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Abstract: Small-scale robots, ranging in size from micrometers to centimeters, have
gained significant attention in the biomedical field. However, conventional
small-scale robots made of rigid materials encounter challenges in adapting
themselves to the soft tissues and complicated environments of human body.
Compared to the rigid counterpart, small-scale hydrogel-based robots hold great
promises due to their tissue-like low modulus, outstanding biocompatibility and
accessible stimuli-responsive capabilities. These attributes offer small-scale
hydrogel-based robots with multimodal locomotion and reinforced functions, further
enhancing the adaptability in manipulation and tasks execution for various biomedical
applications. In this review, we present recent advances in small-scale hydrogel-based
robots. We first summarize the design principles of small-scale hydrogel-based robots
including materials, fabrication techniques and manipulation strategies, then
highlighting their upgraded functions and adaptive biomedical applications. Finally,
we discuss existing challenges and future perspectives for small-scale hydrogel-based

robots.
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1. Introduction

Small-scale robots, ranging in size from micrometers to centimeters [1, 2], that
can be remotely controlled by light [3, 4], acoustic [5, 6], electric [7, 8], and magnet
[9-13], have shown great promise in the field of biomedical applications [14, 15]. Due
to their small size, programmable locomotion and actuation behaviors, they can
perform various tasks in confined spaces within human bodies, providing significant
advances in disease therapies and diagnostics [16, 17]. For example, slippery
micropropellers can be magnetically controlled to penetrate through the dense
vitreous humor to reach retina [18]. Moreover, small-scale robots also enable deep
tissue imaging and real-time tracking in vivo [19]. Despite great promises in disease
therapies and diagnostics, conventional small-scale robots made of rigid materials
such as metals and ceramics encounter challenges in adapting to the soft tissues of
human body. This issue arises because of mechanical mismatch and conflicts between
the predetermined robot body and the unstructured environments in human body [20].
Developing small-scale robots with tunable material properties, low modulus (from 1
to 10° kPa), and the capability of accomodating different scenarios presented by
different tissues is of utmost importance to reduce the risk of tissue damage and
achieve reliable tasks in physiological environments [21].

In recent years, there has been a growing interest in the use of soft materials with
similar mechanics to those of soft tissues, such as elastomers [22, 23], shape memory
polymers [24, 25] and hydrogels [26-28], for biomedical applications. These materials
offer significant advantages over rigid materials for creating small-scale robots with
improved adaptability, making them highly promising for biomedical applications. In
particular, hydrogels show excellent promise due to their tissue-like viscoelastic
mechanics [29, 30], good biocompatibility [31, 32], and stimuli-responsive
capabilities [33-37]. By incorporating functional fillers that can be actuated by
environmental stimuli or external fields into hydrogel body matrix, a range of
small-scale hydrogel-based robots that can move toward targeted sites have been
developed, reprensenting a new trend of the filed [38-40]. The hydrogel bodies
contribute to the robots’ outstanding adaptability and compliance during

programming and directional locomotion. Moreover, integrating stimuli-responsive



capabilities via elaborately designed within hydrogel bodies allows small-scale
hydrogel-based robots to achieve multiple functions such as shape reconfiguration,
camouflage, and environmental interaction [41, 42]. Advances in materials have
further enhanced the adaptability of small-scale robots in manipulation and
performing difficult tasks within the complex dynamic environments of human bodies,
bringing breakthroughs for various biomedical applications such as cell capture, target

drug delivery, biopsy, minimally invasive surgery and neural stimulation (Figure 1).

Drug delivery

Figure 1. Illustration of small-scale hydrogel-based robots in various biomedical applications including cell

capture, target drug delivery, biopsy, minimally invasive surgery and neural stimulation.

Despite numerous reviews on small-scale robots, these progresses usually focused
on actuating materials [26], or driving mechanisms [39, 40]. However, there still lacks

a comprehensive review, which focuses on the adaptability of small-scale robots for



biomedical applications. In this review, we will summarize the recent advances in
small-scale hydrogel-based robots for adaptive biomedical applications. First, we will
provide an overview of the materials and techniques for fabricating small-scale
hydrogel-based robots, as well as their manipulation approaches. Next, we will
highlight the design of small-scale hydrogel-based robots with upgraded functions,
especially their potential for enhancing adaptabilities. Furthermore, we will discuss
their biomedical applications including target drug/cell delivery, minimally invasive
surgery, biopsy and neural stimulation, where their upgraded functions result in
improved adaptability. Finally, we will address current challenges and prospects
related to the future developments of small-scale hydrogel-based robots wiht the aim
of obtaining superior adaptability and intelligence to accomodate complex dynamic

pathophysiology for advanced diagnostics and disease therapies.
2 Design principles for small-scale hydrogel-based robots
2.1 Materials

In order to achieve optimal adaptability in human bodies, not only the
small-scale hydrogel-based robots shall possess suitable shapes or sizes, but also the
materials for constructing small-scale hydrogel-based robots shall possess appropriate
mechanical properties, biocompatibility or biodegradability, and function integration
capabilities (Table 1). Specifically, the materials should not be too rigid or brittle, nor
should they be too soft to be effectively controlled in high-viscosity environments
such as bodily fluids. Additionally, they must exhibit minimal toxicity to cells and
organs, and ideally be safely cleared or degraded by the human body. Incorporating
multiple functions, such as shape reconfiguration and camouflage, would further

enhance environmental adaptability and the capability of task execution.

