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Abstract
Micro/nanorobots (MNRs) capable of performing tasks at the micro- and nanoscale hold great
promise for applications in cutting-edge fields such as biomedical engineering, environmental
engineering, and microfabrication. To cope with the intricate and dynamic environments
encountered in practical applications, the development of high performance MNRs is crucial.
They have evolved from single-material, single-function, and simple structure to multi-material,
multi-function, and complex structure. However, the design and manufacturing of high
performance MNRs with complex multi-material three-dimensional structures at the micro- and
nanoscale pose significant challenges that cannot be addressed by conventional serial design
strategies and single-process manufacturing methods. The material-interface-structure-function/
performance coupled design methods and the additive/formative/subtractive composite
manufacturing methods offer the opportunity to design and manufacture MNRs with multi-
materials and complex structures under multi-factor coupling, thus paving the way for the
development of high performance MNRs. In this paper, we take the three core capabilities of
MNRs—mobility, controllability, and load capability—as the focal point, emphasizing the
coupled design methods oriented towards their function/performance and the composite
manufacturing methods for their functional structures. The limitations of current investigation
are also discussed, and our envisioned future directions for design and manufacture of MNRs
are shared. We hope that this review will provide a framework template for the design and
manufacture of high performance MNRs, serving as a roadmap for researchers interested in this
area.
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1. Introduction

Micro/nanorobots (MNRs) can convert other forms of ener-
gies in the environment (e.g. optical [1–4], ultrasonic [5–
8], electrical [9–11], magnetic [12–16]) into their own kin-
etic energy, and can self-drive [17, 18], sense [19–21],
transport [22–24] and micro-manipulate [25, 26] in liquid-
phase medium, and hence, show great potential to be used
in the fields of biomedical sciences [27–30], micro- and
nano-processing [31, 32] and environmental engineering [33–
36]. In the last decade or so, MNRs have made significant
advances in materials, driven, control and manufacturing tech-
nologies. Materials ranging from metals (e.g. Pt [37], Ir [38]),
polymers (e.g. poly(lactic-co-glycolic acid) [39], poly(3,4-
ethylenedioxythiophene) [40]) to biomaterials (e.g. spore [12],
urease [41]) have been used for MNRs with different func-
tional requirements. Chemical [42, 43], ultrasonic [44, 45],
optical [46, 47], electric [48, 49] and magnetic fields [50, 51],
as well as their mixed fields [52–54], also play an important
role in the driving and controlling of MNRs. Numerous man-
ufacturing methods have also been employed for MNRs, such
as physically based (physical vapor deposition (PVD) [55, 56],
direct laser writing (DLW) [57, 58], microfluidic synthesis
[59, 60], etc) and chemically based (template electrodepos-
ition (TAE) [61, 62], wet chemical etching (WCE) [63, 64],
layer-by-layer (LbL) self-assembly [65, 66], etc). Advances in
materials science and nanotechnology have led to the design
and manufacture of a wide variety of MNRs. These MNRs
have similar core capabilities such as mobility, controllability
and load capability. These capabilities serve as the basis for
MNRs to perform awide range of tasks.MNRswith more cap-
abilities can be defined as high capability MNRs. The degree
to which an MNR achieves a particular capability is referred
to as performance. For example, the mobility performance of
anMNRmainly refers to the magnitude of its attainable speed.
Thus, high performanceMNRs are advancedmanifestations of
high capability MNRs. They can achieve a variety of capabil-
ities to a high degree. These enhanced performances are cru-
cial for MNRs to achieve their tasks in complex environments.
Therefore, the design and manufacturing of high performance
MNRs are imperative.

To navigate and accomplish tasks in intricate and dynamic
environments, high performanceMNRs frequently necessitate
the fusion of multiple materials (e.g. metal material [67, 68],
smart materials [69, 70], composite materials [29, 71]), the
construction of complex structures (e.g. asymmetric structures
[49, 72, 73], rigid-flexible coupled structures [57, 74, 75],
deformation structures [76, 77]), and the integration of mul-
tiple functions (e.g. mobility [78–80], controllability [81–
83], cargo transportation capability [84–86]) at the micro-
and nanoscale. However, these demands bring many chal-
lenges to the design and manufacturing of high perform-
ance MNRs. Firstly, it is difficult to achieve the design of
high performance MNRs with conventional serial and isol-
ated design strategies due to the complexity of the effects

caused by multi-material distribution, surface/interface prop-
erties, and cross-scale structural features on their performance.
Secondly, a single manufacturing technology is insufficient
to meet the highly integrated manufacturing requirements of
complex multi-material three-dimensional (3D) structures for
high performance MNRs at the micro- and nanoscale.

The material-interface-structure-function/performance
coupled design methods and the additive/formative/subtract-
ive composite manufacturing (AFS-CM) methods are the key
to overcoming the design and manufacturing challenges of
high performance MNRs. However, material selection, struc-
tural design, process control, and function/performance realiz-
ation of MNRs are often empirical and isolated, lacking basic
science theories to guide a systematic approach. Therefore, to
customize high performance MNRs for specific tasks requires
a complete fundamental understanding of the basic science
behind the materials/interfaces/structures/processes and func-
tions/performances of MNRs.

As a typical cross-discipline, MNRs have rich sci-
entific and technological connotations in terms of material
[87–91], structure [92–96], process [97–101], function/
performance [102–106] and related applications [107–113].
Several other excellent reviews deal with recent advances
in each of these areas. Unfortunately, these reviews mainly
emphasize the propulsion mechanisms, structures, fabric-
ation techniques or applications of MNRs, while ignor-
ing the fundamental scientific framework of their design
and manufacturing processes. Therefore, we do not address
these aspects separately, but instead propose a holistic
concept of ‘Function/performance-oriented design and
manufacturing of MNRs’. The objective is to provide a
scientific paradigm for the design and manufacture of
high performance MNRs. Taking the three core capab-
ilities of MNRs as the starting point, we highlight the
impact of material/interface/structure on function/perform-
ance, show how structure-function/performance integrated
MNRs can be manufactured utilizing AFS-CM method,
and envision future integrated systems for design and
manufacture.

