgripper capable of controllable grabbing
and releasing (Figure 4C) [157]. Tang et al. designed a biodegradable magnetic microrobot
with a core-shell architecture for the co-delivery of stem cells and bioactive molecules, in
which a biodegradable magnetic microsphere core enabled external magnetic navigation
and sustained drug release while a mesenchymal stem cell outer shell ensured therapeutic
viability [158]. This design paradigm holds application prospects for implantable medical
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devices requiring simultaneous satisfaction of structural strength requirements and tissue
safety standards.
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Figure 4. The rigid-soft integrated microrobots. (A) The acoustic shape-morphing microrobots
(reprinted from Ref. [147] Copyright © 2026, Springer Nature Limited). (B) The origami twist-
inspired shape-morphing microrobots (reprinted from Ref. [153] Copyright © 2026, Wiley-VCH
GmbH). (C) The programmed artificial musculoskeletal microrobots (reprinted from Ref. [157]
Copyright © 2020, Springer Nature Limited). (D) The magnetorheological elastomers for rapid and
extreme stiffness tuning (reprinted from Ref. [162] Copyright © 2023, Royal Society of Chemistry).

5.2. Temporal Stiffness Modulation Structures

In contrast to permanent spatial partitioning, temporal stiffness modulation structures
enable the same material or structure to exist in different stiffness states at different points
in time, allowing for on-demand stiffness adjustment that approximates the adaptive be-
havior of biological tissues. This paradigm can be realized through two fundamentally
distinct approaches. Material-based strategies reversibly alter the intrinsic elastic modu-
lus of the constituent material in response to external stimuli. Structure-based strategies
modulate the effective structural stiffness through geometric reconfiguration, folding, or
variable mechanical linkage while keeping the material modulus constant. These two
strategies differ fundamentally in their physical mechanisms, reversibility, energy demand,
switching kinetics, fatigue behavior, achievable stiffness range, and biocompatibility. Mean-
while, it must be acknowledged at the outset that genuine temporal stiffness modulation
at the microscale remains exceptionally rare. The overwhelming majority of existing
variable-stiffness platforms have been demonstrated either as bulk material specimens
or as millimeter-scale devices, and their direct translation into autonomous biomedical
microrobots faces formidable physical barriers.

Material-based stiffness modulation strategies achieve temporal stiffness modulation
by reversibly altering the intrinsic elastic modulus of constituent materials. In these systems,
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external stimuli induce physical or chemical transitions, such as crosslink density variations,
polymer hydration state switches, or phase changes, which directly alter the intrinsic defor-
mation resistance of the material at the molecular scale [162-172]. Representative material
systems encompass viscosity-tunable fluids, including magnetorheological and electrorheo-
logical variants, as well as phase-change materials such as shape-memory polymers and
low-melting-point alloys. However, current research on material-based stiffness modulation
structures has primarily focused on the material level and the millimeter scale, while studies
at the sub-micron scale remain scarce. For instance, Barron et al. proposed a design strategy
for magnetorheological elastomers (MREs) by embedding a combination of magnetic parti-
cles and ferrofluid into an elastomer matrix, achieving a stiffness modulation ratio of up to
70-fold with a response time of approximately 20 ms and reversible shape-changing capabil-
ity (Figure 4D) [162]. Schubert et al. developed a variable-stiffness material by embedding a
rigid low-melting-point alloy microstructure within a soft poly (dimethylsiloxane) (PDMS)
matrix, achieving a stiffness change exceeding 25-fold with rapid switching from rigid to
soft states in under one second at low power consumption [163]. Min et al. developed a
magnetorheological elastomer-based millirobot whose elastic modulus can be switched
from 0.477 to 2.03 MPa under an external magnetic field, enabling rapid, reversible stiffness
modulation [164]. The robot demonstrated controllable adhesive capability for gripping,
lifting, and transporting delicate biological tissues.

These examples are better classified as material-level enabling technologies rather than
microscale robotic implementations. Their direct downscaling is impeded by diffusion-
limited kinetics that constrain the stiffness modulation range at small scales, by inter-
particle distances in microscale magnetorheological composites that approach particle
diameters and hinder field-induced chain formation, by prohibitive thermal management
because heat dissipation scales unfavorably with size, and by cumulative cycling damage
such as network fatigue, particle aggregation, and phase separation, whose fatigue life
under physiological conditions remains uncharacterized. Furthermore, leakage of func-
tional components, including magnetic nanoparticles, liquid metal droplets, or unreacted
crosslinkers, into surrounding tissues poses a severe biocompatibility hazard. Consequently,
genuine material-based temporal stiffness modulation has not yet been demonstrated in a
microrobot under physiological conditions.

Structure-based stiffness modulation strategies realize temporal stiffness modulation
through dynamic geometric reconfiguration, including adjustment of component overlap
ratios, linkage engagement, or folding states, to modify load-dependent effective structural
stiffness without altering the intrinsic elastic modulus of constituent materials [173,174]. For
example, Liu et al. developed a magnetically controlled helix-shaped microrobot (Helixoft)
that integrates with commercial microcatheters down to 300 um in diameter. By dynami-
cally rotating a rigid magnetic helix to adjust its overlap with a soft microtube, the system
achieves 40-fold stiffness tuning and active steering of up to 118°, with validation demon-
strated for deep-bronchial delivery and oviduct biopsy in live pigs [173]. Nevertheless, it
should also be noted that this example is more appropriately classified as a conceptual-level
enabling technology rather than a functional microrobot. Compared with material-based
counterparts, structure-driven temporal stiffness tuning avoids material-level phase transi-
tions and chemical bond rearrangement, thereby circumventing, in principle, risks such as
phase segregation, leakage of material phases, and thermally induced tissue damage.

5.3. Advantages and Limitations of Rigid—Soft Integrated Structures

Rigid—soft integrated structures, through the spatiotemporal programmability of their
mechanical properties, show considerable potential to reconcile the competing demands
of compliant navigation and forceful manipulation within a single microrobotic system.
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Whether such integration genuinely outperforms pure rigid or pure soft counterparts
depends on the specific task, architecture, and benchmarking criteria. Nevertheless, three
principal advances characterize this paradigm. First, performance synergy rather than
compromise, which overcomes the traditional dichotomy that rigidity precludes compliance
and vice versa. Second, expansion of functional dimensionality, whereby spatial rigid—
soft partitioning enables independent optimization of distinct body regions and temporal
stiffness switching allows a single region to adapt to varying mechanical requirements across
mission phases. Third, enhanced biomechanical compatibility, in which soft encapsulating
shells or switchable stiffness mechanisms may mitigate mechanical mismatch and interfacial
stress at the tissue interface without compromising functionality, although their long-term
effects on tissue remodeling and inflammatory responses warrant further investigation.

Despite these advances, rigid—soft integrated structures remain at a nascent stage
confronted with multiple intertwined engineering and biological bottlenecks, whereby
spatially heterogeneous and temporally stiffness-modulated architectures exhibit distinct
failure modes. For permanent spatially heterogeneous microrobots, heterogeneous mate-
rial interfaces represent the primary vulnerability, as repeated cyclic deformation under
physiological fluid loading can induce interfacial fatigue, debonding, and fragment shed-
ding. Released micro-debris within biofluids may trigger thrombosis or immune-mediated
foreign-body responses. Meanwhile, temporally stiffness-modulated systems suffer from
additional failure pathways. Material-based variable-stiffness designs are susceptible to
mechanical hysteresis and leakage or migration of functional components upon repeated
stimulus cycling, while stimulus-associated side effects including local thermal exposure
from phase-change actuation and high-magnitude magnetic field requirements impede
in vivo translation. For structure-based stiffness modulation concepts, cyclic operation
generates frictional wear and contact-driven hysteresis at movable joints and contact in-
terfaces. Notably, most temporally modulated demonstrators exist only as material-level
specimens, millimeter-scale prototypes, or tethered enabling technologies, while fully
validated untethered microscale biomedical microrobots remain scarce.

Three universal bottlenecks affect all rigid—soft integrated architectures. First, manu-
facturing complexity stems from multi-material microfabrication, embedding of functional
inclusions, and precision assembly of micro-linkages, which impose substantial technical
barriers, while scalable low-cost batch-manufacturing pipelines remain immature. Second,
modeling and control challenges arise from the absence of well-established theoretical
frameworks for multi-physics, multi-timescale, and multi-spatial-scale coupled dynamics,
which restricts the development of reliable closed-loop control for complex physiological
environments. Third, inherent safety hazards arise because interfacial debonding may
release payloads or expose rigid inner cores, and abrasive wear can produce microscale
debris that carries embolization risks. Collectively, structural limitations, fabrication barri-
ers, control difficulties, and safety concerns constitute the major bottlenecks constraining
further progress of rigid—soft integrated biomedical microrobots.

To quantitatively reveal the intrinsic trade-offs among precision, output force, compli-
ance, and environmental adaptability across rigid, soft, and rigid—soft integrated micro-
robots, Table 1 summarizes key performance and experimental parameters of representative
systems. Critical quantitative indices include geometric dimension, material composition,
effective elastic modulus or stiffness, actuation principle, locomotion behavior, speed,
output force, deformation or stiffness-tuning range, response time, payload capacity, fabri-
cation route, biological test model, biodegradability, imaging and tracking modality, and
experimental validation level.
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Table 1. Comparison of representative rigid, soft, and rigid—soft integrated microrobots (NR = not reported).

Rigid-Soft Integrated Microrobots

Category Rigid Microrobots Soft Microrobots

Keyll:eSattr::et:ral Geometric Asymmetric Structures Surface Asymmetric Structures Predefined Deformation Structures Dynamically Reconfigurable Structures Spatially Hetg{;’ﬁ;‘;ﬁ? Integration temporal stiffness modulation Structures

. . segmented Artificial NPT .

Representative  ABF _ Tubular Janus microsphere Surface walker Bilayer Single-layer Kirigami Sl:;gioﬁzzl;];:;& shape-morphing musculoskeletal r;t;féﬁizr%ﬁgg. Shffrgzz];i-xtouf?able
microrobot microrobot [54] microrobot [94] [102] [109] microgripper [115] microrobot [125] microrobot [129] [138] micr([wﬂ;i:hine spider [Té%orobot cal elastomers [162] microrobot [173]
Dimensions ~47 pm ~50 pm ~5 um ~2.8 um ~100 pm ~250 pm ~1 mm wide ~10 um per panel ~57.5 pm ~100-200 pm ~12.5 mm 30(()1j22gt1efqm

Stainless-steel /
. InGaAs/ PPE/ . . IP-L photore- SU-8 . Ul
Material N . - hoade _ E-dent Light- PMMA/Ti/ . . Magnetorheological silicone elas-
Composition GaAa/Cr Ti/Fe/Pt Silica/Pt Magnetic beads pNIPPAm-AAc 400/MNPs responsiveLCNs Co/Al sist/NIPAAm/ photqreﬂst/BSA i tomer/NdFeB/
/Ni/Au hydrogel AAm protein hydrogel PDMAA
Effective Modu- NR NR NR NR kPa-MPa NR NR NR NR SUBskelcton: 48 _j0kpa-13MPa 36 kPa-1500kPa
Actuation s . . e Temperature + Magnetic field + . e ultrasound Electromagnetic s
Mechanism Magnetic field Chemical Chemical Magpnetic field magnetic field NIR laser Light Magpnetic field acoustic field pH field Magpnetic field
. Flapping/ . .
. " . . Folding/ S Folding/ . : Bending-
Locomotion Corkscrew Bubble-jet recoil Translational Walking/ eripping/ Translational Rolling hovering/ blooming/ Bending/ Grasping/ steering,/ Axial
Mode propulsion propulsion translation . turning/side- B gripping releasing A
releasing slipping flapping motion
Axial
Deformation in Deformation in Deformation in advancement
Speed ~1.8 um/s ~275 um/s ~9 um/s ~6 pm/s —~seconds ~5mm/s 1-5mm/s ~seconds —milliseconds NR NR speed: 0-100
mm/s
Force Output NR NR NR NR NR NR NR 6.54 nN—30.5 nN NR ~34 uN NR NR
: ; Reversible : . . .
Deformation/ . 2D-to-tubular Reversible petal - . Reversible Maximum stiffness >40-fold stiffness
Stiffness- No deformation ~ No deformation No deformation de fOl’I‘\l;Oa tion 2D-to-?:)[1) dr:_‘vermble rolling/ bending- lfOkill'ng // Eﬁf‘)lggi;lgg‘ bending angle tuning ratio up to tuning/bending
Switching Range 8 unrolling unbending tssf‘istli?;g S 0-23° ~70-fold angle 118°
Response Time NR NR NR NR Secor;gio'rs;:ns of NR 2s seconds milliseconds seconds ~20 ms seconds
25 uL
. Polystyrene Polystyrene Superparamagnetic Micro- 15.8 ug DOX . . Grasping doxorubicin
Payload Capacity microspheres microspheres microbeads NR particles/cells per microrobot NR microbeads NR SU-8 microcube macroscopic objects anticancer drug
solution
Component
E-beam mixing/vacuum
PR e : Self-assembl . Focused UV : o
Fﬁrlcahon MBE thin-film evaporation/ magnetron),/ Self-assembly Photolithography/ light Laser engraving Electron-beam DLW DLW degassmlg/ Winding/
ethod growth magnetron sputtering micro-patterning polymerization lithography /RIE mold casting/ assembly/
sputtering ¥ thermal oven
curing
Ex vivo porcine
Biological Model Dele(/’;tlezred- HZOZ H,0; environment Agueous In vitro cell culture In vitro cgllular Hug\;;\a(l:\ea nd NR wat]e?re/lgggzebiffer Aquepus buffer NR Xéj:f/t 1?1131135())7
environment environment environment (aqueous buffer) drug delivery demonstration environment environment live Bama
mini-pigs
Partially
Biodegradability NR NR NR NR degradable NR NR NR NR NR NR NR
(hydrogel
hydrolysis
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Table 1. Cont.
Category Rigid Microrobots Soft Microrobots Rigid-Soft Integrated Microrobots
. Optical/ . Optical/digital
Tracitﬂl?ﬁgho d Optical Optical Optical Optical fluorescence Rea};‘lgrlrg\?n)é-ray Optical Optical Optical Optical Optical radiography
microscopy imaging
L1: phantom
. : lumen navigation;
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manipulation manipulation manipulation . : : A Ny H gripper in vivo live-pig
delivery microbead manipulation manipulation £-of. )
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drug-delivery
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6. Clinical Translation of Microrobots
6.1. Biomedical Applications and Recent Progress