A wide range of natural and synthetic materials, both responsive and
non-responsive, have been explored for creating small-scale hydrogel-based robots.
Natural materials like chitosan [43], calcium alginate [44, 45], gelatin [46, 47], starch
[48], gelatin methacrylate (GeIMA) [49], DNA [50] and sugar [51] have been studied
for their excellent biocompatibility and mild crosslinking conditions for forming
hydrogel bodies. For example, the super-softness and super-elasticity of the magnetic
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DNA hydrogel (elastic modulus was lower than 1 Pa) showed navigational
locomotion in confined and unstructured space under a magnetic field [50].
Meanwhile, synthetic materials such as poly (acryl amide) (PAAm) [52, 53], poly
(vinyl alcohol) (PVA) [54, 55], poly (ethylene glycol) diacrylate (PEGDA) [56, 57]
and poly (2-hydroxyethyl methacrylate) (PHEMA) [58] have been investigated due to
their ability to enhance the mobility of small-scale hydrogel-based robots. Compared
to natural hydrogel-based robots, synthetic hydrogels offer a broader range of options
for tailoring the mechanical properties of the resulting small-scale robots. Synthetic
hydrogels such as PVA can have a tunable modulus (with a range from 24 + 2 to 2500
+ 140 kPa), making them more adaptable. Stimuli-responsive synthetic hydrogels like
poly (N-isopropylacrylamide) (PNIPAM) [57, 59, 60] and poly (acryl acid) (PAA)
[61] have been also used for creating small-scale hydrogel-based robots with
interactive capabilities. These hydrogels can respond to external stimuli, such as
temperature or pH changes, resulting in impressive functions like controllable
attachment and detachment to biological tissues [62]. However, concerns about the
biocompatibility of synthetic hydrogels cannot be ignored. To address that, natural
hydrogels with programmable stimuli-responsive behaviors have been developed via
elaborate structural and molecular design [63-65]. For example, shape-morphing
chitosan hydrogel film was obtained by combining gradient cross-linking density and
geometry effect [63]. Combining the softness, superior biocompatibility, and
programmable stimuli-responsive behaviors of hydrogels, it will be envisioned to

create next-generation small-scale hydrogel-based robots with better adaptability.

Table 1. Materials, shape (size), fabrication techniques, manipulation strategies, biocompatibility
and biodegradability of representative small-scale hydrogel-based robots.

Materials Shape (Size) Fabrication Manipulation Biocompatibility Biodegradability Ref.
techniques strategies
Natural Chitosan Helical 3D printing Magnetic actuation Cell viability >90% Enzymatic [37]
materials (Microscale) degradation
Calcium Star shape Soft Magnetic actuation Cell viability >85% Degradable [45]
alginate (Microscale) lithography
Gelatin Sphere Emulsion Magnetic actuation 80% cell viability in Degradable [47]
(Microscale) method 4 weeks
Starch Film Soft Light actuation Low cytotoxic Degradation in [48]
(Centiscale) lithography effects soil
GelMA Helical 3D printing Magnetic actuation Cell viability >90% Degrade with [49]
(Microscale) glutathione
DNA Circular Soft Magnetic actuation Cell viability Not provided [50]
lithography 92.15%



Sugar Helical 3D printing Magnetic actuation Low cytotoxic Degradation in [51]

(Microscale) effects water
Synthetic PAAm Rod-shape Photolithogra Magnetic actuation Not provided Not provided [53]
materials (millimeter-s phy
cale)
PVA Sheet Soft Light actuation Not provided Not provided [55]
(Microscale) lithography
PNIPAM/ Helical Photolithogra Magnetic actuation Sustained cell Not provided [57]
PEGDA (Microscale) phy growth
PHEMA Gripper Photolithogra Magnetic actuation Cell Not provided [58]
(Microscale) phy viability >99.57%
PAA Fish or crab Photolithogra Magnetic actuation Cell viability >96% Not provided [61]
(Microscale) phy

2.2 Fabrication techniques

To perform specific diagnostic and therapeutic tasks in small cavities within the
human bodies, it is necessary for small-scale hydrogel-based robots to possess both
small sizes (ranging from micrometers to centimeters) and specially designed
structures. Achieving these minimal yet intricate structures requires high-precision
manufacturing techniques such as advanced micro-nano machining approaches. These
techniques can be broadly classified into two strategies: top-down and bottom-up

approaches (Table 1).

Photolithography and soft lithography are common top-down manufacturing
methods that are highly effective for producing small-scale hydrogel-based robots
with exceptional machining precision, versatility and scalable production. These
methods afford a broad range in size spaning from hundreds of micrometers to dozens
of centimeters and a multitude of pre-determined or designed structures that can be
tailored to meet specific requirements [66]. Usually, photolithography employs a
photomask with micro or nanoscale resolution to create elaborate structures [67],
while soft lithography employs a wide range of soft replica mold, such as in the form
of a polydimethylsiloxane (PDMS) template or polyurethanes (PU) or polyimides, to
determine the body structures of the robots [55]. Through soft lithography, a bilayer
hydrogel microrobot (one gelatin/PVA/PLGA/DOX layer and one PEGDA/MNPs
layer) with sheet-type geometries and microscale dimensions has been prepared
(Figure 2a) [55]. The small size and sheet-type body structures of these robots make

it easy to inject into lesion sites by rolling the sheet-type bodies.
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Figure 2. (a) Fabrication of bilayer sheet-type hydrogel microrobot with a PDMS soft template and photocuring.
Reproduced with permission from ref. [55]. Copyright John Wiley and Sons., 2020. (b) Fabrication of
micro-spheric hydrogel robot by assembling magnetic particles into the chain-like structures with hydrogel under
the external static magnetic field. Reproduced with permission from ref. [68]. Copyright John Wiley and Sons.,
2020. (c) Fabrication of gelatin hydrogel-based rocket-shaped microrobot. Reproduced with permission from ref.
[69]. Copyright American Chemical Society, 2015. (d) 3D printing of GeIMA helical magnetic robot based on TPP.
Reproduced with permission from ref. [70]. Copyright John Wiley and Sons., 2020. (e) 4D printing of crab and
fish with encoded point density in various body parts based on Fs-DLW. Reproduced with permission from ref.