This paper reviews the design and manufacturing meth-
ods of high performance MNRs, as shown in figure 1. The
coupled design methods for high performance MNRs are dis-
cussed in section 2. In this section, we focus on three main
areas, includingmaterial-function integrated design, interface-
performance integrated design, and structure-performance
integrated design. In section 3, based on different manu-
facturing characteristics, we categorize manufacturing meth-
ods into three categories, including additive manufacturing,
formative manufacturing, and subtractive manufacturing, and
summarize the existing manufacturing methods. In addi-
tion, we address in detail composite manufacturing meth-
ods for functional structures of existing MNRs. Finally, in
section 4, we discuss the limitations of the current invest-
igations, envision possible future design methods, manufac-
turing processes, and testing techniques, and demonstrate
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Figure 1. Summary of design and manufacturing methods of high performance MNRs.

future integrated systems for design, manufacturing, and
testing.

2. Coupled design methods

Design stands as the linchpin in the development of MNRs. It
encompasses various aspects such as stability, environmental
adaptability, and functionality of MNRs, exerting a signific-
ant impact on the choice of materials and manufacturing pro-
cesses. Consequently, the scientific and rational nature of the
design directly correlates with the success or failure of MNRs
research and development. Central to the design process is the
strategic selection and distribution of materials, the optimiza-
tion of multi-scale interfaces, and the careful choice of struc-
tural features. Thus, achieving high performanceMNRs neces-
sitates the coupled design approach that integrates considera-
tions of materials, interfaces, and structures (figure 2).

2.1. Material-function integrated design

How to realize motion in low Reynolds number environments,
how to realize response control in complex environments,
and how to realize high loads at the micro- and nanoscale
are essential to consider when designing MNRs. Therefore,
MNRs should have functions such as mobility, controllabil-
ity and load capability. These functional modules are the basis
and core of the functional framework for building MNRs. To
design the functional modules of MNRs at the micro- and
nanoscale, the selection and matching of materials is cru-
cial. From inorganic materials, organic materials to biological
materials, the inherent properties of materials are the main

reason why they are chosen to build MNRs. Taking the func-
tion/performance of MNRs as the core, adopting the design
ideology ofmaterial-function integrated is an important way to
break through the technological bottleneck of MNRs, such as
the difficulty of motion, control, and loading in low Reynolds
number environments/micro- and nanoscale. Here, we focus
on the design of mobility, controllability, and load capability
of MNRs.

2.1.1. Mobility. Mobility is an important feature to distin-
guish MNRs from passive particles. MNRs can be driven by
endogenous and exogenous stimuli. The power of endogen-
ously driven MNRs can be provided by catalytic materials
or self-fuels (such as Zn [114], Mg [115], Al [116]) incor-
porated into the material system of MNRs. Among them,
the types of catalytic materials are very rich, including inor-
ganic materials such as Ir [38] (figure 3(a)), Pt [83], MnO2

[117] that can catalyze the decomposition of chemical fuels
(such as N2H4 [38], H2O2 [117]), and biopolymer materi-
als that can provide higher biocompatibility (such as glucose
oxidase [118], urease [119]). In addition, biological hybrid
strategies can also be used to use organisms with autonom-
ous movement capabilities (such as Escherichia coli [120],
Chlamydomonas reinhardtii [121], etc) as the power source of
MNRs. The power of exogenously driving MNRs is provided
by external physical fields such as light, electricity, magnet-
ism, and ultrasound. To design MNRs with external physical
field propulsion capabilities, it is necessary to introduce light-
responsive materials [80, 122], conductive materials or dielec-
tric materials [123, 124], magnetic materials [125, 126], etc
into MNRs, or to distribute materials non-uniformly (such as
choosing two materials with different densities [127]).
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Figure 2. Summary of the multi-material and structure matched multi-functional/high performance design of MNRs.

2.1.2. Controllability. In order to improve the flexibility of
MNRs to perform complex tasks, excellent controllability is
necessary. Precise directional control is an important embod-
iment of controllability. Compared with the lack of direction-
ality in the motion control of MNRs by ultrasonic or chem-
ical fields, and the limitations of the application of light and
electric fields in some fields, the motion control of MNRs by
magnetic fields has excellent directionality and environmental
friendliness. Therefore, adding magnetic materials (such as
Fe [1], Ni [128], Co [129], Fe3O4 [130, 131] (figure 3(b)))
to the designed MNRs to make them controllable by a mag-
netic field is of great significance for improving the control-
lability of the MNRs. When combined with medical ima-
ging feedback, MNRs enable real-time autonomous naviga-
tion in complex dynamic biological environments, providing
an intelligent approach to automated drug delivery in vivo
[132–134]. In addition, by modifying specific aptamers on
MNRs,MNRs can also obtainmore advanced autonomous tar-
geting capabilities, such as specific antibodies [135], specific
DNA [136], etc. Furthermore, smart materials are able to sense
external stimuli and respond appropriately. This opens up
new possibilities for the diversified controllability of MNRs.

For example, azobenzene [69], spiropyran [70], and poly(N-
isopropylacrylamide) [137].

2.1.3. Load capability. Load capability relates to how much
functional material can be loaded into an MNR, and it can
affect the efficiency of functional expression. The specific
surface area is an important parameter for measuring the
load capability of a material, and materials with a large
specific surface area usually have higher load capability.
Therefore, materials with high specific surface area, such
as one-dimensional or two-dimensional (2D) nanomaterials
(graphene oxide (GO) [138], reduced graphene oxide [139],
black phosphorus [140], MoS2 [141], and WS2 [142]), micro-
clay minerals (montmorillonite [143], zeolite [144], and hal-
loysite nanotube (figure 3(c)) [86]), organic framework mater-
ials (ZIF-90, ZIF-8, MOF-5, etc [145]) and some synthetic
porous hollow materials [146, 147], are ideal for enhancing
the load capability of MNRs. In addition, it is necessary to
consider how the load of the MNR will be released. There are
two typical methods of release load. One is to use external
physical fields to control the corresponding changes in the
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Figure 3. Coupled design of high performance MNRs. (a) Schematic of catalytic Ir/SiO2 Janus microrobots powered by hydrazine.
Reprinted (adapted) with permission from [38]. Copyright (2014) American Chemical Society.(b) Multiple switchable motion modes for
Fe3O4 NPs cluster. Reprinted (adapted) with permission from [131]. Copyright (2022) American Chemical Society. (c) Schematic of the
preparing of Fe3O4 NPs-HNTs@Pt NPs. Reprinted (adapted) with permission from [86]. Copyright (2021) American Chemical Society. (d)
Ultrafast propulsive tubular MNR with hydrophobic surface. Adapted from [151] with permission from the Royal Society of Chemistry. (e)
Enhanced load capability using electrostatic interactions. Reprinted (adapted) with permission from [154]. Copyright (2022) American
Chemical Society. (f) Interfacial electron transfer within Pt/TiO2 Janus MNRs materials [80]. John Wiley & Sons. © 2020 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (g) Magnetically driven helical microrobot [172]. John Wiley & Sons. © 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (h) Surface microstructure enhances motion performance. Reprinted (adapted) with permission from
[177]. Copyright (2018) American Chemical Society. (i) Liquid MNRs for navigation in complex environments [184]. John Wiley &
Sons.© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