Despite successful demonstrations of these structural paradigms in diverse settings,
their clinical translation demands rigorous systematic assessment. To date, the most ex-
tensively pursued application remains targeted drug delivery, in which microrobots serve
as active carriers capable of transporting therapeutic agents against passive diffusion and
elevated interstitial fluid pressure [1,2]. Recent clinically oriented magnetic microrobot plat-
forms, which integrate dissolvable drug-loaded capsules with electromagnetic navigation,
have demonstrated targeted therapy in human vasculature models and in large-animal
trials involving sheep and pigs under realistic clinical conditions [175]. In respiratory
therapy, inhalable biohybrid microrobots have emerged as a non-invasive strategy for
pulmonary treatment, demonstrating active nebulization-based delivery and therapeutic
efficacy in a mouse model of acute methicillin-resistant Staphylococcus aureus pneumonia
with pulmonary retention exceeding five days [176]. Likewise, biohybrid microrobots func-
tionalized with drug-loaded nanoparticles have been shown to inhibit the progression of
lung metastasis in murine models following intratracheal administration [177]. In imaging-
guided therapy, early studies have also demonstrated controlled in vivo swimming of
bacteria-like microrobotic flagella in living animals [76], as well as photoacoustic computed
tomography-guided targeted navigation in intestines in vivo [178]. Multifunctional biohy-
brid magnetite microrobots have further validated imaging-guided therapeutic capabilities
in biological environments [179]. In addition, multifunctional microrobots with real-time
MRI visualization have been employed for chemoembolization therapy of liver cancer
in vivo [180]. In urinary tract therapy, imaging-guided bioresorbable acoustic hydrogel
microrobots have demonstrated effective tumor shrinkage in mouse bladder tumor models
over a 21-day treatment course [181]. In addition, surface microrollers have demonstrated
targeted cargo delivery under physiological blood flow conditions [182].

6.2. In Vivo Validation and Physiological Barriers

The clinical translation of microrobots is typically assessed through a four-tier val-
idation hierarchy comprising proof-of-concept locomotion in idealized media, in vitro
biological validation, ex vivo testing in explanted tissues or organs, and in vivo demon-
stration in living organisms. Most reported microrobots have only achieved the first two
tiers and limited ex vivo testing, while comprehensive benchmarking across all four tiers
remains rare [14-22,176-182]. A critical gap in the current literature is the frequent extrapo-
lation from proof-of-concept locomotion in deionized water, hydrogen peroxide solutions,
or patterned substrates to presumed functionality in physiological environments, which
can lead to significant performance deviations when these microrobots are deployed in
actual clinical applications.

Each structural class faces distinct physiological barriers. Rigid microrobots operating
in blood encounter viscosities substantially higher than water, which drastically alters
propulsion efficiency and magnetic torque requirements. Protein adsorption and the
subsequent formation of a protein corona modify surface properties and can abrogate the
asymmetric catalytic activity of Janus motors [102]. Furthermore, their inability to deform
in response to vessel diameter variations poses a significant risk of embolization in narrow
capillaries. Soft microrobots, although mechanically better matched to tissues, suffer
from reduced propulsion force in high-viscosity media and may undergo uncontrolled
swelling or degradation in ionic physiological fluids, which complicates motion prediction.
Rigid—soft integrated systems must also withstand pulsatile flow and cyclic mechanical
loading at heterogeneous interfaces, where delamination or fatigue failure could release
fragmented components into the bloodstream [158]. Table 2 presents a SWOT (Strengths,
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Weaknesses, Opportunities, Threats) analysis for each structural paradigm with respect to

clinical translation.

Table 2. SWOT analysis of rigid, soft, and rigid—soft integrated microrobots for clinical translation.

Rigid Microrobots

Soft Microrobots

Rigid-Soft Integrated Microrobots

High propulsion efficiency and
precise deterministic control; mature

Excellent biomechanical compatibility;
low tissue contact stress; ability to

Synergistic unification of precision
and compliance; task-phase-adaptive

Strengths fabrication and modeling frameworks; navigate tortuous and constricted mechanics; potential for
strong force output for tissue anatomical geometries via multifunctional
penetration. deformation. compartmentalization.
. . . Unproven long-term interface
Sfi‘g zflee?fgzgﬁifalt?asgoa:;?tmlé}lsﬁft Low force output limits tissue reliability; fabrication complexity and
Weaknesses n/arrow hilmenS' limited & penetration; compromised motion low throughput; lack of mature
biodegradability; risk of vascular precision and controllability; complex theoretical frameworks for
occlusion an ci thrombosis continuum mechanics modeling. multi-physics coupled dynamics;
’ potential multi-material toxicity.

S ved 1 in GI Personalized theranostic platforms;
Imaging-guided precision therapy; I;laclit rsfg(())r;;l:e tr?is:s Tren?riisren;rlll adaptive minimally invasive surgery;

o i cell-level manipulation; telerobotic . P ynary tracts; v implantable devices requiring both

pportunities : - invasive navigation in narrow vessels; .
neurovascular interventions; : . . . structural support and tissue
: tissue engineering scaffolds with . R . -
thrombolytic therapy d . . interfacing; embolization with shape
ynamic remodeling. 1
adaptability.
Interface fatigue and delamination
. o Protein adsorption and biofouling; under cyclic physiological loading;
Thlgg?;sllcse/. ;ﬂgﬁgﬁ?ﬁ;‘fg;ﬁgﬁne uncontrolled degradation or swelling; multi-material toxicity from
Threats 4 ¢ immune encapsulation; loss of degradation products; complex

long-term retention of non-degradable
components; field-induced heating.

structural integrity before mission
Completion; mucus entrapment.

regulatory pathways for
heterogeneous devices;

fragmentation-induced embolization.

Table 2 reveals that no single structural paradigm is unconditionally superior for clini-
cal translation. Rigid systems excel in controlled mechanical output but pose acute safety
risks in soft-tissue environments. Soft systems maximize biological compatibility yet lack
the force and precision required for active therapeutic intervention. Rigid—soft integrated
architectures theoretically resolve this conflict, but they introduce new vulnerabilities at
material interfaces that have not been experimentally characterized over clinically relevant
timescales. The selection of a structural paradigm must therefore be dictated by the specific
anatomical target, therapeutic payload, and the mechanical interaction required, rather
than by universal performance metrics.

6.3. Safety and Clinical Risk Assessment

It should be noted that although current studies have demonstrated the safety of mi-
crorobot materials or structures in vitro, deviations may arise in actual clinical applications.
In fact, biocompatibility is context-dependent and provisional, and safety conclusions
based solely on material selection or structural compliance cannot be fully validated in
clinical settings. Safety is an emergent property governed by material composition, dosage,
degradation products, field exposure, and clearance kinetics, and must therefore be eval-
uated from three interrelated perspectives. First, material and chemical safety extends
beyond bulk biocompatibility to leachable toxins and the unpredictability of degrada-
tion. Nickel-based components can release cytotoxic Ni** upon corrosion, while hydrogen
peroxide-fueled tubular motors generate oxidative stress incompatible with clinical use.
Biodegradable polymers may undergo premature hydrolysis in the presence of tissue es-
terases, whereas non-degradable metals or SU-8 photoresists risk indefinite retention unless
reliable retrieval is guaranteed. Second, biological interfacial safety concerns the microrobot-
tissue boundary. Protein corona formation can mask surface functionalization and trigger
immune recognition, leading to macrophage engulfment and fibrotic encapsulation within
days [183]. For rigid structures in the vasculature, stagnation or endothelial irritation
may initiate thrombosis and embolization [184]. Soft hydrogels reduce contact stress, yet
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excessive deformation in narrow capillaries can occlude microvessels and compromise
perfusion. Third, physiological barriers and systemic safety encompass clearance, naviga-
tion, and chronic exposure. Dense extracellular matrices and viscoelastic mucus layers in
the gastrointestinal and respiratory tracts can immobilize particles indefinitely [176,185],
while renal and hepatic clearance thresholds impose strict constraints on size and surface
chemistry. Magnetic retrieval becomes unreliable if demagnetization or fragmentation
occurs, and prolonged exposure to alternating magnetic fields may induce eddy-current
heating or neurological perturbations. In conclusion, while current research has made
significant contributions to the clinical translation of microrobots, this represents only the
initial stage of that process [186]. Consequently, safety conclusions derived from existing
studies cannot be directly extrapolated to actual clinical applications.

7. Conclusions and Outlook
7.1. Conclusions

This review has systematically examined the structural evolution of biomedical micro-
robots, tracing the developmental trajectory from rigid architectures through soft configura-
tions to rigid—soft integrated systems. This evolutionary progression reflects the continuous
refinement of structural design strategies in response to the increasingly demanding re-
quirements of biomedical applications. Rigid microrobots, constructed from high-modulus
materials and relying on geometric or surface asymmetry, have demonstrated precise
and controllable locomotion in low-Reynolds-number environments. Supported by well-
established theoretical frameworks and fabrication protocols, they have been successfully
applied in targeted delivery and cell manipulation. However, their inherent structural
non-compliance fundamentally limits their adaptability to complex physiological environ-
ments and introduces risks of mechanical tissue trauma. Soft microrobots circumvent the
inherent constraints of rigid counterparts by exploiting low-modulus materials that afford
programmable shape-morphing capabilities. Through the deliberate encoding of deforma-
tion trajectories into both compositional gradients and internal structural hierarchies, these
systems achieve exceptional biomechanical compatibility and adaptive responsiveness to
diverse operational environments. Predefined deformation architectures enable determin-
istic and stimulus-triggered shape transformations, whereas dynamically reconfigurable
designs extend functional versatility by allowing for on-the-fly switching between distinct
deformation regimes via external field modulation and internal material distribution. How-
ever, a persistent and fundamental trade-off persists between mechanical compliance and
actuation output. The very low elastic modulus that underpins environmental adaptabil-
ity inevitably curtails force generation capacity and diminishes motion fidelity, posing a
critical bottleneck for practical applications. Rigid-soft integrated structures constitute
the current frontier in microrobot structural design, as they aim to reconcile the inherent
conflict between compliant navigation and forceful manipulation within a unified frame-
work. Spatially heterogeneous integration enables the strategic distribution of rigid and
stiff components to achieve functional partitioning, while temporal stiffness modulation
affords on-demand transitions between compliant and rigid states. However, demon-
strating their comprehensive performance superiority conclusively requires head-to-head
benchmarking against equivalent rigid and soft microrobot counterparts, and several prac-
tical engineering bottlenecks remain unresolved in existing prototypes. Collectively, these
strategies have preliminarily demonstrated the feasibility of transcending the conventional
rigidity-compliance dichotomy:.
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7.2. Outlook

In addition to the structural advances surveyed above, the integration of artificial
intelligence and intelligent control systems is reshaping microrobot capabilities. Machine
learning algorithms, particularly deep learning and physics-informed neural networks,
have been employed to predict locomotion dynamics, optimize structural geometries,
and accelerate design iterations beyond the reach of conventional methods [187]. Rein-
forcement learning frameworks enable model-free closed-loop control, allowing magnetic
microrobots to autonomously navigate fluidic environments and adapt to unmodeled
perturbations without prior dynamic system identification [188,189]. Concurrently, swarm
intelligence strategies leveraging heterogeneous collectives have demonstrated emergent
behaviors such as collective object caging and adaptive pattern formation, thereby ex-
panding functional repertoires beyond the limitations of individual agents [190,191]. Deep
learning-based orientation estimation and photoacoustics-guided closed-loop systems
have achieved real-time tracking and trajectory correction under dynamic physiological
disturbances [192,193]. Digital twin platforms, which are virtual replicas synchronized
with physical microrobot states, further bridge the simulation-to-clinic gap by enabling
preoperative planning and intraoperative monitoring with near-millisecond latency [194].
Collectively, these intelligent methodologies address the critical bottleneck of operating in
unpredictable biological environments, although the reality gap between idealized training
conditions and complex physiological milieus remains a key challenge.