[61]. Copyright American Chemical Society, 2021.

The fabrication of small-scale hydrogel-based robots primarily utilizes
bottom-up approaches such as emulsion polymerization and self-assembly. These
strategies offer a high efficiency in mass production of nano- or submicro-scale
hydrogel-based robots. Specifically, through emulsion polymerization, spherical
magnetic microrobots with uniform sizes ranging from 45 to 55 pm could be formed
by using an emulsion containing PEI, PEGDE, and magnetic nanoparticles (Figure
2b) [68]. Their micro-spherical structures reduced the friction and hence facilitated
the locomotion of the magnetic microrobots in fluidic media. Template-assisted
layer-by-layer (LbL) assembly offers the possibility of forming small-scale
hydrogel-based robots with heterogeneous compositions and ordered structures.
Through LbL assembly, a temperature-responsive rocket-shaped hydrogel-based robot

could be formedP%, by firstly depositing poly-L-lysine/bovine serum albumin



(PLL/BSA) multilayers onto a porous polycarbonate (PC) membrane, then coated by
a gelatin hydrogel with supplemented catalase (CAT), gold nanoparticles (AuNPs),
and doxorubicin (DOX), and finally released from the PC membrane (Figure 2¢) [69].
These rocket-shaped robots not only allowed for controllable loading capacity, but
also could be navigated by both biocatalytic bubble propulsion of CAT and magnetic

propulsion from electro-magnetic conversion from AuNPs.

To create small-scale hydrogel-based robots with both fine machining structure
and sophisticated geometries, 3D printing techniques have been utilized [71]. For
example, 3D printing based on two-photon polymerization (TPP) [72, 73] enables
nanoscale precise manufacturing of 3D helical structures of GelMA hydrogel robot
with well-defined properties and functions (Figure 2d). Additionally, 4D printing has
enabled dynamic tailoring of sophisticated geometries and properties of
hydrogel-based robots [74, 75]. For example, pH-responsive hydrogels made of PAA
and fabricated by femtosecond direct laser writing (Fs-DLW) with nanoscale printing
precision through 4D printing, could be morphed into various shapes, such as fish and
crab, with encoded point density within their body parts (Figure 2e) [61]. The
encoded point density determined the shape-morphing process for environmental
adaption. 4D printing of small-scale hydrogel-based robots that can respond to

external stimuli and change shapes would greatly enhance their functionalities.
2.3 Manipulation strategies

Programming/directional locomotion is crucial for small-scale hydrogel-based
robots to move to specific sites in human body before performing their intended tasks
[76]. To manipulate the programming/directional locomotion, it is essential to
generate adequate asymmetric driving forces that can overcome the high viscous
resistance and shear stress present in body tissues. Such tissues typically contain
high-viscosity and flowing fluids, in addition to the non-negligible effects of
Brownian motion that come into play down to micron scale. Even though the design
of asymmetric shapes can lower resistance in a certain direction [77], the key to
achieving programming/directional locomotion would still be the generation sufficient

force to initiate the actuation. Generally, it would achieved by incorporating
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functional segments within the hydrogel bodies of the robots that can be actuated by
either the robot’s environment or external fields [78] (Table 1).

In order to realize the environmentally controlled locomotion of small-scale
hydrogel-based robots, it is necessary to convert chemical energy from the
surroundings into kinetic energy [79]. It is usually achieved through the asymmetrical
design of the robot. For example, a small-scale robot made from PNIPAM hydrogel
with asymmetric preloading of platinum (Pt) has been designed and developed
(Figure 3a) [80]. It could be propelled in the medium of H>O; as the preloaded Pt
catalyzes the decomposition of H>O: to generate bubbles to promote the locomotion
of the robot. The environmentally controlled locomotion could also be realized in
physiologically mimicking environments. For instance, through the inclusion of
biodegradable Zn or Mg with the PNIPAM hydrogel bodies, small-scale robots that
can be self-propelled in the acidic environments of the stomach have been established.
Their locomotion is actuated by the hydrogen bubbles generated by the reactions
between the inclusive Zn /Mg and H" in the environments [81]. In addition, some
environmentally controlled small-scale hydrogel robots can even be manipulated
through enzyme-catalyzed reactions that harness various biomolecules such as
glucose and urea as “fuels” [82], showing better promise in biomedicine. However,
such locomotion has inherent limitations in environmental adaptability and
manipulating accuracy, which may restrict the versatility scopes of the
environmentally controlled small-scale hydrogel robots for biomedical applications.

Precise and remotely controlled locomotion of small-scale hydrogel-based robots
has garnered significant attention. Ultrasound is utilized as an external energy source
to maneuver the robots. Ultrasound waves have the ability to penetrate solid, liquid,
and air media, making them highly suitable for biomedical applications as they do not
cause harm to human bodies [83]. By inducing ultrasound-triggered components, a
microcannon robot loaded with a gelatin-based hydrogel matrix embedded with
perfluorocarbon emulsion and nanobullet was prepared. The ultrasound-triggered
vaporization of the perfluorocarbon emulsion led to a rapid ejection of the nanobullet,
achieving deep penetration (Figure 3b) [83]. Light is also an alternative approach for