corresponding response materials to achieve load release. For
example, near-infrared light is used to stimulate photothermal
materials (such as Au, indocyanine green) to release heat, and
then the materials such as gelatin hydrogel or liposomes car-
rying cargo are cracked to release the cargo [125, 148]. The
other is to use the microenvironmental characteristics of the
target site to cleave the corresponding response material to
release the loading, such as using the acidic environment of the

target site to crack the acid-degradable material to release the
load [149].

2.2. Interface-performance integrated design

The construction of the functional framework of MNRs can be
realized by the rational selection of materials. On this basis,
how to realize low resistance motion in low Reynolds number
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environment, how to realize efficient and stable loading of
loads, and how to realize multi-material compatibility are the
problems that must be faced in designing high performance
MNRs. The interfaces between the MNRs and environment
and their loads, as well as the interfaces between their internal
materials, directly affect the expression of their functions such
as mobility, load capability and stability. Therefore, based on
the performance of MNRs, the interface-performance integ-
rated design philosophy can promote the MNRs to leap for-
ward to high performance. Here, we discuss the interfaces
betweenMNRs and the environment, the interfaces with loads,
and the interfaces within the materials from three perspectives,
namely, ‘macro’, ‘micro’, and ‘nano’.

2.2.1. Interface with environment. In low Reynolds num-
ber environments, inertial forces are negligible, however, the
effect of viscous forces is more significant. And the magnitude
of the viscous force is influenced by the interface construc-
ted between the MNR and the environment. By designing the
wettability of the interface of MNRs in contact with the envir-
onment to form a superhydrophobic surface, their kinematic
performance can be substantially improved [150]. The prin-
ciple is that the superhydrophobic surface can partially trans-
form the solid–liquid contact interface between the MNR and
the liquid environment into a gas-liquid contact interface, and
will generate a considerable velocity slip on the interface, thus
significantly reducing the drag force of the MNR in motion,
so as to achieve the effect of increasing the velocity. There
are two ways to construct hydrophobic surfaces for MNRs,
either by constructing rough microstructures or by coating
them with low surface energy materials, or by combining the
two (figure 3(d)) [151]. In addition, in the face of increas-
ingly complex environments, rationally constructing the inter-
face between MNRs and their environments is also an import-
ant way to enhancing their stability and controllability. For
example, by designing an enterosoluble mucous membrane on
the surface of the MNR, high stability can be achieved as it
passes through the highly acidic environment of the stomach.
It is also possible to control its movement distance in the intest-
ine by controlling the thickness of the membrane [68]. In addi-
tion, constructing a biological surface by wrapping a biofilm
around the MNR can realize the biological camouflage of the
MNR and improve its environmental adaptability and ability
to perform tasks [152].

2.2.2. Interface with cargo. Unlike the macroscopic scale,
MNRs are loaded by surface modification. Therefore, the
load capability of the MNR can be enhanced by design-
ing the way of combining it with loads. Loads are com-
bined with MNRs in two main ways: physical adsorption
and chemical bonding. Physical adsorption mainly uses the
weak connection between materials to bind materials together,
such as van der Waals force [153], electrostatic interaction
between charged materials (figure 3(e)) [19, 154], hydro-
gen bond [130], hydrophobic interaction [155], π–π stacking
[139], etc. For example, through electrostatic interactions,

positively charged MNRs loaded negatively charged citrate-
coated gold nanoparticles (NPs), which endowed the MNRs
with more active sites [19]. Hydrogen bond has been used to
load polyvinylpyrrolidone-coated Fe3O4 NPs onto the surface
of gelatin methacryloyl hydrogel microstructures [130]. In
contrast to physical adsorption, chemical bonding is achieved
by establishing covalent, metallic, or ionic bonds between
the MNRs and the load in order to form strong chem-
ically bonded interfaces for load loads. One of the most
widely used methods is the construction of covalently bon-
ded interfaces using chemical linkers, especially when the
MNRs or the loads are biological materials. This method
not only greatly improves the efficiency of load attachment,
but also brings the desired selectivity to its immobilization
and separation processes. Commonly used chemical linkers
include 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide –
N-hydroxysuccinimide [156, 157], biotin systems [158, 159]
and pentanediol [146]. For example, using pentanediol as the
chemical linker, various biological enzymes can be loaded
onto the surface of MNRs [146].

2.2.3. Interface of internal materials. The functional integra-
tion of MNRs relies on the combination of multiple functional
materials. Therefore, the compatible matching between multi-
materials is crucial for the stability and functional expres-
sion of MNRs. When designing MNRs, their stability can be
improved by matching materials appropriately. For example,
by adding Ti materials between metals (Ni [81]) or metal
oxides (TiO2 [160]) and SiO2 substrates, the interfacial energy
between the materials can be significantly reduced, leading to
enhanced inter-material bonding and stability of the MNRs.
In addition, the kinematic performance of MNRs can be
enhanced by material matching. For example, compared to
metals such as Cu, Fe, Ag, Au, etc, Janus spherical MNRs
composed of Pt and TiO2 exhibit enhanced kinematic prop-
erties, which is attributed to superior chemical potential and
catalytic synergies (figure 3(f)) [80]. And interfacial electron
transfer can be enhanced by adding GO to the surface of
Cu2O-based MNRs, thus dramatically increasing their motion
speed [161]. In addition, the combination of materials within
MNRs is based on physical adsorption or chemical bonding.
For example, materials that are combined by thermal spray-
ing, coating, or hot pressing have interfacial forces between
the materials that are predominantly van der Waals forces.
Interfaces between oppositely charged materials are usually
built by electrostatic interaction. In contrast, PVD, atomic
layer deposition (ALD) and TAE are all multi-material inter-
faces built through chemical bonding.