Looking forward, several research directions hold particular promise for advancing
the structural design of biomedical microrobots.

First, the emergence of data-driven structural optimization frameworks that integrate
machine learning with multi-physics modeling represents a burgeoning paradigm [187,195],
which, though still in its early stages, holds considerable potential for accelerating the
discovery of optimal configurations for specific biomedical tasks. However, the direct
use of these methodologies for microrobot structural design requires the establishment
of open-access locomotion performance databases, standardized multi-physics validation
workflows, and experimentally benchmarked performance metrics.

Second, reconfigurable architectures capable of autonomous adaptation to unpre-
dictable physiological microenvironments remain a central challenge. Current pro-
grammable structures rely primarily on fabrication-stage encoding that cannot be modified
after deployment. Material-based and structure-based stiffness modulation microrobots
represent promising solutions to this challenge. Future progress therefore depends not
only on the discovery of new materials, but also on advances in microscale manufacturing
technologies. Equally critical, experimental benchmarking protocols must quantify recon-
figuration speed, long-term cycling stability targeting millions rather than hundreds of
cycles, energy cost, and functional reliability under physiologically realistic conditions that
encompass protein adsorption, ionic strength fluctuations, and pulsatile flow.

Third, multifunctional hybrid materials represent a critical frontier for expanding the
functional repertoire of microrobots, for instance, the integration of therapeutic, biosensing,
and imaging functionalities within unified microscale architectures. Future structures
can spatially orchestrate functional polymers, magnetic nanocomposites, and bioactive
hydrogels to create theranostic platforms capable of simultaneous diagnosis and interven-
tion. However, the structural integration of such disparate material components not only
demands advanced microfabrication protocols but also requires overcoming substantial
challenges in interfacial compatibility and stress transfer efficiency.

Fourth, wireless energy transfer strategies must be integrated directly into the micro-
robot structure to overcome the penetration limits of externally applied fields. Embedding
resonant electromagnetic microstructures or ultrasound-responsive cavities within the
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microrobot body can enable localized energy harvesting, yet substantial challenges remain
in optimizing transfer efficiency while maintaining biocompatible power densities for
deep-tissue operation.

Fifth, self-powered microrobots offer an alternative paradigm that eliminates reliance
on external power sources by harvesting ambient or biochemical energy from the surround-
ing environment. The convergence of structural design with emerging energy-harvesting
materials, including piezoelectric polymers that exploit mechanical deformation to generate
charge and biofuel cells that draw energy from endogenous glucose or lactate, could ulti-
mately enable autonomous, battery-free microrobots. However, architectural innovations
must seamlessly couple energy conversion, storage, and actuation modules within single
microscale frameworks, which requires experimental validation of power output against
locomotion energy budgets.

Sixth, structural intelligence, one of the ultimate goals of structural evolution, aims
to enable the mechanical structure itself to achieve sensing, decision-making, and ex-
ecution functions through embedded nonlinear mechanical responses [196,197]. This
paradigm moves beyond passive shape morphing toward active and autonomous behav-
ior, enabling untethered microrobots to execute adaptive tasks in dynamic physiological
niches. Achieving structural intelligence at the micrometer scale requires the develop-
ment of design methodologies that explicitly encode nonlinear mechanical behaviors into
the microrobot architecture, alongside experimental validation of mechanical computa-
tion fidelity, noise tolerance, repeatability, and the robustness of decision-making under
physiological fluctuations.

Finally, although the convergence of these directions could transform mechanically
programmable structures into active biomedical platforms, clinical translation remains con-
tingent on overcoming substantial barriers. These barriers include scalable manufacturing
pipelines for heterogeneous microstructures, standardized protocols for biocompatibility
and biodegradability assessment, real-time in vivo imaging and navigation systems with
adequate spatial resolution, robust safety mechanisms that ensure retrieval or harmless
clearance, and comprehensive regulatory frameworks governing autonomous operation
within living organisms. Addressing these multifaceted requirements is essential before
the structural advances surveyed in this review can achieve their full clinical potential.
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2D: two-dimensional; 3D: three-dimensional; ABF: artificial bacterial flagella; GLAD: glancing
angle deposition; DLW: direct laser writing; MRI: magnetic resonance imaging; MOFs: metal-organic
frameworks; PPF: polypropylene fumarate; pNIPAAm: poly (N-isopropylacrylamide); pNIPAAm-
AAc: poly (N-isopropylacrylamide-co-acrylic acid); PPy: polypyrrole; PET: polyethylene glycol
terephthalate; LMPAs: low-melting-point alloys; PDMS: poly (dimethylsiloxane); MREs: magnetorhe-
ological elastomers; PEG: polyethylene glycol; MNPs: magnetic nanoparticles; NIR: near-infrared; UV:
ultraviolet; LCN: liquid crystal polymer network; PMMA: poly (methylmethacrylate); RIE: reactive-
ion etching; AAm: acrylic ester; BSA: bovine serum albumin; PDMAA: polydimethylacrylamide;

MBE: molecular-beam epitaxy.

Appendix A
Literature Search and Review Methodology

The literature corpus for this review comprises peer-reviewed microrobots studies
retrieved from Web of Science, PubMed, Scopus, and IEEE Xplore, published primar-
ily between 2000 and 2026. Inclusion was limited to works that explicitly advance one
of the three structural paradigms systematically examined in this review, namely rigid
architectures, soft architectures, and rigid—soft integrated systems, within a biomedical
context. Representative studies were prioritized based on their pioneering significance
in establishing or transitioning structural paradigms, the depth of their experimental val-
idation, and their contribution to balanced structural diversity across categories. Works
targeting non-biomedical applications, actuation mechanisms without structural design
implications, or material syntheses lacking architectural innovation were excluded from
the central narrative.

References

1. Jain, RK,; Stylianopoulos, T. Delivering nanomedicine to solid tumors. Nat. Rev. Clin. Oncol. 2010, 7, 653-664. [CrossRef]
[PubMed]

2. Wilhelm, S,; Tavares, A.].; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F,; Chan, W.C.W. Analysis of nanoparticle delivery to tumours.
Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]

3. Nelson, B.J.; Kaliakatsos, L.K.; Abbott, ].J. Microrobots for minimally invasive medicine. Annu. Rev. Biomed. Eng. 2010, 12, 55-85.
[CrossRef] [PubMed]

4. Wang, ].; Gao, W. Nano/microscale motors: Biomedical opportunities and challenges. ACS Nano 2012, 6, 5745-5751. [CrossRef]
[PubMed]

5. Gao, W,; Wang, J. The environmental impact of micro/nanomachines: A review. ACS Nano 2014, 8, 3170-3180. [CrossRef]
[PubMed]

6.  Sitti, M.; Ceylan, H.; Hu, W.; Giltinan, J.; Turan, M.; Yim, S.; Diller, E. Biomedical applications of untethered mobile
milli/microrobots. Proc. IEEE 2015, 103, 205-224. [CrossRef] [PubMed]

7. Qiu, E; Nelson, B.]. Magnetic helical micro-and nanorobots: Toward their biomedical applications. Engineering 2015, 1, 21-26.
[CrossRef]

8. Peng, F; Tu, Y.; Wilson, D.A. Micro/nanomotors towards: In vivo application: Cell, tissue and biofluid. Chem. Soc. Rev. 2017, 46,

5289-5310. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1038/nrclinonc.2010.139
https://www.ncbi.nlm.nih.gov/pubmed/20838415
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1146/annurev-bioeng-010510-103409
https://www.ncbi.nlm.nih.gov/pubmed/20415589
https://doi.org/10.1021/nn3028997
https://www.ncbi.nlm.nih.gov/pubmed/22770233
https://doi.org/10.1021/nn500077a
https://www.ncbi.nlm.nih.gov/pubmed/24606218
https://doi.org/10.1109/jproc.2014.2385105
https://www.ncbi.nlm.nih.gov/pubmed/27746484
https://doi.org/10.15302/j-eng-2015005
https://doi.org/10.1039/c6cs00885b
https://www.ncbi.nlm.nih.gov/pubmed/28524919
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 26 of 32

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.
33.

34.

35.

36.
37.

38.

39.

Wang, B.; Kostarelos, K.; Nelson, B.J.; Zhang, L. Trends in micro-/nanorobotics: Materials development, actuation, localization,
and system integration for biomedical applications. Adv. Mater. 2021, 33, 2002047. [CrossRef] [PubMed]

Deshmukh, R.; Hasamnis, M.; Kulkarni, M.; Bhosale, D.; Yadav, A.; Kulkarni, V. Advancing indoor positioning systems:
Innovations, challenges, and applications in mobile robotics. Robotica 2025, 43, 2710-2750. [CrossRef]

Purcell, E.M. Life at low Reynolds number. Am. J. Phys. 1977, 45, 3-11. [CrossRef]

Lauga, E.; Powers, T.R. The hydrodynamics of swimming microorganisms. Rep. Prog. Phys. 2009, 72, 096601. [CrossRef]

Qiu, T.; Lee, T.-C.; Mark, A.G.; Morozov, K.I; Miinster, R.; Mierka, O.; Turek, S.; Leshansky, A.M.; Fischer, P. Swimming by
reciprocal motion at low Reynolds number. Nat. Commun. 2014, 5, 5119. [CrossRef] [PubMed]

Chen, X,; Jang, B.; Ahmed, D.; Hu, C.; De Marco, C.; Ho, M.; Zhu, G.; Di Mascolo, D.; Decuzzi, P.; Nelson, B.J. Small-scale
machines driven by external power sources. Adv. Mater. 2018, 30, 1705061. [CrossRef] [PubMed]

Zhou, H.; Mayorga-Martinez, C.C.; Pané, S.; Zhang, L.; Pumera, M. Magnetically driven micro and nanorobots. Chem. Rev. 2021,
121, 4999-5041. [CrossRef] [PubMed]

Wang, H.; Pumera, M. Fabrication of micro/nanoscale motors. Chem. Rev. 2015, 115, 8704-8735. [CrossRef] [PubMed]

Chen, C; Ding, S.; Wang, J. Materials consideration for the design, fabrication and operation of microscale robots. Nat. Rev. Mater.
2024, 9, 159-172. [CrossRef]

Hoed, F; Carlotti, M.; Palagi, S.; Raffa, P.; Mattoli, V. Evolution of the Microrobots: Stimuli-Responsive Materials and Additive
Manufacturing Technologies Turn Small Structures into Microscale Robots. Micromachines 2024, 15, 275. [CrossRef] [PubMed]
Ceylan, H.; Giltinan, J.; Kozielski, K.; Sitti, M. Mobile microrobots for bioengineering applications. Lab Chip 2017, 17, 1705-1724.
[CrossRef] [PubMed]

Zhang, Q.; Sun, D. Micro/Nanorobots for Combating Brain Disorders: Challenges, Advances, and Perspectives. Adv. Sci. 2025,
12, €16592. [CrossRef] [PubMed]

Cao, M,; Sheng, R.; Sun, Y.; Feng, Y; Li, Z.; Chen, S.; Zhu, Z; Yang, Y.; Chen, J. Delivering Microrobots in the Musculoskeletal
System. Nano-Micro Lett. 2024, 16, 1-33. [CrossRef] [PubMed]

Ju, X.; Chen, C.; Oral, C.M.; Wang, ].; Zhang, L.; Sitti, M.; Li, J.; Pumera, M.; Nelson, B.].; Misra, S.; et al. Technology roadmap of
micro/nanorobots. ACS Nano 2026, 19, 24174-24334. [CrossRef] [PubMed]

Sharma, PK.; Chen, C.-Y. Al-Integrated Micro/Nanorobots for Biomedical Applications: Recent Advances in Design, Fabrication,
and Functions. Biosensors 2025, 15, 793. [CrossRef] [PubMed]

Yu, N.; Yang, J.; Ni, Z.; Zhang, L.; Zhang, Y. The Next Frontier: Micro/Nanorobots Operating Inside the Living Body. SmartBot
2026, 2, €70030. [CrossRef]

Arvidsson, R.; Hansen, S.F. Environmental and health risks of nanorobots: An early review. Environ. Sci. Nano 2020, 7, 2875-2886.
[CrossRef]