achieving untethered manipulation of small-scale hydrogel-based robots with high



versatility and portability. Photoactive materials such as photocatalytic materials,
photochromic materials, and photothermal materials are introduced as building blocks
[84, 85]. For instance, a small-scale hydrogel-based robot was fabricated using
polyacrylamide (PAM) hydrogel containing Fe3O4/Cu hybrid nanorods, combined
with the top layer of polyimide (PI) and the bottom layer of polydimethylsiloxane
(PDMS). The plasmonic layer containing the Fe3O4/Cu hybrid nanorods enables the
conversion of light into heat, generating steam bubbles. This robot is fueled by water
and remotely powered by light, displaying self-adaptable functions and working
modes upon environmental changes (Figure 3c¢) [52]. Additionally, incorporating
magnetic components such as ferromagnetic, ferrimagnetic, and superparamagnetic
materials (e.g., Co, Ni, NdFeB, and Fe;04) into the hydrogel matrix or forming
magnetic coatings using these magnetic components could result in magnetic
propulsion of small-scale hydrogel-based robots. The manipulation of
magnetic-controlled small-scale hydrogel-based robots can be achieved by either
directing the rotation of the magnetic moments of embedded magnetic components in
a gradient magnetic field or in a time-varying magnetic field (rotating or oscillating
magnetic fields) [78], [86, 87]. For example, a microswimmer composed of a
thermoresponsive hydrogel embedded with magnetic particles (MNPs) was fabricated,
the in-plane particle alignment of microswimmer was constant while the out-of-plane
particle alignment varied. By changing the out-of-plane alignment of MNPs, the
microswimmer could either rotate or directional move (Figure 3d) [57]. As magnetic
fields can also permeate through tissues without causing any harm in a wide range of
frequencies and magnitudes [12, 88-90], magnetic-actuated small-scale robots are

ideally suited for biomedical applications, particularly in human bodies.
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Figure 3. (a) Scheme of PNIPAM hydrogel robot preloaded with Pt that catalyzes the decomposition of H>O: to
generate bubbles and propel the robot. Reproduced with permission from ref. [80]. Copyright Springer Nature,
2017. (b) Scheme of ultrasound-triggered vaporization of perfluorocarbon emulsion and ejection of nanobullet
inside the gelatin-based hydrogel robot. Reproduced with permission from ref. [83]. Copyright American
Chemical Society, 2016. (c) The structure of trilayered hydrogel robot (top) and scheme of the hydrogel robot
swimming at the air-water interface (bottom). Reproduced with permission from ref. [52]. American Association
for the Advancement of Science, 2021. (d) Photolithography fabrication of hydrogel microswmimmer (top) and
the out-of-plane alignment (6 # 0) of MNPs lead to the rotation of microswmimmer (bottom). Reproduced with
permission from ref. [57]. American Association for the Advancement of Science, 2019. (e) The crawling process
of the hybrid GelMA hydrogel robot driven by contraction of cardiomyocytes. Reproduced with permission from

ref. [91]. Copyright John Wiley and Sons., 2019.

In addition to environment-triggered and field-controlled manipulation,

small-scale hydrogel-based robots can also be actuated by living cells. These robots
11



are typically hybrids of hydrogels and specific living cells [92] such as
microorganisms (including bacteria and sperm), and mammalian cells. The living
cells act as engines to propel the biohybrid small-scale robots. For instance, a
biohybrid small-scale robot made of GelMA composite hydrogel and cardiomyocytes
was created. By utilizing the contraction of cardiomyocytes, the hybrid small-scale
robot achieved directional crawling locomotion (Figure 3e) [91]. Owing to their
biohybrid compositions, these robots showed significantly improved biocompatibility
and biosafety. These biohybrid robots that mimic the organisms in nature would

greatly enhance their adaptability within the human body.

3. Adaptive small-scale hydrogel-based robots

The intrinsic properties of hydrogels such as tissue-like viscoelasticity and hence
desirable mechanical compliance to biological tissues have brought small-scale
hydrogel-based robots with excellent adaptability in mechanics for biomedical
applications [21]. In addition, the ease of functionalization for hydrogels could even
result in adaptive small-scale hydrogel-based robots, possessing upgraded
adaptabilities that accommodate dynamic and complex environments in human bodies.
By selecting hydrogels with non-responsive or stimuli-responsive properties, various
strategies have been developed to enhance their effectiveness in locomotion and

performing specific diagnostic and therapeutic tasks.

3.1 Mono-functional small-scale hydrogel robots

For adapting to different manipulation environments, small-scale robots made of
non-responsive hydrogels, which undergo no volumetric changes or phase transitions,
are often designed to possess different locomotion modes. For example, small-scale
hydrogel robots can swim in the fluid environment of blood vessels, crawl in the
coarse land environment of stomach, and jump in the gas-filled environment of lungs.
They also achieve multimode motions under magnetic actuation by programming
different magnetic domains. Since physiological environments usually contain a
viscous fluidic medium, swimming is an efficient mode for the locomotion of these
small-scale robots based on hydrogels. To achieve high-efficiency swimming within
high-viscosity liquid mediums, a rod-shaped robot composed of polyacrylamide

(PAAm) hydrogel and hard magnetic NdFeB@SiO- particles was constructed (as
12



shown in Figure 4a) [53]. The NdFeB@SiO; particles were incorporated into the
PAAm hydrogel section, while the non-magnetic PAAm hydrogel formed the
non-magnetic sections of the robots. By using a time-varying magnetic field, the robot
was able to undergo geometrical transformations from slender to arc shape, thus
achieving high motility (0.71 body length per motion cycle) and upstream locomotion
in a flowing fluid. These locomotion modes greatly enhance the adaptability of

small-scale hydrogel-based robots to high-viscosity fluidic environments.
Mono-functional small-scale hydrogel robots
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Figure 4. (a) Structure of PAAM composite hydrogel robot and the swimming behavior under magnetic field.
Reproduced with permission from ref. [53]. Copyright John Wiley and Sons., 2022. (b) Crawling locomotion of
biohybrid PEGDA hydrogel robot. Scale bar: 1 mm. Reproduced with permission from ref. [93]. Copyright
National Academy of Sciences, 2014. (¢) Schematic illustration of the jumping of the hydrogel robot caused by

water vaporization due to the photothermal effect of embedded magnetic particles under light irradiation.
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Reproduced with permission from ref. [94]. Copyright Springer Nature, 2020. (d) Self-trapping and self-releasing
of a magnetic microsphere upon application of a CaCl, solution and a sodium citrate solution, respectively. Scale
bar: 500 pm. Reproduced with permission from ref. [95]. Copyright Springer Nature, 2021. (e) A reconfigurable
compound soft micromachine switching shapes between a long slender form and a compact stumpy form.
Reproduced with permission from ref. [96]. Copyright Springer Nature, 2016. (f) (g) The adaptive functions of
reconfiguration (The squeezed robot crawls through the small size tube in 24 s) (left), and color-shifting of the
millimeter-scale PNIPAM hydrogel robot (right). Scale bar: 1 mm. Reproduced with permission from ref. [97].