2.3. Structure-performance integrated design

Drag forces proportional to feature lengths have a signific-
antly greater impact on MNRs than inertial forces at the
micro- and nanoscale due to size effects. Therefore, com-
pared to enhancing the mobility performance of MNRs by
designing their interfaces with environment, the enhancement
of their mobility performance by rationally designing their
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overall/local structures is more significant. In addition, choos-
ing appropriate drive methods for different overall structures,
designing appropriate local structures for different functions,
and designing special structures for different application envir-
onments are also important ways to enhance the perform-
ance of MNRs. Therefore, adopting a function/performance-
oriented, structure-performance integrated design philosophy
for MNRs can further enhance their task performance abil-
ities, such as mobility, load capability, and environmental
adaptability.

2.3.1. Drive-oriented overall structure. Spheres, rods, tubes
and helices are the most commonly used overall structures for
MNRs [162]. Spheres have the smallest surface potential and
are the easiest structures to synthesize. Spherical MNRs have
no corners and have high environmental adaptability, allow-
ing them to perform tasks in complex environments without
compromising their motion. In low Reynolds number envir-
onments, breaking the symmetry of motion is the prerequis-
ite for MNRs to obtain mobility. Due to the special sym-
metry of spheres, asymmetric MNRs can be mass-produced
by adding or removing material asymmetrically without hav-
ing to choose the orientation. Spherical MNRs are suitable for
almost any drive method, and the most commonly used drive
methods are chemical [163], optical [164], magnetic [165],
and electric [10]. Rods are another easy-to-fabricate structure.
During manufacture, rods can be easily asymmetric by arran-
ging different materials along the axial or radial direction. The
common driving methods for rod-shaped MNRs are chemical
[166], optical [167], ultrasonic [73], magnetic [67] and electric
[168]. In addition, rod-shaped MNRs can be designed to be
flexible, allowing for richer motion patterns [169]. Moreover,
compared to spheres, rods have high aspect ratios that aremore
favorable for them to perform some special tasks, such as their
rotational motion along the radial direction that can be used for
biochemical release [170]. Tubular structures are preferred for
bubble-driven MNRs because their internal hollow structure
facilitates bubble generation and release [171]. Tubes can be
designed as straight or tapered. Compared to straight tubes,
tapered tubes not only experience less drag during motion, but
also allow for the directional release of bubbles in response
to the ultrasonic field [66]. In addition, the internal space of
the tube can be used to load cargo, thus providing an advant-
age over rods and spheres for cargo transport [68]. Due to
the excellent mobility in the rotating magnetic field, helices
are often used as the overall structure for magnetically driven
MNRs (figure 3(g)) [172]. In addition, the helical propulsion
of the helical MNRs in the rotating magnetic field gives them
a strong cell-penetration capability [173, 174]. In addition,
the space inside the helix allows for excellent cargo capture
and transport capabilities, such as the capture and transport of
sperm [175].

2.3.2. Function-oriented local structure. The performance
of various functions of MNRs can also be enhanced by design-
ing their local structures. The motion performance of MNRs

can be improved by designing the microstructure surfaces.
There are three main intrinsic mechanisms, the first of which
is to increase the contact area between the catalytic material
and the fuel in the medium environment through the surface
microstructure, which in turn enhances the catalytic efficiency
and thus the motion performance of the MNRs (figure 3(h))
[176, 177]. The second one is to enhance the motion perform-
ance of MNRs by enhancing the interfacial charge transfer
through surface microstructures and hindering the electron-
hole combination rate, which in turn enhances the photore-
sponsive properties [178]. The third one utilizes the high spe-
cific surface area characteristics of surface microstructures
to enhance the load capability of MNRs, which in turn can
be loaded with more biological enzymes, thus enhancing the
motion performance of MNRs [41]. Besides surface micro-
structures, the load capability [179] or cargo capture capability
[34] of MNRs can be significantly improved by designing
hollow or lattice structures. In addition, MNRs can also be
engineered to perform specific functions by designing sur-
face microstructures, e.g. neuronal growth can be aligned
and guided by engineered surface groove microstructures
[180].

2.3.3. Environment-oriented special structure. When faced
with unique environments or specific application require-
ments, designing specialized structures can often enhance the
effectiveness of MNRs. For instance, in applications where
MNRs need to withstand specific pressures, such as cell
puncture [174, 181] or breaching mucous membranes [82,
182], structures with high aspect ratios and pointed tips are
more conducive to fulfilling their tasks. Flexible MNRs offer
outstanding advantages over rigid MNRs in adapting to unpre-
dictable environments, such as in restricted, hard-to-reach tis-
sues and blood vessels in the body. Flexible MNRs can be
obtained by integrating flexible components that act as hinges
or tails on rigid MNRs [74, 169, 183]. These flexible com-
ponents are generally made of soft metallic or polymeric
materials. They can break the spatial and temporal symmetry
under the action of external fields thus allowing MNRs to
obtain more flexible motion. In addition, flexible chains con-
sisting of multiple rigid segments and joints have been pro-
posed to reduce the complexity of manufacturing and to cir-
cumvent the challenges posed by the interface between rigid
and flexible components [57]. Liquid MNRs are an important
branch of flexible MNRs, such as magnetic liquid microro-
bots (figure 3(i)) [184], and liquid metal microrobots [185].
They have excellent environmental adaptability as they are
able to actively deform when encountering narrow spaces.
In addition, smart materials are often used to build flex-
ible MNRs. These smart materials are capable of morpholo-
gical transitions in response to environmental changes (e.g.
pH [186], temperature [137]) or external stimuli (e.g. light
[77]), providing new ideas for functional integration ofMNRs.
For example, flexible hookworm-shaped MNRs using smart
materials can load or release cargo in a more controlled
manner [187].
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2.4. Summary

As the application scenarios ofMNRs change, higher demands
are placed on the complex environmental adaptability and
functionality of MNRs. By taking functional requirements
and functional expression as the core, the design concept of
combining functional design, interfacial design and structural
design provides a new way and breakthrough for high per-
formance MNRs with high environmental adaptability, excel-
lent stability and functional diversity. Table 1 shows typ-
ical examples of MNRs based on material-interface-structure-
function/performance coupled design. However, in order to
realize the multiple functions of MNRs, the choice of mul-
tiple materials often increases the difficulty and complex-
ity of manufacturing, and increases the uncertainty of func-
tional expression. Therefore, it is necessary to explore new
materials that can realize multiple functions, so as to sim-
plify the design and manufacture of MNRs and reduce the
risk of functional failure of MNRs. In addition, existing inter-
facial binding methods suffer from poor stability. Designing
and constructing multi-material interfaces in a highly control-
lable manner remains a challenge for various environments.
This process necessitates the secure bonding of varied func-
tional materials while preserving their intrinsic properties and
functionalities.