Zhang, H.; Tang, J.; Cao, H.; Li, H.; Zhang, Y.; Wang, Y.; Liu, J.; Huang, ]. Review of the applications of micro/nanorobots in
biomedicine. ACS Appl. Nano Mater. 2024, 7, 17151-17192. [CrossRef]

Dabbagh, S.R.; Sarabi, M.R.; Birtek, M.T.; Seyfi, S.; Sitti, M.; Tasoglu, S. 3D-printed microrobots from design to translation. Nat.
Commun. 2022, 13, 5875. [CrossRef] [PubMed]

Palagi, S.; Fischer, P. Bioinspired microrobots. Nat. Rev. Mater. 2018, 3, 113-124. [CrossRef]

Li, J.; Esteban-Fernandez de Avila, B.; Gao, W.; Zhang, L.; Wang, J. Micro/nanorobots for biomedicine: Delivery, surgery, sensing,
and detoxification. Sci. Robot. 2017, 2, eaam6431. [CrossRef] [PubMed]

Sitti, M. Miniature soft robots—Road to the clinic. Nat. Rev. Mater. 2018, 3, 74-75. [CrossRef]

Soto, F; Wang, J.; Ahmed, R.; Demirci, U. Medical micro/nanorobots in precision medicine. Adv. Sci. 2020, 7, 2002203. [CrossRef]
[PubMed]

Rus, D.; Tolley, M.T. Design, fabrication and control of soft robots. Nature 2015, 521, 467-475. [CrossRef] [PubMed]

Ye, M.; Zhou, Y.; Zhao, H.; Wang, J.; Lv, ].; Liu, M.; Gu, Z. A review of soft microrobots: Material, fabrication, and actuation. Adv.
Intell. Syst. 2023, 5, 2300311. [CrossRef]

Medina-Sanchez, M.; Magdanz, V.; Guix, M.; Fomin, V.M.; Schmidt, O.G. Swimming microrobots: Soft, reconfigurable, and smart.
Adv. Funct. Mater. 2018, 28, 1707228. [CrossRef]

Huang, HW.,; Uslu, EE.; Katsamba, P,; Lauga, E.; Sakar, M.S.; Nelson, B.J. Adaptive locomotion of artificial microswimmers. Sci.
Adv. 2019, 5, eaaul532. [CrossRef] [PubMed]

Lighthill, J. Flagellar hydrodynamics. SIAM Rev. 1976, 18, 161-230. [CrossRef]

Zhang, L.; Peyer, K.E.; Nelson, B.J. Artificial bacterial flagella for micromanipulation. Lab Chip 2010, 10, 2203-2215. [CrossRef]
[PubMed]

Fischer, P.; Ghosh, A. Magnetically actuated propulsion at low Reynolds numbers: Towards nanoscale control. Nanoscale 2011, 3,
557-563. [CrossRef] [PubMed]

Gao, W,; Sattayasamitsathit, S.; Manesh, K.M.; Weihs, D.; Wang, J. Magnetically powered flexible metal nanowire motors. J. Am.
Chem. Soc. 2010, 132, 14403-14405. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1002/adma.202002047
https://www.ncbi.nlm.nih.gov/pubmed/33617105
https://doi.org/10.1017/s0263574725101872
https://doi.org/10.1119/1.10903
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1038/ncomms6119
https://www.ncbi.nlm.nih.gov/pubmed/25369018
https://doi.org/10.1002/adma.201705061
https://www.ncbi.nlm.nih.gov/pubmed/29443430
https://doi.org/10.1021/acs.chemrev.0c01234
https://www.ncbi.nlm.nih.gov/pubmed/33787235
https://doi.org/10.1021/acs.chemrev.5b00047
https://www.ncbi.nlm.nih.gov/pubmed/26234432
https://doi.org/10.1038/s41578-023-00641-2
https://doi.org/10.3390/mi15020275
https://www.ncbi.nlm.nih.gov/pubmed/38399003
https://doi.org/10.1039/c7lc00064b
https://www.ncbi.nlm.nih.gov/pubmed/28480466
https://doi.org/10.1002/advs.202516592
https://www.ncbi.nlm.nih.gov/pubmed/41103256
https://doi.org/10.1007/s40820-024-01464-8
https://www.ncbi.nlm.nih.gov/pubmed/39037551
https://doi.org/10.1021/acsnano.5c03911
https://www.ncbi.nlm.nih.gov/pubmed/40577644
https://doi.org/10.3390/bios15120793
https://www.ncbi.nlm.nih.gov/pubmed/41440274
https://doi.org/10.1002/smb2.70030
https://doi.org/10.1039/d0en00570c
https://doi.org/10.1021/acsanm.4c02182
https://doi.org/10.1038/s41467-022-33409-3
https://www.ncbi.nlm.nih.gov/pubmed/36198675
https://doi.org/10.1038/s41578-018-0016-9
https://doi.org/10.1126/scirobotics.aam6431
https://www.ncbi.nlm.nih.gov/pubmed/31552379
https://doi.org/10.1038/s41578-018-0001-3
https://doi.org/10.1002/advs.202002203
https://www.ncbi.nlm.nih.gov/pubmed/33173743
https://doi.org/10.1038/nature14543
https://www.ncbi.nlm.nih.gov/pubmed/26017446
https://doi.org/10.1002/aisy.202300311
https://doi.org/10.1002/adfm.201707228
https://doi.org/10.1126/sciadv.aau1532
https://www.ncbi.nlm.nih.gov/pubmed/30746446
https://doi.org/10.1137/1018040
https://doi.org/10.1039/c004450b
https://www.ncbi.nlm.nih.gov/pubmed/20567752
https://doi.org/10.1039/c0nr00566e
https://www.ncbi.nlm.nih.gov/pubmed/21152575
https://doi.org/10.1021/ja1072349
https://www.ncbi.nlm.nih.gov/pubmed/20879711
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 27 of 32

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Stuart, M.A.C.; Huck, W.T.S.; Genzer, ].; Miiller, M.; Ober, C.; Stamm, M.; Sukhorukov, G.B.; Szleifer, I.; Tsukruk, V.V.; Urban, M.;
et al. Emerging applications of stimuli-responsive polymer materials. Nat. Mater. 2010, 9, 101-113. [CrossRef] [PubMed]

White, T.J.; Broer, D.J. Programmable and adaptive mechanics with liquid crystal polymer networks and elastomers. Nat. Mater.
2015, 14, 1087-1098. [CrossRef] [PubMed]

Hao, Y.;; Zhang, S.; Fang, B.; Sun, F; Liu, H.; Li, H. A review of smart materials for the boost of soft actuators, soft sensors, and
robotics applications. Chin. |. Mech. Eng. 2022, 35, 37. [CrossRef]

Rich, S.I.; Wood, R.J.; Majidi, C. Untethered soft robotics. Nat. Electron. 2018, 1, 102-112. [CrossRef]

Martin, C.R. Nanomaterials: A membrane-based synthetic approach. Scienice 1994, 266, 1961-1966. [CrossRef] [PubMed]
Maruo, S.; Kawata, S. Two-photon-absorbed near-infrared photopolymerization for three-dimensional microfabrication. J. Micro-
electromech. Syst. 1998, 7, 411-415. [CrossRef]

Carlotti, M.; Mattoli, V. Functional materials for two-photon polymerization in microfabrication. Small 2019, 15, 1902687.
[CrossRef] [PubMed]

Gittard, S.D.; Narayan, R.J. Laser direct writing of micro-and nano-scale medical devices. Expert Rev. Med. Devices 2010, 7,
343-356. [CrossRef] [PubMed]

Ye, J.; Wilson, D.A.; Tu, Y.; Peng, F. 3D-printed micromotors for biomedical applications. Adv. Mater. Technol. 2020, 5, 2000435.
[CrossRef]

Tibbits, S. 4D printing: Multi-material shape change. Archit. Des. 2014, 84, 116-121. [CrossRef]

Sydney Gladman, A.; Matsumoto, E.A.; Nuzzo, R.G.; Mahadevan, L.; Lewis, ].A. Biomimetic 4D printing. Nat. Mater. 2016, 15,
413-418. [CrossRef] [PubMed]

Momeni, F; Liu, X.; Ni, J. A review of 4D printing. Mater. Des. 2017, 122, 42-79. [CrossRef]

Bodaghi, M.; Wang, L.; Zhang, F; Liu, Y.; Leng, J. 4D printing roadmap. Smart Mater. Struct. 2024, 33, 113501. [CrossRef]

Ding, A.; Tang, F.; Alsberg, E. 4D printing: A comprehensive review of technologies, materials, stimuli, design, and emerging
applications. Chem. Rev. 2025, 125, 3663-3771. [CrossRef] [PubMed]

Zhang, L.; Abbott, ].J.; Dong, L.; Peyer, K.E.; Kratochvil, B.E.; Zhang, H.; Nelson, B.J. Artificial bacterial flagella: Fabrication and
magnetic control. Appl. Phys. Lett. 2009, 94, 064107. [CrossRef]

Jager, EW.H.; Inganas, O.; Lundstrom, . Microrobots for micrometer-size objects in aqueous media: Potential tools for single-cell
manipulation. Science 2000, 288, 2335-2338. [CrossRef] [PubMed]

Sitti, M. Voyage of the microrobots. Nature 2009, 458, 1121-1122. [CrossRef] [PubMed]

Martel, S. Bacterial microsystems and microrobots. Biomed. Microdevices 2012, 14, 1033-1045. [CrossRef] [PubMed]

Abbott, ].J.; Peyer, K.E.; Lagomarsino, M.C.; Zhang, L.; Dong, L.; Kaliakatsos, I.K.; Nelson, B.]. How should microrobots swim?
Int. J. Robot. Res. 2009, 28, 1434-1447. [CrossRef]

Hu, W,; Ishii, K.S.; Ohta, A.T. Micro-assembly using optically controlled bubble microrobots. Appl. Phys. Lett. 2011, 99, 094103.
[CrossRef]

Diller, E.; Floyd, S.; Pawashe, C.; Sitti, M. Control of multiple heterogeneous magnetic microrobots in two dimensions on
nonspecialized surfaces. IEEE Trans. Robot. 2011, 28, 172-182. [CrossRef]

Diller, E.; Giltinan, J.; Sitti, M. Independent control of multiple magnetic microrobots in three dimensions. Int. J. Robot. Res. 2013,
32, 614-631. [CrossRef]

Ghosh, A.; Fischer, P. Controlled propulsion of artificial magnetic nanostructured propellers. Nano Lett. 2009, 9, 2243-2245.
[CrossRef] [PubMed]

Liu, L.; Yoo, S.H.; Lee, S.A.; Park, S. Wet-chemical synthesis of palladium nanosprings. Nano Lett. 2011, 11, 3979-3982. [CrossRef]
[PubMed]

Li, J.; Sattayasamitsathit, S.; Dong, R.; Gao, W.; Tam, R.; Feng, X.; Ai, S.; Wang, ]. Template electrosynthesis of tailored-made
helical nanoswimmers. Nanoscale 2014, 6, 9415-9420. [CrossRef] [PubMed]

Tottori, S.; Zhang, L.; Qiu, F,; Krawczyk, K.K.; Franco-Obregén, A.; Nelson, B.J. Magnetic helical micromachines: Fabrication,
controlled swimming, and cargo transport. Adv. Mater. 2012, 24, 811-816. [CrossRef] [PubMed]

Wang, G.; Wang, S.; Shi, E; Gao, C.; Liu, X,; Xiao, W.; Wu, Y,; Bi, ].; Wang, D. Enhancing swimming performance of magnetic
helical microswimmers by surface microstructure. Langmuir 2024, 40, 17731-17739. [CrossRef] [PubMed]

Wang, G.; Li, X,; Tan, X,; Xiao, W.; Wang, D.; Bi, J.; Liu, M.; Gao, C.; Wu, Y. Motion enhancement of spherical surface walkers with
microstructures. Adv. Intell. Syst. 2021, 3, 2000226. [CrossRef]

Bernardeschi, I.; Ilyas, M.; Beccai, L. A review on active 3D microstructures via direct laser lithography. Adv. Intell. Syst. 2021,
3,2100051. [CrossRef]