Copyright John Wiley and Sons., 2020.

In specific occasions such as narrow channels and small cavities exist within the
human body, crawling can be an effective locomotion mode for small-scale
hydrogel-based robots. For instance, researchers have developed a millimeter-scale
biological robot comprising poly (ethylene glycol) diacrylate (PEGDA) hydrogel, stiff
pillars, and 3D muscle strips assembled by the skeletal muscle myoblasts (Figure 4b)
[93]. Under electrical stimulation, the 3D muscle strips enabled the contraction of an
asymmetric compliant hydrogel robot and generated enough force to power the
hydrogel robot, enabling inchworm-like directional crawling locomotion with a high
velocity.

To overcome obstacles during the locomotion of small-scale hydrogel-based
robots in human bodies, jumping robots have also been developed. For example, a
composite robot made of iron oxide nanoparticle (Fe3O4) and poly (sodium acrylate)
(PAANa) hydrogel was fabricated (Figure 4c) [94]. Upon light irradiation, gas
bubbles were generated inside the hydrogel robot due to the vaporization of water
caused by the photothermal effect of the embedded magnetic particles. The expanded
hydrogel robot hit the substrate, and the counter interaction in turn led to the jumping
of the hydrogel robot (jumping height of 15 cm). The high jumping height imparted
the small-scale hydrogel-based robots to negotiate high obstacles of several
centimeters.

To further enhance the environmental adaptability, small-scale hydrogel-based
robots integrating multimodal locomotion modes were prepared. Specifically, a

magnetic micro-sized robot made of magnetic spherical Janus microparticles (silica
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microparticles half coated with permalloy layer, Au layer, and polyethylene glycol
(PEG) layer) linked by gelatin hydrogel was fabricated [46]. By controlling the
orientation of the easy axis of magnetization of each microactuator under a magnetic
field, 1D and 2D chains of magnetic micro-robots with different Janus particles can
dynamically shape deformation and locomotion under varying magnetic fields,
2D-legged microrobots were assembled to achieve different walking gaits (e.g.,
rolling, wobbling, and walking) under an oscillating magnetic field. These multimodal

locomotion modes allowed small-scale robots to adapt to different scenarios.

3.2 Multi-functional small-scale hydrogel robots

Small-scale robots made of hydrogels are capable of moving efficiently in
various environments using different modes of locomotion. However, they still
encounter difficulties accomplishing specific tasks in complex surroundings. To
improve their adaptability to perform particular tasks, adaptive small-scale robots
composed of stimuli-responsive hydrogels incorporating multiple functionalities, such
as shape reconfiguration, camouflage, and environmental interaction capabilities,

have been developed [98, 99].

The introduction of shape reconfiguration is important to enhance the
adaptability of small-scale hydrogel-based robots. Shape reconfiguration such as
tunable stiffness and shape-morphing behaviors have been employed to formulate
small-scale hydrogel-based robots. For the tunable stiffness of small-scale
hydrogel-based robots, a non-Newtonian fluid-based magnetic slime was constructed
by incorporating magnetic particles (NdFeB) and borax into a polyvinyl alcohol (PVA)
hydrogel [100]. The magnetic slime showed tunable stiffness by harnessing the
magnetorheological effect due to the magnetic interaction between adjacent particles
upon magnetization under a magnetic field. Benefiting from the deformation
capabilities due to the softness, magnetic slime could not only cross narrow channels
of 1.5 mm under an external magnetic field but also adapt to complex boundaries,
showing both active and passive deformation behaviors.

In some scenarios, the robot is required to flexibly change shapes so that it can

adapt to such environments. It hence set a higher degree of freedom of locomotion for
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small-scale robots. Shape deformation can change its shape under various stimuli,
which is an effective way to improve the freedom of motion. For example, a
shape-morphing alginate hydrogel microrobot was fabricated (Figure 4d) [95], and
the heterogeneous electric field generate an inhomogeneous alginate hydrogel
network density by controlling the concentration of Ca®" in the electrodeposition
process. By taking advantage of reliable shape morphing and remote magnetic control
in a physiological environment, magnetic propulsion and switchable shapes can be
used as a widely adaptive platform. Under ionically stimulated shrinkage or swelling
of the alginate hydrogel, heterogeneous deformation of the network leads to
environmentally adaptive releasing or folding motion. Moreover, the combination of
shape deformation and time-varying magnetic field, it can further enhance the motion
freedom. A microrobot consisting of a tubular head and monolayer helical tail
structure was constructed (Figure 4e) [96], where a non-swelling supporting hydrogel
layer of poly (ethylene glycol) diacrylate (PEGDA) and magnetic particles selectively
patterned on a monolayer of swelling thermo-responsive composite hydrogel layer
(PNIPAM/PAAmM/PEDGA and magnetic particles). The introduction of magnetic
particles endows the remote magnetic manipulation and enhanced near-infrared (NIR)
responsiveness of the micro-robot. Selectively aligning the magnetic particles in
different parts endow a multitude of magnetic axis, leading to tailored shape and
magnetic anisotropy. The microrobot rotates along the long axis and performs
corkscrew motion under a rotating magnetic field. Moreover, the microrobot can
reversibly transform from a long slender to a stumpy form when exposed to NIR
heating, giving rise to different forward speeds. NIR irradiation provided additional
shape transformations to control propulsion under a magnetic field, affording
programmable motility and morphology. Shape reconfiguration offers more
possibilities for changing motion modes, which greatly increases the adaptability of
small-scale hydrogel-based robots.