3. Composite manufacturing methods

Manufacturing stands as the linchpin in realizing the design
intricacies of MNRs. With the evolution of nanotechnology,
the array of manufacturing methods and functionalization
strategies for MNRs has undergone considerable diversific-
ation, encompassing techniques. Broadly classified, manu-
facturing methods fall into three primary categories: addit-
ive manufacturing, formative manufacturing, and subtractive
manufacturing [196, 197]. In contrast to macroscopic scales,
which often rely on subtractive manufacturing, MNRs utilize
a composite manufacturing method primarily based on addit-
ive manufacturing, combining formative and subtractive tech-
niques (figure 4). This section will review the manufacturing
methods of MNRs, followed by a discussion of the compos-
ite manufacturing of each functional structure. The structures
include Janus spheres, rods, tubes, helices, and some unique
structures, and are all analyzed from a material/structure/func-
tion/performance/process perspective.

3.1. Overview of manufacturing methods for MNRs

Additive manufacturing is a method of creating desired struc-
tures by adding materials [198–201]. In accordance with
material-function integrated design, various functional mater-
ials are incorporated during the manufacturing process to
impart different functionalities to MNRs. For example, the
addition of magnetic metallic materials can provide MNRs
with magnetic propulsion and guidance to MNRs [202], and
the addition of enzymes can provide MNRs with mobility

[203]. Therefore, additive manufacturing method is the pre-
ferred manufacturing method for MNRs. MNRs of vari-
ous sizes and shapes have been fabricated using various
types of additive manufacturing methods, ranging from liquid
phase deposition (e.g. LbL self-assembly [204, 205]) and
vapor phase deposition (e.g. PVD [206, 207], ALD [208,
209]), which can provide MNRs with 2D functional material
coatings, to electrochemical (e.g. electrochemical deposition
[210, 211]) and photopolymerization fabricationmethods (e.g.
microfluidic synthesis [212, 213], DLW [214, 215]) that can
generate 3D micro- and nanostructures, to multidimensional
biological hybrid fabrication technologies (e.g. biomolecule
hybrids [216, 217], biofilm hybrids [218, 219], biobody
hybrids [220, 221]) (figure 5). In contrast to additive manu-
facturing methods that require the addition of materials to fab-
ricate asymmetric structures, formative manufacturing meth-
ods utilize stimuli within the material (e.g. strain, elasticity)
or stimuli from the external environment (e.g. solvent evapor-
ation, temperature, pressure, etc) for the purpose of fabricat-
ing MNRs with a specific structure, such as self-rolled [222,
223] and phase separation [224, 225]. Subtractive manufac-
turing is a process of creating structures with desired shapes
and sizes by removing material. This can be achieved through
various methods such as dry etching [226], WCE [72, 227],
and femtosecond laser ablation [26, 153].

Table 2 lists the minimum feature sizes for the manufactur-
ingmethods described above, as well as the typical size ranges,
typical structures, typical materials, production scales, advant-
ages, and disadvantages of MNRs oriented. Due to the differ-
ent principles, there are significant differences in the range
of molding sizes, applicable shapes, and production scales
among the various manufacturing methods for MNRs. And
all of them have their unique advantages, but inevitably have
disadvantages. Therefore, the AFS-CM method has become
an important technological pathway to fabricate highly integ-
rated functional structures for high performance MNRs. This
method combines the advantages of additive, formative, and
subtractive manufacturing methods. Miskin et al proposed
a composite manufacturing method for sub-hundred-micron
walking robots that combines ALD, PVD, self-rolled, WCE,
and dry etching [228]. The fabricated MNRs are capable of
optical-electrical-mechanical energy conversion and will sig-
nificantly advance the intelligence of MNRs due to their com-
patibility with standard CMOS processing.

3.2. Janus spherical MNRs

The Janus sphere is an asymmetric structure with differ-
ent physical or chemical properties in its two hemispheres,
allowing it to break kinematic symmetry and acquire mobil-
ity properties. It is important to note that its asymmetry is
primarily achieved by multi-material distribution. Depending
on how the materials are distributed, it can be classified as a
volume divided Janus sphere or a surface divided Janus sphere.
Figure 6 shows two types of Janus spheres and their manufac-
turing methods, as well as the methods of obtaining functional
materials.
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Figure 4. Composite manufacturing of each functional structure of
MNRs.

3.2.1. MNRs based on volume divided Janus spheres. The
Janus spheres, divided by volume, have distinct material com-
positions on both the surface and inside of their two hemi-
spheres. Microfluidic synthesis offers a straightforward and
cost-effective approach to creating these asymmetric struc-
tures without the need for a substrate. Moreover, Janus spher-
ical MNRs of various sizes can be fabricated by adjust-
ing the channel size, solution composition, and flow rate.
Figure 6(a) shows the fabrication of multifunctional Janus
sphericalMNRs bymicrofluidic synthesis [253]. Various func-
tions ofMNRs can be achieved by adding functional NPs to the
channel solution. For example, Pt NPs can be added to provide
mobility, while Fe3O4 NPs can be added to improve control-
lability. It is important to note that the two hemispheres can be
separated in a controlled manner by combining the phase sep-
aration method during the fabrication process. This results in
the fabrication of a double spherical structure [254]. If further
combined with WCE, the fabrication of spherical structures
with depressions can be realized [255]. Moreover, the control-
lable tuning of double spherical and spherical structures with
depressions can be realized by controlling the phase separation
process [256].

In summary, microfluidic synthesis offers great potential
for the fabrication of multifunctional Janus spherical MNRs.
Moreover, the variety of shapes of volume divided Janus
spheres can be extended by combining phase separation and
WCE methods. However, the inability to control the distribu-
tion of functional NPs on the surface is still a major constraint
in the fabrication of high performance MNRs. To prevent the
mixing of different phases by convection, a low fluid flow rate
is used, resulting in low flux problems. Therefore, advanced
NPs arrangement control technology and high-throughput

fluid control technology have become the trend of microfluidic
synthesis for the fabrication of Janus spherical MNRs.