Medina-Sanchez, M.; Schwarz, L.; Meyer, A.K.; Hebenstreit, F.; Schmidt, O.G. Cellular cargo delivery: Toward assisted fertilization
by sperm-carrying micromotors. Nano Lett. 2015, 16, 555-561. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1038/nmat2614
https://www.ncbi.nlm.nih.gov/pubmed/20094081
https://doi.org/10.1038/nmat4433
https://www.ncbi.nlm.nih.gov/pubmed/26490216
https://doi.org/10.1186/s10033-022-00707-2
https://doi.org/10.1038/s41928-018-0024-1
https://doi.org/10.1126/science.266.5193.1961
https://www.ncbi.nlm.nih.gov/pubmed/17836514
https://doi.org/10.1109/84.735349
https://doi.org/10.1002/smll.201902687
https://www.ncbi.nlm.nih.gov/pubmed/31402578
https://doi.org/10.1586/erd.10.14
https://www.ncbi.nlm.nih.gov/pubmed/20420557
https://doi.org/10.1002/admt.202000435
https://doi.org/10.1002/ad.1710
https://doi.org/10.1038/nmat4544
https://www.ncbi.nlm.nih.gov/pubmed/26808461
https://doi.org/10.1016/j.matdes.2017.02.068
https://doi.org/10.1088/1361-665x/ad5c22
https://doi.org/10.1021/acs.chemrev.4c00070
https://www.ncbi.nlm.nih.gov/pubmed/40106790
https://doi.org/10.1063/1.3079655
https://doi.org/10.1126/science.288.5475.2335
https://www.ncbi.nlm.nih.gov/pubmed/10875911
https://doi.org/10.1038/4581121a
https://www.ncbi.nlm.nih.gov/pubmed/19407789
https://doi.org/10.1007/s10544-012-9696-x
https://www.ncbi.nlm.nih.gov/pubmed/22960952
https://doi.org/10.1177/0278364909341658
https://doi.org/10.1063/1.3631662
https://doi.org/10.1109/tro.2011.2170330
https://doi.org/10.1177/0278364913483183
https://doi.org/10.1021/nl900186w
https://www.ncbi.nlm.nih.gov/pubmed/19413293
https://doi.org/10.1021/nl202332x
https://www.ncbi.nlm.nih.gov/pubmed/21819102
https://doi.org/10.1039/c3nr04760a
https://www.ncbi.nlm.nih.gov/pubmed/24126904
https://doi.org/10.1002/adma.201103818
https://www.ncbi.nlm.nih.gov/pubmed/22213276
https://doi.org/10.1021/acs.langmuir.4c02107
https://www.ncbi.nlm.nih.gov/pubmed/39108086
https://doi.org/10.1002/aisy.202000226
https://doi.org/10.1002/aisy.202100051
https://doi.org/10.1021/acs.nanolett.5b04221
https://www.ncbi.nlm.nih.gov/pubmed/26699202
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 28 of 32

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Huang, T.Y.; Sakar, M.S.; Mao, A.; Petruska, A.].; Qiu, F; Chen, X.B.; Kennedy, S.; Mooney, D.; Nelson, B.J]. 3D printed
microtransporters: Compound micromachines for spatiotemporally controlled delivery of therapeutic agents. Adv. Mater. 2015,
27, 6644-6650. [CrossRef] [PubMed]

Huang, T.Y.; Qiu, F; Tung, HW.; Peyer, K.E.; Shirokoff, S.; Nelson, B.J. Generating mobile fluidic traps for selective three-
dimensional transport of microobjects. Appl. Phys. Lett. 2014, 105, 114102. [CrossRef]

Kim, S.; Qiu, F; Kim, S.; Ghanbari, A.; Moon, C.; Zhang, L.; Nelson, B.J.; Choi, H. Fabrication and characterization of magnetic
microrobots for three-dimensional cell culture and targeted transportation. Adv. Mater. 2013, 25, 5863-5868. [CrossRef] [PubMed]
Steager, E.B.; Selman Sakar, M.; Magee, C.; Kennedy, M.; Cowley, A.; Kumar, V. Automated biomanipulation of single cells using
magnetic microrobots. Int. J. Robot. Res. 2013, 32, 346-359. [CrossRef]

Li, J.; Li, X;; Luo, T.; Wang, R; Liu, C.; Chen, S.; Li, D.; Yue, J.; Cheng, S.H.; Sun, D. Development of a magnetic microrobot for
carrying and delivering targeted cells. Sci. Robot. 2018, 3, eaat8829. [CrossRef] [PubMed]

Li, J.; Fan, L,; Li, Y.; Shi, Y; Liu, Y.; Zheng, Y.; Zhang, Z.; Zhang, L. Development of cell-carrying magnetic microrobots with
bioactive nanostructured titanate surface for enhanced cell adhesion. Micromachines 2021, 12, 1572. [CrossRef] [PubMed]
Servant, A.; Qiu, F; Mazza, M.; Kostarelos, K.; Nelson, B.J. Controlled in vivo swimming of a swarm of bacteria-like microrobotic
flagella. Adv. Mater. 2015, 27, 2981-2988. [CrossRef] [PubMed]

Zhang, Y.; Zhang, L.; Yang, L.; Vong, C.I; Chan, K.E; Wu, WK.K.; Kwong, TN.Y,; Lo, N.W.S,; Ip, M.; Wong, S.H.; et al. Real-time
tracking of fluorescent magnetic spore-based microrobots for remote detection of C. diff toxins. Sci. Adv. 2019, 5, eaau9650.
[CrossRef] [PubMed]

Yang, L.; Zhang, Y.; Wang, Q.; Chan, K.; Zhang, L. Automated Control of Magnetic Spore-Based Microrobot Using Fluorescence
Imaging for Targeted Delivery with Cellular Resolution. IEEE Trans. Autom. Sci. Eng. 2019, 17, 490-501. [CrossRef]

Martel, S.; Felfoul, O.; Mathieu, ]J.B.; Chanu, A.; Tamaz, S.; Mohammadi, M.; Mankiewicz, M.; Tabatabaei, N. MRI-based
medical nanorobotic platform for the control of magnetic nanoparticles and flagellated bacteria for target interventions in human
capillaries. Int. |. Robot. Res. 2009, 28, 1169-1182. [CrossRef] [PubMed]

Kosa, G.; Jakab, P; Szekely, G.; Hata, N. MRI driven magnetic microswimmers. Biomed. Microdevices 2012, 14, 165-178. [CrossRef]
[PubMed]

Pane, S.; Iacovacci, V.; Sinibaldi, E.; Menciassi, A. Real-Time Imaging and Tracking of Microrobots in Tissues Using Ultrasound
Phase Analysis. Appl. Phys. Lett. 2021, 118, 014102. [CrossRef]

Dreyfus, R.; Baudry, J.; Roper, M.L.; Fermigier, M.; Stone, H.A.; Bibette, J. Microscopic artificial swimmers. Nature 2005, 437,
862-865. [CrossRef] [PubMed]

Tung, HW.,; Sargent, D.F.; Nelson, B.J. Protein crystal harvesting using the RodBot: A wireless mobile microrobot. J. Appl.
Crystallogr. 2014, 47, 692-700. [CrossRef]

Li, T; Li, J.; Zhang, H.; Chang, X.; Song, W.; Hu, Y.; Shao, G.; Zhang, L.; Wang, J.; Li, M.; et al. Magnetically propelled fish-like
nanoswimmers. Small 2016, 12, 6098-6105. [CrossRef] [PubMed]

Yu, H.; Tang, W.; Mu, G.; Wang, H.; Chang, X.; Dong, H.; Qi, L.; Zhang, G.; Li, T. Micro-/Nanobots propelled by oscillating
magnetic fields. Micromachines 2018, 9, 540. [CrossRef] [PubMed]

Wang, W.; Castro, L.A.; Hoyos, M.; Mallouk, T.E. Autonomous motion of metallic microrods propelled by ultrasound. ACS Nano
2012, 6, 6122-6132. [CrossRef] [PubMed]

Zhang, L.; Petit, T; Lu, Y.; Kratochvil, B.E.; Peyer, K.E.; Pei, R.; Lou, J.; Nelson, B.]. Controlled propulsion and cargo transport of
rotating nickel nanowires near a patterned solid surface. ACS Nano 2010, 4, 6228-6234. [CrossRef] [PubMed]

Jang, B.; Gutman, E.; Stucki, N.; Seitz, B.F.; Wendel-Garcia, P.D.; Newton, T.; Pokki, J.; Ergeneman, O.; Pané, S.; Nelson, B.J.
Undulatory locomotion of magnetic multilink nanoswimmers. Nano Lett. 2015, 15, 4829-4833. [CrossRef] [PubMed]

Xu, B.; Zhang, B.; Wang, L.; Huang, G.; Mei, Y. Tubular micro/nanomachines: From the basics to recent advances. Adv. Funct.
Mater. 2018, 28, 1705872. [CrossRef]

Zhou, Y.; Dai, L.; Jiao, N. Review of bubble applications in microrobotics: Propulsion, manipulation, and assembly. Micromachines
2022, 13, 1068. [CrossRef] [PubMed]

Zha, F; Wang, T.; Luo, M.; Guan, J. Tubular micro/nanomotors: Propulsion mechanisms, fabrication techniques and applications.
Micromachines 2018, 9, 78. [CrossRef] [PubMed]

Wei, Y.; Lu, X,; Chen, Y.; Wang, R.; Zhang, H.; Liu, X.; Zhang, H.; Li, T. Biomimetic Individual and Group Behaviors of
Bubble-Thrusted Tubular Micro Sonobots: Unveiling the Mechanism Behind Phenomena. Adv. Eng. Mater. 2025, 27, 2402694.
[CrossRef]

Solovev, A.A.; Sanchez, S.; Pumera, M.; Mei, Y.F.; Schmidt, O.G. Magnetic control of tubular catalytic microrobots for the transport,
assembly, and delivery of micro-objects. Adv. Funct. Mater. 2010, 20, 2430-2435. [CrossRef]

Mei, Y.; Huang, G.; Solovev, A.A.; Urefia, E.B.; Monch, I; Ding, F; Reindl, T.; Fu, RK.Y.; Chu, PK.; Schmidt, O.G. Versatile
approach for integrative and functionalized tubes by strain engineering of nanomembranes on polymers. Adv. Mater. 2008, 20,
4085-4090. [CrossRef]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1002/adma.201503095
https://www.ncbi.nlm.nih.gov/pubmed/26415002
https://doi.org/10.1063/1.4895937
https://doi.org/10.1002/adma.201301484
https://www.ncbi.nlm.nih.gov/pubmed/23864519
https://doi.org/10.1177/0278364912472381
https://doi.org/10.1126/scirobotics.aat8829
https://www.ncbi.nlm.nih.gov/pubmed/33141689
https://doi.org/10.3390/mi12121572
https://www.ncbi.nlm.nih.gov/pubmed/34945424
https://doi.org/10.1002/adma.201404444
https://www.ncbi.nlm.nih.gov/pubmed/25850420
https://doi.org/10.1126/sciadv.aau9650
https://www.ncbi.nlm.nih.gov/pubmed/30746470
https://doi.org/10.1109/TASE.2019.2937232
https://doi.org/10.1177/0278364908104855
https://www.ncbi.nlm.nih.gov/pubmed/19890446
https://doi.org/10.1007/s10544-011-9594-7
https://www.ncbi.nlm.nih.gov/pubmed/22037673
https://doi.org/10.1063/5.0032969
https://doi.org/10.1038/nature04090
https://www.ncbi.nlm.nih.gov/pubmed/16208366
https://doi.org/10.1107/s1600576714004403
https://doi.org/10.1002/smll.201601846
https://www.ncbi.nlm.nih.gov/pubmed/27600373
https://doi.org/10.3390/mi9110540
https://www.ncbi.nlm.nih.gov/pubmed/30715039
https://doi.org/10.1021/nn301312z
https://www.ncbi.nlm.nih.gov/pubmed/22631222
https://doi.org/10.1021/nn101861n
https://www.ncbi.nlm.nih.gov/pubmed/20873764
https://doi.org/10.1021/acs.nanolett.5b01981
https://www.ncbi.nlm.nih.gov/pubmed/26029795
https://doi.org/10.1002/adfm.201705872
https://doi.org/10.3390/mi13071068
https://www.ncbi.nlm.nih.gov/pubmed/35888885
https://doi.org/10.3390/mi9020078
https://www.ncbi.nlm.nih.gov/pubmed/30393354
https://doi.org/10.1002/adem.202402694
https://doi.org/10.1002/adfm.200902376
https://doi.org/10.1002/adma.200801589
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 29 of 32

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Guix, M.; Weiz, S.M.; Schmidt, O.G.; Medina-Sdnchez, M. Self-propelled micro/nanoparticle motors. Part. Part. Syst. Charact.
2018, 35, 1700382. [CrossRef]

Liu, X.; Wang, Y.; Lin, L.; Zhang, Y.; Li, J.; Li, Y;; He, Q.; Wang, ]J.; Zhang, L.; Chen, X,; et al. Gear-like MOF microrobots for single
cell mechanotransduction of microvilli. Nat. Commun. 2026, 17, 3254. [CrossRef] [PubMed]

Zhu, S.; Zheng, W.; Wang, J.; Li, H.; Zhang, Y.; Liu, Y.; Sun, D. Interactive and synergistic behaviours of multiple heterogeneous
microrobots. Lab Chip 2022, 22, 3412-3423. [CrossRef] [PubMed]