To further enhance the adaptabilities to complex conditions, camouflage and
environmental interactions are also introduced into small-scale hydrogel-based robots.
Our group fabricated a millimeter-scale robot with a head and tail structure design,

where neodymium-iron-boron (NdFeB) magnetic microparticles embedded in the
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head of hydrogel (poly(N(isopropyl acrylamide), PNIPAM) (Figure 4f and 4g) [97].
The millirobots can achieve multimodal locomotion and excellent capability of helical
propulsion. Owning to the temperature-responsive PNIPAM hydrogel embedded with
gold nanorods (AuNRs), the millirobots undergo a ~35% of volume shrinking when
crossing the narrow tube under near-infrared (NIR, 808 nm) irradiation. Moreover,
visible color-shifting under varied temperatures also provided an optical camouflage

in water, leading to enhanced interaction with changing environment.
4. Biomedical applications of small-scale hydrogel-based robots
4.1. Drug/cell delivery

Drug and cell delivery are crucial in the treatment of diseases as they allow for
precise and controlled doses to be administered within the human body [101, 102].
Small-scale hydrogel-based robots have the abilities of loading and delivering,
various drug molecules or cells to access targeted sites that may be difficult for other
interventional devices. As drug and cell delivery systems, the design of these robots
should consider the release profile and the preservation of the activity and viability of
the cargo molecules and cells[103]. For sustainable drug delivery, small-scale
hydrogel-based robots have been developed [58]. For example, a microswimmer
comprised of gelatin methacryloyl (GelMA) and biofunctionalized superparamagnetic
iron oxide nanoparticles were constructed (Figure 5a) [104]. The microswimmer was
actuated by a rotating magnetic field that exerted a magnetic torque along the
microswimmer’s long axis. Along with the rapid degradation of the microswimmer in
118 h to solubilized nontoxic products, pathological concentrations of MMP-2,
anti-ErbB 2 antibody-tagged magnetic nanoparticles were released from the fully
degraded microswimmers for targeted labeling of SKBR3 breast cancer cells. By
changing the composition of degradable small-scale robots, it is possible to control
the release rates of the cargo molecules. For example, magneto-responsive
microneedle robots consisting of the magnetic substrate (PEGDA doped with
magnetizable NdFeB particles), the separable connection (bovine serum albumin
(BSA) and a low concentration of GeIMA), and the tips loaded with insulin (GelMA)

was constructed (Figure 5b) [105]. These microneedle robots were encapsulated
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inside the commercial enteric capsule. With the programmed magnetization of the
magnetic substrate, the tips of the microneedle robots can be oriented to the small
intestinal wall, overcome the barriers, and be inserted into the tissue. After the
separable connection degraded, the residue tips inside the tissue and degraded
gradually to deliver the insulin for the treatment of diabetes. However, the
drug-releasing time depending on degradation is not controllable in complex
environments.

To achieve controlled drug release, an external field-assisted drug release system
was introduced into small-scale hydrogel-based robots. For example, a helical poly
(ethylene glycol) diacrylate (PEGDA)-pentaerythritol triacrylate (PETA) hydrogel
microrobot that encapsulates Fe3Os magnetic particles and the anticancer drug
5-fluorouracil (5-FU) was designed (Figure Sc¢) [6]. The microrobot followed a
corkscrew locomotion to a targeted area under a rotating magnetic field in a fluidic
environment, upon reaching the desired site, an ultrasonic beam was applied to trigger
shear-force mediated drug release. Moreover, drug release from the microrobot can be
controlled via three modes of ultrasound exposure: natural, burst, and constant.

(b)
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Figure 5. (a) A GeIMA hydrogel microswimmer biodegrades for sustainable drug delivery [104]. Reproduced
with permission from ref. [104]. Copyright American Chemical Society, 2019. (b) Schematic illustration of drug

delivery process of the magnetic microneedle hydrogel robots [105]. Reproduced with permission from ref. [98].
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Copyright John Wiley and Sons., 2021. (c) Schematic illustration of ultrasound-mediated drug delivery [6].
Reproduced with permission from ref. [6]. Copyright IOP Publishing, 2021. (d) Schematic illustration of the
magnetic microrobot trap and release drug beads by its folding and unfolding motions at different pH values [106].
(e) Delivery of drug from the biohybrid plane-shaped hydrogel robot [107]. Reproduced with permission from ref.

[107]. Copyright John Wiley and Sons., 2014.

In addition to external field-assisted drug delivery, shape deformations were also
used to achieve controlled drug delivery of small-scale hydrogel-based robots. The
combination of locomotion and shape deformations contribute to achieving
spatiotemporally controlled drug or cell release. For example, a bilayer soft
microrobot was constructed, where the PHEMA layer as a pH-responsive gel for
trapping and unfolding motion of the soft microrobot in pH-varying solution (Figure
5d) [106], and the PEGDA-with-Fe;O4 layer is employed for the locomotion of the
soft microrobot under magnetic field. The soft microrobot showed a moving velocity
of about 600 um s through the generated magnetic field of the EMA system. The
soft microrobot is trapped with anti-cancer drug microbeads (PCL-DTX) at about pH
9.58 and unfolds the drugs at about pH 2.6. Besides the pH-triggered delivery, drug
delivery in a remotely controlled manner was also developed. Microrobots
encapsulating magnetic alginate microbeads loaded with model drugs into a folded
near-infrared light (NIR) responsive PNIAPM bilayer hydrogel was designed (Figure
Se) [107]. The closed microrobots enabling remote actuation follow the preplanned
trajectory in a physiological environment under a rotational magnetic field, the closed
microrobots unfold and release the drugs wupon NIR irradiation. A
biohybrid-controlled drug delivery system was also reported, a plane-shaped
swimming robot consisting of an elastic body, transforming system, and actuation
system was constructed, the soft robot is actuated by a cellular engine, and it can
transform from a spread to a retracted form in respond to near-infrared light, leading
to switching on or off the cellular engine. The soft robot was loaded with
chemotherapeutic agents hooked on the wings of the robot to achieve drug delivery.