3.2.2. MNRs based on surface divided Janus spheres.
Unlike volume divided Janus spheres, surface divided Janus
spheres exhibit asymmetric material distribution only on the
outer surface (figure 6). Moreover, in contrast to volume
divided Janus spheres, which need to be doped with functional
NPs to obtain functionality, surface divided Janus spheres
incorporate functional materials into the substrate in the form
of coatings. Although the substrate is required and to some
extent less stable and reliable than the volume divided Janus
spheres, the distribution of functional materials on the outer
surface becomes controllable and uniform, which opens up
opportunities for high performance MNRs.

PVD stands out as the most commonly employed coating
technique for depositing functional materials onto substrates.
Through the deposition of catalytic materials such as Pt [55],
inert materials like Ti [189] (used to protect self-fuel such as
Al), and magnetic materials like Ni [242] and Fe [146], MNRs
can be endowed with mobility and controllability, respect-
ively. In figure 6(b), the process of fabricating the multifunc-
tional Janus spherical MNRs is illustrated, involving the con-
tinuous deposition of functional materials through PVD [257].
The Au coating serves the dual purpose of protecting Fe from
oxidation and providing an affinity interface for subsequent
functionalisation modifications. It is important to highlight
that PVD is characterized by line-of-sight deposition, mean-
ing that it cannot deposit functional materials on areas that are
obscured. Consequently, Janus spheres produced through the
PVD method typically feature a coating of functional material
on only one half of the surface. In contrast, ALD, an altern-
ative coating technique employing chemical vapor deposition
(CVD), allows for the deposition on all sides of the spherical
substrates exposed to the environment, except for the areas in
contact with the bottom surface. As a result, Janus spheres
obtained through ALD exhibit more than half-coated func-
tional material. This presents an opportunity to extend the
lifespan of Janus spherical MNRs, especially those propelled
by consuming self-fuel (e.g. Mg, Al). Figure 6(c) illustrates
Janus spherical MNRs fabricated through ALD, showcasing
a more than half-coated configuration achieved by depositing
TiO2 (an inert material) onto Mg spherical substrates [258].
The large area of the inert material coating led to a significant
reduction in the contact area of the Mg sphere substrate with
the environment, resulting in a decreased rate of Mg depletion
and an extended operational lifespan. Additionally, ALD is
often synergistically employed with PVD due to its lower effi-
ciency and operational complexity. While PVD is utilized for
depositing functional materials, ALD is employed for deposit-
ing inert oxide materials such as TiO2 [259] and Al2O3 [260].

In summary, PVD and ALD present an opportunity for the
fabrication of multi-functional and high performance Janus
spherical MNRs. Furthermore, the efficiency and versatility
of surface-divided Janus spherical MNRs can be enhanced
through the synergistic interplay of these two techniques.
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Figure 5. Various manufacturing methods for MNRs.

However, prior to utilizing PVD and ALD methods for Janus
sphere fabrication, the spherical substrates need to undergo
pre-treatment to ensure dense and monolayered assembly,
thereby ensuring the quality and homogeneity of the coating.
An effective solution is a composite manufacturing method
that incorporates microfluidic synthesis. The microfluidic syn-
thesis technique enables the attainment of uniform mono-
layer tiling of spherical substrates during the fabrication pro-
cess, eliminating the need for post-processing. Therefore,
exploring the composite manufacturing method combining
PVD, ALDwith microfluidic synthesis technique can enhance
the fabrication efficiency of surface divided Janus spheres
for MNRs.

3.3. Rod-shaped MNRs

In contrast to Janus spherical MNRs, non-spherical MNRs are
susceptible to tumbling, twisting, and rotating in dynamic flu-
ids, facilitating their contact and interaction with the envir-
onment. One typical application of this behavior is seen in
thrombolysis [261]. Rods with an aspect ratio are typical of
non-spherical shapes. Similar to Janus spheres, the asymmetry
of these rods is achieved through the asymmetric distribu-
tion of materials. Depending on how the material is distrib-
uted, non-spherical MNRs can be categorized as radial multi-
material rods and axial multi-material rods. Figure 7 depicts
two types of rods along with their corresponding manufactur-
ing techniques, as well as the procedures for acquiring func-
tional materials.

3.3.1. MNRs based on radial multi-material rods. Radial
multi-material rods exhibit variations in materials along the
radial direction, often exemplified by Janus rods composed of
two semi-cylinders. Similar to volume divided Janus spheres,
microfluidic manufacturing techniques can be employed for
the fabrication of radial multi-material rods. The distinct-
ive aspect lies in the prevalent use of electrostatic spinning
for the rapid production of rods. This method allows for
the fabrication of rod-shaped MNRs with diverse diamet-
ers and material layouts by controlling parameters such as
nozzle aperture and shape, voltage magnitude, solution con-
centration, and flow rate. Figure 7(a) illustrates the fabrica-
tion of radial multi-material rods through side-by-side elec-
trostatic spinning [261]. Given that the fibers produced by
electrostatic spinning are continuous, cryosection is employed
in conjunction to tailor the aspect ratios of the rods. CaO2

NPs are introduced by doping on one side of the rod-shaped
MNRs to impart mobility. On the opposite side of the rod-
shaped MNRs, the carboxylated interface of maleic anhyd-
ride modified-poly(lactic acid) creates an opportunity for sub-
sequent loading of the drug Arg-Gly-Asp (RGD). The incor-
poration of SiPc material, also achieved through doping, gen-
erates reactive oxygen species for thrombolysis. Additionally,
the unique shape of the radial multi-material rods allows the
MNRs to use the column surface as the flow-facing surface,
thereby increasing the likelihood of RGD-platelet interaction
and consequently improving the thrombolytic performance of
the MNRs.