Liang, Z.; Zhang, ].; Cao, Q.; Xie, J.; Zhou, Y.; Li, ].; Liu, M.; Wang, J. MOF-based magnetically manipulated microwave-robots for
triglyceride degradation. Matter 2025, 8, 101938. [CrossRef]

He, Y.,; Wang, L.; Li, Q.; Zhang, J.; Wang, Z. Design, analysis and experiments of a magnetic microrobot capable of locomotion
and manipulation at water surfaces. J. Micromech. Microeng. 2019, 29, 025010. [CrossRef]

Piepmeier, J.A.; Firebaugh, S.; Olsen, C.S. Uncalibrated visual servo control of magnetically actuated microrobots in a fluid
environment. Micromachines 2014, 5, 797-813. [CrossRef]

Howse, ].R; Jones, R.A.L,; Ryan, A.].; Gough, T.; Vafabakhsh, R.; Golestanian, R. Self-motile colloidal particles: From directed
propulsion to random walk. Phys. Rev. Lett. 2007, 99, 048102. [CrossRef] [PubMed]

Baraban, L.; Makarov, D.; Streubel, R.; Monch, I.; Grimm, D.; Sanchez, S.; Schmidt, O.G. Catalytic Janus motors on microfluidic
chip: Deterministic motion for targeted cargo delivery. ACS Nano 2012, 6, 3383-3389. [CrossRef] [PubMed]

Gao, W,; Pei, A.; Wang, ]. Water-driven micromotors. ACS Nano 2012, 6, 8432-8438. [CrossRef] [PubMed]

Su, H,; Li, S.; Yang, G.Z.; Zhao, X.; Wang, Y.; Zhang, L. Janus micro/nanorobots in biomedical applications. Adv. Healthc. Mater.
2023, 12, 2202391. [CrossRef] [PubMed]

Rachbuch, I; Park, S.; Katz, Y.; Kharlamov, V.; Yossifon, G. Hybrid magnetic-electric actuation for enhanced motion control and
multi-surface operation of Janus microrobots. Nat. Commun. 2026, 17, 4467. [CrossRef] [PubMed]

Mahoney, A.W.; Abbott, ].]. Managing magnetic force applied to a magnetic device by a rotating dipole field. Appl. Phys. Lett.
2011, 99, 134103. [CrossRef]

Hou, M.T,; Shen, HM,; Jiang, G.L.; Lu, C.H.; Lee, C. A rolling locomotion method for untethered magnetic microrobots. Appl.
Phys. Lett. 2010, 96, 024102. [CrossRef]

Tierno, P.; Golestanian, R.; Pagonabarraga, I.; Sagués, F. Controlled swimming in confined fluids of magnetically actuated colloidal
rotors. Phys. Rev. Lett. 2008, 101, 218304. [CrossRef] [PubMed]

Sing, C.E.; Schmid, L.; Schneider, M.F,; Franke, T.; Alexander-Katz, A. Controlled surface-induced flows from the motion of
self-assembled colloidal walkers. Proc. Natl. Acad. Sci. USA 2010, 107, 535-540. [CrossRef] [PubMed]

Yang, T.; Tomaka, A.; Tasci, T.O.; Neeves, K.B.; Wu, N.; Marr, D.W.M. Microwheels on microroads: Enhanced translation on
topographic surfaces. Sci. Robot. 2019, 4, eaaw9525. [CrossRef] [PubMed]

Pawashe, C.; Floyd, S.; Sitti, M. Modeling and experimental characterization of an untethered magnetic micro-robot. Int. J. Robot.
Res. 2009, 28, 1077-1094. [CrossRef]

Karle, M.; Woéhrle, J.; Miwa, J.; Paust, N.; Roth, G.; Zengerle, R.; von Stetten, F. Controlled counter-flow motion of magnetic bead
chains rolling along microchannels. Microfluid. Nanofluid. 2011, 10, 935-939. [CrossRef]

Mair, L.O.; Evans, B.; Hall, A.R; Carpenter, J.; Shields, A.; Ford, K.; Millard, M.; Superfine, R. Highly controllable near-surface
swimming of magnetic janus nanorods: Application to payload capture and manipulation. J. Phys. D Appl. Phys. 2011, 44, 125001.
[CrossRef]

Mathur, A.B.; Collinsworth, A.M.; Reichert, W.M.; Kraus, W.E.; Truskey, G.A. Endothelial, cardiac muscle and skeletal muscle
exhibit different viscous and elastic properties as determined by atomic force microscopy. J. Biomech. 2001, 34, 1545-1553.
[CrossRef] [PubMed]

Breger, J.C.; Yoon, C.K; Xiao, R.; Kwag, H.R.; Wang, M.O.; Fisher, ]J.P.; Nguyen, T.D.; Gracias, D.H. Self-folding thermo-
magnetically responsive soft microgrippers. ACS Appl. Mater. Interfaces 2015, 7, 3398-3405. [CrossRef] [PubMed]

Hippler, M.; Blasco, E.; Qu, J.; Tanaka, M.; Barner-Kowollik, C.; Wegener, M.; Bastmeyer, M. Controlling the shape of 3D
microstructures by temperature and light. Nat. Commun. 2019, 10, 232. [CrossRef] [PubMed]

Wang, X.; Li, L.; Liu, E,; Yang, S.; Song, Y.; Zhang, X. High-performance multiresponsive bilayer actuators based on micro-
/nanostructured polypyrrole for robust smart devices. ACS Appl. Nano Mater. 2021, 4, 5349-5359. [CrossRef]

Wang, S.; Wang, G.; Liu, X.; Xiao, W.; Wang, D.; Bi, ].; Aierken, A.; Xu, Z.; Gao, C.; Wu, Y. Temperature/pH Dual-Responsive
Hydrogels: Research Progress in Preparation Methods, Structural Design Strategies and Biomedical Applications. Gels 2026,
12, 433. [CrossRef] [PubMed]

Wang, X,; Jiao, N.; Tung, S.; Liu, L. Photoresponsive graphene composite bilayer actuator for soft robots. ACS Appl. Mater.
Interfaces 2019, 11, 30290-30299. [CrossRef] [PubMed]

Zhu, M,; Sun, Z.; Zhang, Z.; Shi, Q.; He, T,; Liu, H.; Chen, T.; Lee, C. Haptic-feedback smart glove as a creative human-machine
interface (HMI) for virtual /augmented reality applications. Sci. Adv. 2020, 6, eaaz8693. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1002/ppsc.201700382
https://doi.org/10.1038/s41467-026-70052-8
https://www.ncbi.nlm.nih.gov/pubmed/41748583
https://doi.org/10.1039/d2lc00265e
https://www.ncbi.nlm.nih.gov/pubmed/35880648
https://doi.org/10.1016/j.matt.2025.102198
https://doi.org/10.1088/1361-6439/aaf408
https://doi.org/10.3390/mi5040797
https://doi.org/10.1103/physrevlett.99.048102
https://www.ncbi.nlm.nih.gov/pubmed/17678409
https://doi.org/10.1021/nn300413p
https://www.ncbi.nlm.nih.gov/pubmed/22424213
https://doi.org/10.1021/nn303309z
https://www.ncbi.nlm.nih.gov/pubmed/22891973
https://doi.org/10.1002/adhm.202202391
https://www.ncbi.nlm.nih.gov/pubmed/36377485
https://doi.org/10.1038/s41467-026-72408-6
https://www.ncbi.nlm.nih.gov/pubmed/42069676
https://doi.org/10.1063/1.3644021
https://doi.org/10.1063/1.3291112
https://doi.org/10.1103/physrevlett.101.218304
https://www.ncbi.nlm.nih.gov/pubmed/19113458
https://doi.org/10.1073/pnas.0906489107
https://www.ncbi.nlm.nih.gov/pubmed/20080716
https://doi.org/10.1126/scirobotics.aaw9525
https://www.ncbi.nlm.nih.gov/pubmed/31592128
https://doi.org/10.1177/0278364909341413
https://doi.org/10.1007/s10404-010-0727-8
https://doi.org/10.1088/0022-3727/44/12/125001
https://doi.org/10.1016/s0021-9290(01)00149-x
https://www.ncbi.nlm.nih.gov/pubmed/11716856
https://doi.org/10.1021/am508621s
https://www.ncbi.nlm.nih.gov/pubmed/25594664
https://doi.org/10.1038/s41467-018-08175-w
https://www.ncbi.nlm.nih.gov/pubmed/30651553
https://doi.org/10.1021/acsanm.1c00689
https://doi.org/10.3390/gels12050433
https://www.ncbi.nlm.nih.gov/pubmed/42196117
https://doi.org/10.1021/acsami.9b09491
https://www.ncbi.nlm.nih.gov/pubmed/31361459
https://doi.org/10.1126/sciadv.aaz8693
https://www.ncbi.nlm.nih.gov/pubmed/32494718
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 30 of 32

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

Zhang, ].; Kar-Narayan, S. Microfabrication challenges and strategies for electrochemical actuators in miniature soft robotics for
biomedical applications. APL Electron. Devices 2026, 2, 021501. [CrossRef]

Li, G,; Yang, Y,; Peng, W.; Li, X.; Liu, J.; Wu, Z.; Li, J.; Sun, D. A Multimodal Variable-speed Microrobot With Asymmetric
Multilayer Structure for Moving Agility and Adaptability. Small 2026, 22, e11852. [CrossRef] [PubMed]

Jeong, K.U.; Jang, ].H.; Kim, D.Y.; Nah, C; Lee, ].H.; Lee, M.H.; Sun, H.J.; Wang, C.L.; Cheng, S.Z.D.; Thomas, E.L. Three-
dimensional actuators transformed from the programmed two-dimensional structures via bending, twisting and folding mecha-
nisms. J. Mater. Chem. 2011, 21, 6824-6830. [CrossRef]

Ye, M,; Sun, H.; Wu, Z.; Wang, ].; Lv, ].; Liu, M.; Gu, Z. Voxel-programmed single-layer hydrogels for multifunctional self-folding
microrobots. Cell Rep. Phys. Sci. 2026, 1, 101678. [CrossRef]

Nguyen, K.T.; Go, G; Jin, Z.; Darmawan, B.A.; Yoo, A.; Kim, S.; Nan, M.; Lee, S.B.; Kang, B.; Kim, C.S,; et al. A magnetically
guided self-rolled microrobot for targeted drug delivery, real-time X-Ray imaging, and microrobot retrieval. Adv. Healthc. Mater.
2021, 10, 2001681. [CrossRef] [PubMed]

Zeng, H.; Wasylczyk, P.; Wiersma, D.S.; Priimagi, A. Light-fueled microscopic walkers. Adv. Mater. 2015, 27, 3883-3887. [CrossRef]
[PubMed]

Rogoz, M.; Zeng, H.; Xuan, C.; Wiersma, D.S.; Wasylczyk, P. Light-driven soft robot mimics caterpillar locomotion. Adv. Opt.
Mater. 2016, 4, 1689-1694. [CrossRef]

Chen, Q.; Huang, J.; Feng, X; Li, J.; Luo, Y.; Wang, Y.; Chen, X. Controlling Self-Oscillation of a Single-Layer Liquid Crystal
Elastomer at the Air-Water Interface via Light Programming for Water Strider-Inspired Aquatic Robots. ACS Appl. Mater. Interfaces
2025, 17,17433-17444. [CrossRef] [PubMed]

Cheng, Y.; Lu, H; Lee, X.; Zeng, H.; Priimagi, A. Kirigami-based light-induced shape-morphing and locomotion. Adv. Mater.
2020, 32, 1906233. [CrossRef] [PubMed]

Novelino, L.S.; Ze, Q.; Wu, S.; Paulino, G.H.; Zhao, R. Untethered control of functional origami microrobots with distributed
actuation. Proc. Natl. Acad. Sci. USA 2020, 117, 24096-24101. [CrossRef] [PubMed]

Shim, T.S.; Kim, S.H.; Heo, C.J.; Jeon, H.C.; Yang, S.M. Controlled origami folding of hydrogel bilayers with sustained reversibility
for robust microcarriers. Angew. Chem. Int. Ed. 2012, 51, 1420-1423. [CrossRef] [PubMed]

Dong, X.; Li, X.; Cui, J.; Zhang, Y.; Yang, Z.; Liu, J.; Chen, X. Origami and Kirigami on Nanomembranes: Design, Fabrication, and
Applications. Adv. Mater. 2025, e10883. [CrossRef] [PubMed]

Rus, D.; Tolley, M.T. Design, fabrication and control of origami robots. Nat. Rev. Mater. 2018, 3, 101-112. [CrossRef]

Hu, W,; Lum, G.; Mastrangel, M.; Sitti, M. Small-scale soft-bodied robot with multimodal locomotion. Nature 2018, 554, 81-85.
[CrossRef] [PubMed]

Yang, T.; Sprinkle, B.; Guo, Y.; Qian, J.; Li, D.; Wu, N.; Marr, D.W.M. Reconfigurable microbots folded from simple colloidal chains.
Proc. Natl. Acad. Sci. USA 2020, 117, 18186-18193. [CrossRef] [PubMed]