Upon arrival at the desired site, the wings were retracted under NIR irradiation, and
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the hooked drug was released to bomb the cancer cells due to the lowered wings with

excellent controllability and responsiveness.
4.2. Minimal invasive surgeries

Small-scale hydrogel-based robots are able to reach the desired sites under
external stimuli, they can realize precise medical intervention or disease treatment in a
minimally invasive manner. With the assistance of advanced imaging equipment,
small-scale hydrogel-based robots can be controlled in a closed-loop manner, further

improving the precision and controllability of minimally invasive surgery.
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Figure 6. (a) Schematic illustration of the micro-spheric hydrogel robot for targeted thrombolysis. Reproduced
with permission from ref. [68]. Copyright John Wiley and Sons., 2020. (b) Image-guided navigation of PEGDA
based hydrogel microrobot with burr-like spherical structure. Reproduced with permission from ref. [108].
Copyright John Wiley and Sons., 2020. (c¢) Schematic illustration of real-time PA imaging of hydrogel robot and
shape transformations. Scale bar: 10 mm. Reproduced with permission from ref. [109]. Copyright John Wiley and

Sons., 2019.

Minimally invasive medical intervention or disease treatment of small-scale
hydrogel-based robots is achieved using various strategies. For example, a swarm of
small-scale hydrogel-based robots was also designed for disease treatment (Figure 6a)
[68]. A swarm of magnetic spherical robots with tissue plasminogen activator (tPA)
was first navigated to the blood clot site in artificial vasculature by a rotating

magnetic field. After the swarm of magnetic spherical robots gathered at the blood
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clot in a glass artificial vasculature, magnetic hyperthermia treatment was carried out
by an alternating magnetic field and tPA was released for thrombolysis.

To achieve closed-loop controlled targeted therapy, small-scale hydrogel-based
robots need to be precisely located and monitored, and even send feedback [103].
Therefore, imaging-guided surgeries of small-scale hydrogel-based robots are also
developed. For instance, PEGDA based hydrogel microrobot with a burr-like porous
spherical structure for in vivo real-time imaging was obtained (Figure 6b) [108]. With
a photoacoustic imaging technique, the microrobots can be visualized deep into 2 cm,
the cell-loaded micro-robot was precisely navigated to desired sites under a gradient
magnetic field. Moreover, the carried cells can be spontaneously delivered and the
released cells onsite could inhibit the growth of tumors.

To achieve high-resolution tracking and imaging, a microrobot consisting of two
layers of hydrogels (thermoresponsive layer of PNIPAM composite hydrogel and a
passive layer of PEGDA hydrogel that embedded with radioactive *™Tc[Tc¢] for the
imaging of single-photon emission computed tomography (SPECT)) were reported
(Figure 6¢) [109]. The magnetic nanoparticles can be used to remotely drive the
locomotion of the microrobot, the doped imaging agent of *™Tc[Tc] allows the
microrobot to be monitored in vivo with resolution down to 100 um in diameter, as
well as the detection of shape transformation from tubular to planar configurations

resulted from the thermo-responsive PNIPAM hydrogel.
4.3. Biopsy

Benefiting from their small size, biocompatibility, and wireless actuation,
small-scale hydrogel-based robots can precisely access hard-to-reach areas and
perform minimally invasive or non-invasive biopsy, holding great promise in
advanced therapies [110].

Compared to conventional intervention devices for biopsy, small-scale
hydrogel-based robots can be implanted in a minimally invasive or non-invasive
manner, navigated to target areas, and retrieved the objects to be detected in a
minimally invasive or non-invasive way. For instance, a magnetic living hydrogel
robot that encapsulates NdFeB particles into polyvinyl alcohol (PVA) hydrogel matrix

was utilized for biopsy (Figure 7a) [111]. Magnetic living hydrogel robots loaded
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with genetically engineered bacteria were administered indomethacin (10 mg kg™') to
induce gastrointestinal bleeding in model mice. This robot was actuated by a portable
magnet to overcome the barriers of intestinal motility, then the robot was localized
and retained by the magnet for a certain period to fulfill the detection. Biochemical
detection of fecal pellets showed the effective detection of gastrointestinal bleeding in

vivo of the magnetic living hydrogel robot.

Figure 7. (a) Schematic illustration of a magnetic living hydrogel robot and histological images showing the
biopsy. Scale bars: 500 um. Reproduced with permission from ref. [111]. Copyright John Wiley and Sons., 2021.
(b) Capture and excision of cells of a magnetic microgripper. Reproduced with permission from ref. [112].

Copyright American Chemical Society, 2015.