In conclusion, electrostatic spinning stands out as a reli-
able choice for manufacturing multi-functional and high
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Figure 6. Composite manufacturing of Janus spherical MNRs. (a) Microfluidic synthetic fabricated volume divided Janus spheres. Adapted
from [253] with permission from the Royal Society of Chemistry. (b) PVD fabricated surface divided Janus spheres. Reprinted (adapted)
with permission from [257]. Copyright (2017) American Chemical Society. (c) ALD and PVD fabricated surface divided Janus spheres to
grow MNRs lifetimes [258]. John Wiley & Sons. © 2021 Wiley-VCH GmbH.

performance rod-shaped MNRs. Furthermore, the produc-
tion of rod-shaped MNRs with customized aspect ratios is
attainable through collaboration with cryosection technology.
However, challenges such as limitations in charge mobility
and solubility persist in the fabrication of inorganic rods using
electrostatic spinning. Consequently, the pursuit of inorganic
materials compatible with electrostatic spinning and advance-
ments in electrostatic spinning processes has emerged as a
current trend in the fabrication of radial multi-material rods
through electrostatic spinning.

3.3.2. MNRs based on axial multi-material rods. Unlike
radial multi-material rods, axial multi-material rods fea-
ture multiple materials arranged in the axial direction.
Furthermore, in contrast to radial multi-material rods fab-
ricated through electrostatic spinning, where functionality is
achieved by doping functional NPs, axial multi-material rods

integrate multiple functional materials through LbL depos-
ition. Additionally, axial multi-material rods use the end face
as the flow-facing surface, unlike radial multi-material rod-
shaped MNRs, which use the cylindrical surface for this pur-
pose. This design choice enhances the kinematic performance
of high-aspect-ratio rod-shaped MNRs by minimizing drag
forces, albeit at the potential cost of a slight reduction in the
likelihood of the robot interacting with its target.

Template-assisted TAE stands out as the most common
method for fabricating axial multi-material rods. In con-
trast to electrostatic spinning, which requires the combina-
tion with cryosection technology to control the aspect ratio of
the rods, TAE achieves aspect ratio control by adjusting the
applied charge and selecting membrane templates with dif-
ferent aperture sizes. Additionally, the fabrication of flexible
rods becomes feasible by depositing flexible materials such
as polypyrrole [6, 74]. Furthermore, the flexibility of rods can
also be attained through a combination withWCE. Figure 7(b)
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Figure 7. Composite manufacturing of rod-shaped MNRs. (a) Microfluidic synthesis to fabricate radially multi-material rod-like MNRs
doped with functional NPs. Reprinted (adapted) with permission from [261]. Copyright (2021) American Chemical Society. (b) TAE
combines WCE to fabricate flexible rod-shaped MNRs [169]. John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c) TAE combines with WCE to fabricate rod-shaped MNRs that can be driven by ultrasound. Reprinted (adapted) with
permission from [72]. Copyright (2013) American Chemical Society.

depicts the fabrication of radial multi-material rigid rods using
TAE, coupled withWCE to produce flexible rods [169]. In this
case, Ag segments are deposited to create flexible rods. The
exciting flexibility of the Ag segments, partially corroded by
WCE, adds to the overall appeal. Leveraging this flexible prop-
erty alongwith themagnetic responsiveness of the Ni segment,
the resulting flexible rod-shaped MNR exhibits a remarkable
traveling wave motion when subjected to an oscillating mag-
netic field, akin to the graceful movement of a fish. In addi-
tion, the combination of TAE with WCE allows for the fab-
rication of rod-shaped MNRs featuring a depression at one
end, capable of rapid propulsion under ultrasound stimulation.
Figure 7(c) illustrates the process of fabricating such a rod-
shapedMNR using TAE in conjunction withWCE [72]. In this
method, PS spheres infiltrate the membrane template, provid-
ing an opportunity for subsequent etching to form a depression
in the rod. Simultaneously, Au and Ni segments are introduced

to furnish an affinity interface andmagnetic responsiveness for
the MNR, facilitating subsequent functionalization and mag-
netic guidance. Furthermore, some researchers have explored
the combination of TAE with LbL self-assembly and WCE to
create hollow hinges [262].

In summary, the integration of TAE and WCE exhibits sig-
nificant potential for the fabrication of axial multi-material
rod-shaped MNRs. Particularly noteworthy are the resulting
flexible rods and rods with one end recessed, which consider-
ably enhance the kinematic performance of rod-shapedMNRs.
However, TAE has limited material compatibility and typic-
ally cannot deposit non-conductive materials such as insulat-
ors and most non-metallic materials. CVD offers an effect-
ive solution to this limitation. CVD enables the deposition of
non-conductive materials into the pores of the membrane tem-
plate, allowing for the fabrication of non-conductive segments.
Therefore, the composite manufacturing method combining
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Figure 8. Composite manufacturing of tubular MNRs. (a) Sacrificial layer based self-rolled fabricated multifunctional scrolled tube [266].
John Wiley & Sons. Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Droplet-triggered self-rolled to fabricate
scrolled tubes. Reproduced from [267]. CC BY 4.0. (c) Fabrication of concentric tubes using the LbL self-assembly method. Reprinted
(adapted) with permission from [148]. Copyright (2015) American Chemical Society. (d) With the help of polycarbonate templates, ALD
manufactures multifunctional concentric tubes. Adapted from [269] with permission from the Royal Society of Chemistry. (e) TAE
manufactures multifunctional concentric tubes with controllable lengths. Reproduced from [138]. CC BY 4.0.

TAE, WCE and CVD will enrich the material system of axial
multi-material rod-shapedMNRs and providewider opportun-
ities for their multifunctionality and high performance.

3.4. Tubular MNRs

Compared to Janus spheres and rods, tubes stand out as the
preferred structure for bubble-driven MNRs, primarily due to
their internal space that facilitates the efficient generation and
release of bubbles. In contrast to rods, where multiple materi-
als are arranged along the radial or axial direction, the asym-
metry of tubes arises from the different materials on their
inner and outer surfaces. Tubes can be further categorized into
scrolled tube and concentric tube based on the distribution of
materials. Figure 8 provides an illustration of these two tube
types and their manufacturing methods, as well as the methods
of obtaining functional materials.