Zhang, M.; Liu, Y.; Deng, C.; Wang, J.; Li, J.; Sun, D. Light-driven lattice soft microrobot with multimodal locomotion. Nat.
Commun. 2025, 16, 8059. [CrossRef] [PubMed]

Dong, X.; Lum, G.; Hu, W.; Zhang, R; Ren, Z.; Onck, PR; Sitti, M. Bioinspired cilia arrays with programmable nonreciprocal
motion and metachronal coordination. Sci. Adv. 2020, 6, eabc9323. [CrossRef] [PubMed]

Cui, ].; Huang, T.Y.; Luo, Z,; Testa, P; Gu, H.; Chen, X.; Nelson, B.].; Heyderman, L.]. Nanomagnetic encoding of shape-morphing
micromachines. Nature 2019, 575, 164-168. [CrossRef] [PubMed]

Lahikainen, M.; Zeng, H.; Priimagi, A. Reconfigurable photoactuator through synergistic use of photochemical and photothermal
effects. Nat. Commun. 2018, 9, 4148. [CrossRef] [PubMed]

Alapan, Y,; Karacakol, A.; Guzelhan, S.; Isik, L; Sitti, M. Reprogrammable shape morphing of magnetic soft machines. Sci. Adv.
2020, 6, eabc6414. [CrossRef] [PubMed]

Lum, G.Z; Ye, Z.; Dong, X.; Marvi, H.; Erin, O.; Hu, W.; Sitti, M. Shape-programmable magnetic soft matter. Proc. Natl. Acad. Sci.
USA 2016, 113, E6007-E6015. [CrossRef] [PubMed]

Huang, H.; Sakar, M.; Petruska, A.; Pané, S.; Nelson, B.J. Soft micromachines with programmable motility and morphology. Nat.
Commun. 2016, 7, 12263. [CrossRef] [PubMed]

Ricotti, L.; Trimmer, B.; Feinberg, A.W.; Raman, R.; Parker, K K.; Bashir, R.; Sitti, M.; Martel, S.; Dario, P.; Menciassi, A. Biohybrid
actuators for robotics: A review of devices actuated by living cells. Sci. Robot. 2017, 2, eaaq0495. [CrossRef] [PubMed]

Sitti, M. Physical intelligence as a new paradigm. Extrem. Mech. Lett. 2021, 46, 101340. [CrossRef]

Fenjan, S.; Fahimi, S. Design and fabrication of a pneumatic soft robot gripper using hyper-flexible silicone. In Proceedings of the
2023 11th RSI International Conference on Robotics and Mechatronics (ICRoM); IEEE: New York, NY, USA, 2023; pp. 123-128.

Lei, J.; Ge, Z.; Fan, P.; Wang, C.; Li, Y. Design and manufacture of a flexible pneumatic soft gripper. Appl. Sci. 2022, 12, 6306.
[CrossRef]

Su, X.; Wang, L.; Wang, Z.; Li, M.; Zhang, Y.; Chen, Y.; Wang, ]J.; Zhang, L. Acoustic shape-morphing micromachines. Nat.
Commun. 2026, 17, 2238. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1063/5.0320617
https://doi.org/10.1002/smll.202511852
https://www.ncbi.nlm.nih.gov/pubmed/42138107
https://doi.org/10.1039/c0jm03631e
https://doi.org/10.1016/j.xcrp.2025.103086
https://doi.org/10.1002/adhm.202001681
https://www.ncbi.nlm.nih.gov/pubmed/33506630
https://doi.org/10.1002/adma.201501446
https://www.ncbi.nlm.nih.gov/pubmed/26033690
https://doi.org/10.1002/adom.201600503
https://doi.org/10.1021/acsami.5c01140
https://www.ncbi.nlm.nih.gov/pubmed/40042360
https://doi.org/10.1002/adma.201906233
https://www.ncbi.nlm.nih.gov/pubmed/31834665
https://doi.org/10.1073/pnas.2013292117
https://www.ncbi.nlm.nih.gov/pubmed/32929033
https://doi.org/10.1002/anie.201106723
https://www.ncbi.nlm.nih.gov/pubmed/22105942
https://doi.org/10.1002/adma.202510883
https://www.ncbi.nlm.nih.gov/pubmed/40977052
https://doi.org/10.1038/s41578-018-0009-8
https://doi.org/10.1038/nature25443
https://www.ncbi.nlm.nih.gov/pubmed/29364873
https://doi.org/10.1073/pnas.2007255117
https://www.ncbi.nlm.nih.gov/pubmed/32680965
https://doi.org/10.1038/s41467-025-62676-z
https://www.ncbi.nlm.nih.gov/pubmed/40877315
https://doi.org/10.1126/sciadv.abc9323
https://www.ncbi.nlm.nih.gov/pubmed/33158868
https://doi.org/10.1038/s41586-019-1713-2
https://www.ncbi.nlm.nih.gov/pubmed/31695212
https://doi.org/10.1038/s41467-018-06647-7
https://www.ncbi.nlm.nih.gov/pubmed/30297774
https://doi.org/10.1126/sciadv.abc6414
https://www.ncbi.nlm.nih.gov/pubmed/32948594
https://doi.org/10.1073/pnas.1608193113
https://www.ncbi.nlm.nih.gov/pubmed/27671658
https://doi.org/10.1038/ncomms12263
https://www.ncbi.nlm.nih.gov/pubmed/27447088
https://doi.org/10.1126/scirobotics.aaq0495
https://www.ncbi.nlm.nih.gov/pubmed/33157905
https://doi.org/10.1016/j.eml.2021.101340
https://doi.org/10.3390/app12136306
https://doi.org/10.1038/s41467-026-68856-9
https://www.ncbi.nlm.nih.gov/pubmed/41622294
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 31 0f 32

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Watanabe, T.; Yokoyama, Y.; Hayakawa, T. Structurally isolated photoactuation of graphene-mixed temperature-responsive
hydrogels in soft-rigid series structure. ROBOMECH ]. 2019, 6, 11. [CrossRef]

Ma, C.; Song, W.; Zhao, X.; Wang, Y.; Li, Z.; Wang, L.; Zhang, H. Bioinspired Soft Robots with Integrated Biological Motion
Mechanisms and Rigid-Flexible Coupling Systems. Small Methods 2025, 9, 2402264. [CrossRef] [PubMed]

Kim, S.; Lee, S.; Lee, ].; Nelson, B.J.; Zhang, L.; Choi, H. Fabrication and manipulation of ciliary microrobots with non-reciprocal
magnetic actuation. Sci. Rep. 2016, 6, 30713. [CrossRef] [PubMed]

Lyu, D.; Xu, W.; Zhou, N.; Zhu, S.; Wang, J.; Nie, Z. Biomimetic thermoresponsive superstructures by colloidal soft-and-hard
co-assembly. Sci. Adv. 2023, 9, eadh2250. [CrossRef] [PubMed]

Zhu, Y,; Birla, M.; Oldham, K.R.; Lee, J. Elastically and plastically foldable electrothermal micro-origami for controllable and
rapid shape morphing. Adv. Funct. Mater. 2020, 30, 2003741. [CrossRef]

Wang, L.; Yang, Y.; Yu Wang, M.; Wu, Z,; Li, J.; Sun, D. Origami Twist-Inspired Microbuilding Blocks for Multifunctional
Shape-Morphing Micromachines. Adv. Funct. Mater. 2026, 36, €17157. [CrossRef]

Liu, Q.; Wang, W.; Reynolds, M.E; Cao, M.C.; Xu, Y.; McLeod, E.; Shlian, M.; Gracias, D.H. Micrometer-sized electrically
programmable shape-memory actuators for low-power microrobotics. Sci. Robot. 2021, 6, eabe6663. [CrossRef] [PubMed]
Wang, Y.; Li, X.; Liu, C.; Zhang, Y.; Chen, Z.; Zhang, L. Terrestrial locomotion of microscopic robots enabled by 3D nanomembranes
with nonreciprocal shape morphing. Proc. Natl. Acad. Sci. USA 2025, 122, €2500680122. [CrossRef] [PubMed]

Felton, S.; Tolley, M.; Demaine, E.; Rus, D.; Wood, R. A method for building self-folding machines. Science 2014, 345, 644—-646.
[CrossRef] [PubMed]

Ma, Z.C.; Zhang, Y.L.; Han, B.; Chen, Q.D.; Sun, H.B. Femtosecond laser programmed artificial musculoskeletal systems. Nat.
Commun. 2020, 11, 4536. [CrossRef] [PubMed]

Tang, T.; Gao, H,; Xing, L.; Li, Y.; Chen, H.; Wang, H.; Zhang, L. Biodegradable Core-Shell Magnetic Microrobots With High Cell
Capacity for Precise Co-Delivery of Stem Cells and Bioactive Molecules. Small 2026, 22, €74212. [CrossRef] [PubMed]

Liu, Q.; Ji, Y,; Mou, E; Guan, J.; Luo, M.; Xu, L. Preparation of liquid metal microrobots with an asymmetric core-shell structure
for thermal gradient navigation. Soft Matter 2025, 21, 6034-6038. [CrossRef] [PubMed]

Xu, L.; Zeng, F.; Zhang, Z.; Wang, H.; Chen, Y.; Li, T. Micro-nanoarchitectonics of heterogeneous windmill-shaped microrobots
with magneto-Photothermal synergy for accelerated cargo delivery. J. Colloid Interface Sci. 2026, 680, 140746. [CrossRef] [PubMed]
Chen, X.; Zhang, H.; Tian, C.; Wang, J.; Li, Q.; Sun, D. Multiscale magnetic hydrogel robot with a core-shell structure for active
targeted delivery. ACS Appl. Polym. Mater. 2022, 4, 8645-8655. [CrossRef]

Barron, E.; Williams, E.; Tutika, R.; Bartlett, M.D. A unified understanding of magnetorheological elastomers for rapid and
extreme stiffness tuning. RSC Appl. Polym. 2023, 1, 315-324. [CrossRef]

Schubert, B.; Floreano, D. Variable stiffness material based on rigid low-melting-point-alloy microstructures embedded in soft
poly(dimethylsiloxane) (PDMS). RSC Adv. 2013, 3, 24671-24679. [CrossRef]

Min, H.; Bae, D.; Jang, S.; Kim, J.; Ko, S.H.; Park, J.; Jeon, ].; Kim, H.; Lee, ].; Kim, S.; et al. Stiffness-tunable velvet worm-inspired
soft adhesive robot. Sci. Adv. 2024, 10, eadp8260. [CrossRef] [PubMed]

Lussi, ].; Mattmann, M.; Sevim, S.; Terzopoulou, A.; De Marco, C.; Pané, S.; Nelson, B.J.; Chatzipirpiridis, G. A submillimeter
continuous variable stiffness catheter for compliance control. Adv. Sci. 2021, 8, 2101290. [CrossRef] [PubMed]

Yang, R.; Miao, A; Tang, Q.; Chen, D.; Sun, D. Infrared-regulated micro device for soft continuum robots. Sens. Actuators A Phys.
2023, 350, 114103. [CrossRef]

Kim, S.; Yoon, S.J.; Park, Y.L. Variable Stiffness Flexure Structures Enabled by Phase-Change Gallium and Adhesive Interfacial
Locking for Soft Robotic Applications. Adv. Eng. Mater. 2026, 28, €202502415. [CrossRef]

Zhang, W.; Zhou, J.; Jia, Y.; Wang, Y,; Han, Y.; Zhao, H.; Chen, X. Magnetoactive microlattice metamaterials with highly tunable
stiffness and fast response rate. NPG Asia Mater. 2023, 15, 45. [CrossRef]

Gaeta, L.T.; McDonald, K.J.; Kinnicutt, L.; Le, T.; Pena-Francesch, A. Magnetically induced stiffening for soft robotics. Soft Matter
2023, 19, 2623-2636. [CrossRef] [PubMed]

Majidi,, C.; Wood, R. Tunable elastic stiffness with microconfined magnetorheological domains at low magnetic field. Appl. Phys.
Lett. 2010, 97, 164104. [CrossRef]

Mosiewicz, K.A.; Kolb, L.; Van Der Vlies, A.].; Martino, M.M.; Lienemann, P.S.; Hubbell, J.A.; Ehrbar, M.; Lutolf, M.P. Microscale
patterning of hydrogel stiffness through light-triggered uncaging of thiols. Biomater. Sci. 2014, 2, 1640-1651. [CrossRef] [PubMed]
Gray, N.; Gramiger, Z.; Studart, A.R.; Katzschmann, R.K. Adaptive Hydrogels With Spatiotemporal Stiffening Using pH-
Modulating Enzymes. Adv. Funct. Mater. 2026, 36, €31953. [CrossRef]