For recycling, small-scale robots that can achieve reversible grasping/releasing
and retrieval of target objects would be desirable. For that, a microgripper made of
magnetic particles and thermally responsive hydrogels was constructed (Figure 7b)
[112]. The microgripper entered a miniaturized folded state and was guided to
fibroblast cell cluster actuated by an external magnetic field. The microgrippers
allowed to open and close to grasp living cells from a fibroblast cell cluster. And the

microgripper was easily retrieved controlled by a magnetic field.
4.4. Tissue engineering

Tissue engineering is crucial to repair or create damaged or diseased tissues and
organs. Cell- and scaffold-based strategies are effective and popular in tissue

engineering [113-115], where emerging small-scale hydrogel-based robots have
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opened new avenues for cell- and scaffold-based tissue engineering. For example,
magnetically actuated double-helical cell microtransporters (76 pum length and 20 pm
inner cavity diameter), encoded with mechanical and biological information at the
single-cell level, were fabricate by 3D printing [116] (Figure 8a and 8b). Under
rotating magnetic field, the cell-loaded microbotic helical transporters can move
inside confined microchannels following predetermined trajectories. The

mesenchymal stem cells maintain osteogenic differentiation capacities when
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stimulated inside the microswimmers in vitro. Moreover, helical micromotors made of
magnetic particles and alginate and GelMA hydrogel were fabricated [117] (Figure
8c), they could achieve controllable movements and assemble into different helical
geometries under external magnetic field. Upon further incorporating them into
biocompatible hydrogel, the helical micromotors form compact stack that provide

space for cell growth, which can be used as tissue repairing or blood vessel scaffolds.

Figure 8. (a) Fabrication process of microrobotic transporter. (b) Illustration of interaction between mesenchymal
stem cells and microrobotic transporter. Reproduced with permission from ref. [116]. Copyright John Wiley and
Sons., 2019. (c) Compact stack or assembly of helical micromotors under the magnetic field for tissue engineering.

Reproduced with permission from ref. [117]. Copyright American Chemical Society, 2020.
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4.5. Neural stimulation

Neurodegenerative diseases cause traumatic central nervous system injuries and
irreversible neural damages [118]. Since small-scale hydrogel-based robots can not
only access to targeted regions, but also perform effective therapeutic delivery or
wireless neural stimulation, thus holding great potential in such neural diseases. For
example, a helical microswimmer consisting of gelatin-methacryloyl (GelMA)-based
hydrogel integrated with core-shell magnetoelectric nanoparticles (CoFe;O4 (CFO) as
a core and BiFeO; (BFO) as a shell) was designed (Figure 9b and 9b) [70].

Magnetoelectric nanoparticles not only enabled the magnetic actuation of the

(Q) Laserpeam

Cells

s S

microswimmer, but also generated an electric field under alternating magnetic fields.
To be specific, the magnetostrictive CFO core experienced a strain under alternating
magnetic fields, which resulted in a transient change in the surface charges of the
BFO shell. The change in the transient charge can be used to induce cell
differentiation in neuronal cells, which is crucial for the treatment of
neurodegenerative diseases.

Figure 9. (b) Fabrication process of helical GelMA microswimmers and (b) Degradation process of the
microswimmers and SH-SYSY cells neuronal differentiation. Reproduced with permission from ref. [70].

copyright John Wiley and Sons., 2020.
S. Summary and outlook

Over the past decade, benefiting from controllable locomotion in different
environments due to elastic moduli and mechanical compliance of hydrogels as well
as the integration of a variety of complex functions resulting from functionalization
and responsiveness of hydrogels, small-scale hydrogel-based robots showing great
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adaptabilities have largely promoted their biomedical applications including drug and
cell delivery, minimally invasive surgery, biopsy, tissue engineering and neural
stimulation. Meanwhile, recent attention has been aroused to develop robots that are
able to integrate more features such as climbing 3D surfaces and achieving reversible
surface adhesion [119], offering possibilities in traversing confined unstructured
terrains within human bodies owning to their enhanced adaptabilities. Moreover, to
reduce immune inhibition and/or enhance circling life upon entering bodies, hybrid
neutrobots were coated with E. coli membranes for camouflage. The resulting
neutrobots showed similar biological properties to that of natural neutrophils, which
greatly enhances the adaptabilities in the human body [120].

Despite great promises of small-scale hydrogel-based robots, they still confront
challenges including biomedical safety, large scale fabrication with low cost and
high-precision, environmental adaptability, and clinical applications. Great efforts are
needed from materials science, chemistry, biology, and engineering for the
next-generation small-scale hydrogel-based robots. 1) In terms of safety, although
small-scale hydrogel-based robots have been widely used in various biomedical
applications, their long-term safety and biocompatibility or biodegradability are still
unmet requirements to fulfill the clinical translation. Small-scale hydrogel-based
robots fabricated with biocompatible or biodegradable materials (e.g. patient
blood-derivable biomaterials [121], FDA-approved and natural polymer-based
materials) are worth exploring to promote their clinical application in the future. 2)
Developing new fabrication facilities or techniques that can achieve large-scale
fabrication with low cost and high-precision at the same time is desired. In addition,
establishing a database of parameters including material properties, material structures,
fabrication methods, locomotion modes and biomedical application scenarios, then
one can combine machine learning to achieve tailor-made and intelligent
manufacturing. 3) In order to improve their adaptability, on the one hand, improving
the manipulation precision of single or swarm small-scale hydrogel-based robot, so
that small-scale hydrogel-based robots can complete specific tasks independently or
synergistically according to environmental conditions. Establishing a database of

motion and environmental parameters to further improve robots’ motion accuracy. On
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the other hand, small-scale hydrogel-based robots are expected to integrate multiple
functions such as partition and assembly of robot bodies, camouflage, stealth, etc [122,
123]. These multiple functions allow the small-scale hydrogel-based robots better
interact with the environment so that they can be finely controlled. 4) A closed-loop
system harnessing real-time medical imaging methods to enhance targeted drug
delivery/biopsy/surgery is also needed [19, 124]. For future small-scale
hydrogel-based robots, we envision that they possess a high level of intelligence like
living creatures. Intelligent small-scale hydrogel-based robots can analyze the
environmental conditions by themselves with the analysis, perception, and command

system, performing various tasks in biomedical applications.
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