Liu, Y;; Huang, J.; Zhao, X.; Wang, Z.; Zhang, L.; Li, T. Magnetically controlled microrobotic system for programmable stiffness
tuning and active steering of microcatheters. Nat. Commun. 2025, 17, 916. [CrossRef] [PubMed]

Ibrahimi, M.; Paterno, L.; Ricotti, L.; Menciassi, A. A layer jamming actuator for tunable stiffness and shape-changing devices.
Soft Robot. 2021, 8, 85-96. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090803


https://doi.org/10.1186/s40648-019-0140-3
https://doi.org/10.1002/smtd.202402264
https://www.ncbi.nlm.nih.gov/pubmed/40326196
https://doi.org/10.1038/srep30713
https://www.ncbi.nlm.nih.gov/pubmed/27470077
https://doi.org/10.1126/sciadv.adh2250
https://www.ncbi.nlm.nih.gov/pubmed/37390212
https://doi.org/10.1002/adfm.202003741
https://doi.org/10.1002/adfm.202517157
https://doi.org/10.1126/scirobotics.abe6663
https://www.ncbi.nlm.nih.gov/pubmed/34043551
https://doi.org/10.1073/pnas.2500680122
https://www.ncbi.nlm.nih.gov/pubmed/40526712
https://doi.org/10.1126/science.1252610
https://www.ncbi.nlm.nih.gov/pubmed/25104380
https://doi.org/10.1038/s41467-020-18117-0
https://www.ncbi.nlm.nih.gov/pubmed/32913189
https://doi.org/10.1002/smll.74212
https://www.ncbi.nlm.nih.gov/pubmed/42301950
https://doi.org/10.1039/d5sm00439j
https://www.ncbi.nlm.nih.gov/pubmed/40673747
https://doi.org/10.1016/j.jcis.2026.140746
https://www.ncbi.nlm.nih.gov/pubmed/42166906
https://doi.org/10.1021/acsapm.2c01555
https://doi.org/10.1039/d3lp00109a
https://doi.org/10.1039/c3ra44412k
https://doi.org/10.1126/sciadv.adp8260
https://www.ncbi.nlm.nih.gov/pubmed/39565852
https://doi.org/10.1002/advs.202101290
https://www.ncbi.nlm.nih.gov/pubmed/34272935
https://doi.org/10.1016/j.sna.2022.114103
https://doi.org/10.1002/adem.202502415
https://doi.org/10.1038/s41427-023-00492-x
https://doi.org/10.1039/d2sm01390h
https://www.ncbi.nlm.nih.gov/pubmed/36951679
https://doi.org/10.1063/1.3503969
https://doi.org/10.1039/c4bm00262h
https://www.ncbi.nlm.nih.gov/pubmed/32481945
https://doi.org/10.1002/adfm.202531953
https://doi.org/10.1038/s41467-025-67638-z
https://www.ncbi.nlm.nih.gov/pubmed/41436450
https://doi.org/10.1089/soro.2019.0182
https://www.ncbi.nlm.nih.gov/pubmed/32456553
https://doi.org/10.3390/gels12090803

Gels 2026, 12, 803 32 0f 32

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.
197.

Landers, E.C.; Hertle, L.; Pustovalov, V.,; Klingner, A; Sitti, M.; Li, J.; Wang, J. Clinically ready magnetic microrobots for targeted
therapies. Science 2025, 390, 710-715. [CrossRef] [PubMed]

Li, Z.; Zheng, W.; Wang, J.; Zhang, Y.; Chen, X.; Sun, D. Inhalable biohybrid microrobots: A non-invasive approach for lung
treatment. Nat. Commun. 2025, 16, 666. [CrossRef] [PubMed]

Zhang, F;Li,].; Chen, H,; Zhang, Y.; Wang, J.; Sun, D. Biohybrid microrobots locally and actively deliver drug-loaded nanoparticles
to inhibit the progression of lung metastasis. Sci. Adv. 2024, 10, eadn6157. [CrossRef] [PubMed]

Wu, Z,; Li, L.; Yang, Y,; Hu, P; Li, Y,; Yang, S.Y.; Wang, L.V.; Gao, W. A microrobotic system guided by photoacoustic computed
tomography for targeted navigation in intestines in vivo. Sci. Robot. 2019, 4, eaax0613. [CrossRef] [PubMed]

Yan, X.; Zhou, Q.; Vincent, M.; Deng, Y,; Yu, J.; Xu, J.; Xu, T; Tang, T.; Bian, L.; Wang, Y.; et al. Multifunctional biohybrid magnetite
microrobots for imaging-guided therapy. Sci. Robot. 2017, 2, eaaq1155. [CrossRef] [PubMed]

Go, G.; Jeong, S.G.; Yoo, A.; Han, J.; Kang, B.; Kim, S.; Nguyen, K.T.; Jin, Z.; Kim, C.S.; Seo, Y.R.; et al. Multifunctional microrobot
with real-time visualization and magnetic resonance imaging for chemoembolization therapy of liver cancer. Sci. Adv. 2022,
8, eabq8545. [CrossRef] [PubMed]

Han, H.; Ma, X.; Deng, W.; Li, J.; Wang, J.; Zhang, L.; Sun, D. Imaging-guided bioresorbable acoustic hydrogel microrobots. Sci.
Robot. 2024, 9, eadp3593. [CrossRef] [PubMed]

Alapan, Y.; Bozuyuk, U.; Erkoc, P,; Karacakol, A.; Sitti, M. Multifunctional surface microrollers for targeted cargo delivery in
physiological blood flow. Sci. Robot. 2020, 5, eaba5726. [CrossRef] [PubMed]

Yasa, I.C.; Ceylan, H.; Bozuyuk, U.; Wild, A.M.; Sitti, M. Elucidating the interaction dynamics between microswimmer body and
immune system for medical microrobots. Sci. Robot. 2020, 5, eaaz3867. [CrossRef] [PubMed]

Yang, M.; Zhang, Y.; Mou, F; Cao, C.; Wang, J.; Li,J.; Li, M.; Wu, Z.; Guan, J.; Sun, D. Swarming magnetic nanorobots bio-interfaced
by heparinoid-polymer brushes for in vivo safe synergistic thrombolysis. Sci. Adv. 2023, 9, eadk7251. [CrossRef] [PubMed]
Chen, H.; Law, J.; Wang, Y.; Li, ].; Zhang, L.; Sun, D. Active microgel particle swarms for intrabronchial targeted delivery. Sci. Adv.
2025, 11, eadr3356. [CrossRef] [PubMed]

Bozuyuk, U.; Wrede, P; Yildiz, E.; Sitti, M. Roadmap for clinical translation of mobile microrobotics. Adv. Mater. 2024, 36, 2311462.
[CrossRef] [PubMed]

Yang, L.; Jiang, J.; Ji, F; Zhang, Y.; Li, J.; Sun, D. Machine learning for micro- and nanorobots. Nat. Mach. Intell. 2024, 6, 605-618.
[CrossRef]

Behrens, M.R.; Ruder, W.C. Smart magnetic microrobots learn to swim with deep reinforcement learning. Adv. Intell. Syst. 2022,
4,2200023. [CrossRef]

Nauber, R.; Hoppe, J.; Robles, D.C.; Medina-Sanchez, M.; Schmidt, O.G.; Heyn, C.; Biittner, L.; Czarske, ] W. Photoacoustics-
guided real-time closed-loop control of magnetic microrobots through deep learning. In Proceedings of the 2024 International
Conference on Manipulation, Automation and Robotics at Small Scales (MARSS); IEEE: New York, NY, USA, 2024; pp. 1-5.

Ceron, S.; Gardi, G.; Petersen, K; Sitti, M. Programmable self-organization of heterogeneous microrobot collectives. Proc. Natl.
Acad. Sci. USA 2023, 120, €2221913120. [CrossRef] [PubMed]

Xia, X.; Ni, M.; Wang, M.; Zhang, L.; Li, J.; Sun, D. Artificial intelligence-assisted multimode microrobot swarm behaviors. ACS
Nano 2025, 19, 12883-12894. [CrossRef] [PubMed]

Choudhary, S.; Sadak, E,; Gerena, E.; Haliyo, S.; Sill, A. Three-dimensional optical microrobot orientation estimation and tracking
using deep learning. Robotica 2025, 43, 616-637. [CrossRef]

Alabay, H.H.; Le, T.A.; Ceylan, H. X-ray fluoroscopy guided localization and steering of miniature robots using virtual reality
enhancement. Front. Robot. Al 2024, 11, 1495445. [CrossRef] [PubMed]

Dong, H.; Lin, J.; Tao, Y.; Zhang, L.; Li, ].; Sun, D. Al-enhanced biomedical micro/nanorobots in microfluidics. Lab Chip 2024, 24,
1419-1440. [CrossRef] [PubMed]

Ling, Y,; Lu, Y.; Rich, J.; Li, J.; Wang, J.; Sun, D. Machine learning-driven design of engineered cilia enables hybrid operations in
acoustic microrobots. Nat. Commun. 2026, 17, 3870. [CrossRef] [PubMed]

Kaspar, C.; Ravoo, B.J.; van der Wiel, W.G. The rise of intelligent matter. Nature 2021, 594, 345-355. [CrossRef] [PubMed]
Arsulfli, B.; Magrini, T. Programmable Multi-responsive Nanocellulose-based Hydrogels with Embodied Logic. Adv. Funct. Mater.
2024, 34, 2409864. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/gels12090803


https://doi.org/10.1126/science.adx1708
https://www.ncbi.nlm.nih.gov/pubmed/41231973
https://doi.org/10.1038/s41467-025-56032-4
https://www.ncbi.nlm.nih.gov/pubmed/39809831
https://doi.org/10.1126/sciadv.adn6157
https://www.ncbi.nlm.nih.gov/pubmed/38865468
https://doi.org/10.1126/scirobotics.aax0613
https://www.ncbi.nlm.nih.gov/pubmed/32632399
https://doi.org/10.1126/scirobotics.aaq1155
https://www.ncbi.nlm.nih.gov/pubmed/33157904
https://doi.org/10.1126/sciadv.abq8545
https://www.ncbi.nlm.nih.gov/pubmed/36399561
https://doi.org/10.1126/scirobotics.adp3593
https://www.ncbi.nlm.nih.gov/pubmed/39661698
https://doi.org/10.1126/scirobotics.aba5726
https://www.ncbi.nlm.nih.gov/pubmed/33022624
https://doi.org/10.1126/scirobotics.aaz3867
https://www.ncbi.nlm.nih.gov/pubmed/33022620
https://doi.org/10.1126/sciadv.adk7251
https://www.ncbi.nlm.nih.gov/pubmed/38019908
https://doi.org/10.1126/sciadv.adr3356
https://www.ncbi.nlm.nih.gov/pubmed/40073130
https://doi.org/10.1002/adma.202311462
https://www.ncbi.nlm.nih.gov/pubmed/38380776
https://doi.org/10.1038/s42256-024-00859-x
https://doi.org/10.1002/aisy.202270049
https://doi.org/10.1073/pnas.2221913120
https://www.ncbi.nlm.nih.gov/pubmed/37276400
https://doi.org/10.1021/acsnano.4c16347
https://www.ncbi.nlm.nih.gov/pubmed/40138544
https://doi.org/10.1017/s0263574724002091
https://doi.org/10.3389/frobt.2024.1495445
https://www.ncbi.nlm.nih.gov/pubmed/39605865
https://doi.org/10.1039/d3lc00909b
https://www.ncbi.nlm.nih.gov/pubmed/38174821
https://doi.org/10.1038/s41467-026-70048-4
https://www.ncbi.nlm.nih.gov/pubmed/41820370
https://doi.org/10.1038/s41586-021-03453-y
https://www.ncbi.nlm.nih.gov/pubmed/34135518
https://doi.org/10.1002/adfm.202409864
https://doi.org/10.3390/gels12090803

	Introduction 
	Foundational Principles Underlying Structural Evolution of Microrobots 
	Connotation of Structure 
	Constraints of Low-Reynolds-Number Fluid Dynamics 
	Intertwined Factors Driving Structural Evolution 
	Conceptual Nature of Structural Evolution 

	Rigid Microrobots 
	Geometric Asymmetric Structures 
	Surface Asymmetric Structures 
	Advantages and Limitations of Rigid Microrobots 

	Soft Microrobots 
	Predefined Deformation Structures 
	Dynamically Reconfigurable Structures 
	Advantages and Limitations of Soft Structures 

	Rigid–Soft Integrated Microrobots 
	Spatially Heterogeneous Integration Structures 
	Temporal Stiffness Modulation Structures 
	Advantages and Limitations of Rigid–Soft Integrated Structures 

	Clinical Translation of Microrobots 
	Biomedical Applications and Recent Progress 
	In Vivo Validation and Physiological Barriers 
	Safety and Clinical Risk Assessment 

	Conclusions and Outlook 
	Conclusions 
	Outlook 

	Appendix A
	References