3.4.1. MNRs based on scrolled tubes. Scrolled tubes are
created by rolling a thin film of functional material. While this
rolling may reduce the structural shape stability of the scrolled
tube, it introduces the possibility for intelligent deformation
[263, 264]. Self-rolled is a prevalent technique for manufac-
turing scrolled tubes, leveraging the release of internal stresses
within the functional thin film material. Consequently, the
functional material film forms the basis for this fabrication
method. The most commonly employed technique for produ-
cing functional material films is PVD. PVD allows the depos-
ition of various functional materials onto the substrate. For
tubular MNRs propelled by bubbles resulting from chemical
reactions, the final layer of functional material is typically
catalytic or self-fuel [222, 265]. It is important to note that
there are two commonly employedmethods for inducing stress
release in thin films of functional materials. One approach
involves depositing a material with internal stress onto a pat-
terned photoresist and then releasing the stress in the film
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by removing the sacrificial photoresist layer through WCE.
Figure 8(a) illustrates the induced self-rolled through etching
the sacrificial layer [266]. In this case, the innermost layer of
the scrolled tube, Pt, contributes to its mobility. Compared
to the method of etching the sacrificial layer, another method
induced by liquid is simpler and more controllable. As WCE
is isotropic, the liquid-induced method allows the controlled
preparation of scrolled tubes with different curl directions by
controlling the contact point of the liquid. Figure 8(b) shows
the liquid-induced self-rolled and demonstrates the robust con-
trollability of the method [267].

In conclusion, the combination of self-rolled, PVD, and
WCE presents a convenient approach for crafting scrolled
tubular MNRs with adjustable diameters and lengths. The
geometry of the scrolled tubes can be effectively con-
trolled through a nuanced understanding of micro- and nano-
scale mechanics and meticulous tuning of deposition para-
meters. However, challenges such as the inhomogeneous
thickness and poor uniformity of the tubes must be over-
come. Consequently, there is a growing trend towards the
development of advanced self-rolled process control tech-
niques to enhance the fabrication of scrolled tubes.

3.4.2. MNRs based on concentric tubes. Unlike scrolled
tubes, concentric tubes are seamless structures with multiple
materials arranged in concentric layers, resulting in higher
structural stability. Various manufacturing methods for con-
centric tubes often involve membrane templates, including
LbL self-assembly, ALD, and TAE. In LbL self-assembly,
polymeric materials with oppositely charged surfaces are
deposited into the interior of holes in the membrane [66, 148,
181, 268]. The charged surface of the polymer enables the
loading of various functional NPs or cargoes, through non-
covalent interactions like electrostatic interactions. In contrast
to LbL self-assembly, ALD manufactures concentric tubular
MNRs by directly depositing functional materials into the
pores on the membrane [269]. Figures 8(c) and (d) depict
the fabrication of multifunctional and high performance con-
centric tubes for MNRs using LbL self-assembly and ALD,
respectively [148, 269]. However, since both methods involve
deposition to fill the entire hole in the membrane, LbL self-
assembly and ALD lack control over the length of the concent-
ric tubes, which is constrained by the thickness of the mem-
brane. In contrast, TAE proves to be an ideal method for craft-
ing concentric tubes with controllable length. Furthermore,
its fabrication efficiency is enhanced due to electrical energy
input. Unlike the TAE method for axial deposition in fabric-
ated rods, radial deposition in fabricated tubes can be achieved
by adjusting parameters such as current density and current
direction. Additionally, the length of the tube can be precisely
controlled by controlling the deposition time. Figure 8(e) illus-
trates the process of fabricating a multifunctional concentric
tubular MNRs using the TAE method [138].

In summary, LbL self-assembly, ALD, and TAE offer
promising avenues for the fabrication of multifunctional and
high performance concentric tubular MNRs. Notably, the TAE

method stands out for its unique ability to control the length-
to-diameter ratio of the concentric tubes. However, it is import-
ant to note that all of these methods rely on membrane tem-
plates, which potentially increases the cost of fabrication.

3.5. Helical MNRs

In contrast to Janus spheres, rods, and tubes, the helix is inher-
ently chiral, imparting asymmetry to its structure. Rotational
motion along the helix axis enables axial translational motion.
Therefore, helices are commonly employed as structures for
magnetically driven MNRs. Depending on the method of
obtaining the helix, it can be categorized as a biological helix
or an artificial helix. Figure 9 illustrates the two types of hel-
ical MNRs and their correspondingmanufacturing techniques,
as well as the procedures for acquiring functional materials.

3.5.1. Biological helical MNRs. Biological helices are dir-
ectly obtained from the natural environment, rendering them
highly biocompatible. The biotemplate synthesis method, par-
ticularly based on helical plant vessels, offers a simple, low-
cost, and large-scale approach for fabricating magnetic helical
MNRs. Figure 9(a) depicts the magnetic plant helical MNRs
fabrication process [270]. The Ti layer serves as an external
biocompatible coating to mitigate potential toxicity associ-
ated with the Ni layer. Additionally, the helix diameter and
pitch can be adjusted through mechanical stretching; how-
ever, the use of photoresist is necessary to fix the shape.
In comparison, Spirulina possesses a naturally intact helical
structure, obviating the need for a series of post-processing
operations. Additionally, Spirulina exhibits properties such as
degradability and autofluorescence. Leveraging its biosurface
affinity, functional NPs can be easily loaded. Figure 9(b) illus-
trates a straightforward, cost-effective, and scalable fabrica-
tion method for helical MNRs designed for drug delivery, util-
izing Spirulina [271]. Superparamagnetic NPs are adsorbed
on the surface of MNRs, allowing them to perform con-
trolled motions under magnetic fields. Furthermore, the inher-
ent properties of Spirulina allow the MNR to conduct fluor-
escence imaging in vivo without requiring any surface modi-
fication. Additionally, studies have reported that parameters
such as helicity and helix diameter of the helix can be adjus-
ted bymanipulating the living environment of the natural helix
[272]. Furthermore, with the application of annealing treat-
ment, hollow helix structures can be created by removing helix
core [272].

In summary, the use of biological helices offers a straight-
forward approach for the batch fabrication of helical MNRs.
Furthermore, when combined with PVD or the adsorption
of magnetic NPs, magnetic MNRs with high biocompatibil-
ity can be easily produced. However, natural helical biotem-
plates from the environment are evidently insufficient to meet
the demands for helical structures in MNRs within increas-
ingly complex application scenarios. Particularly, the tuning
of biotemplates is currently restricted to the overall structural
parameters of the helix and rarely involves adjustments to
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Figure 9. Composite manufacturing of helical MNRs. (a) Manufacturing process of the plant-based magnetic spiral microrobots. Reprinted
(adapted) with permission from [270]. Copyright (Year) American Chemical Society. (b) Helical MNRs based on Spirulina. Reprinted from
[271], © 2024 Elsevier B.V. All rights reserved. (c) TAE combines WCE and PVD to fabricate multifunctional helices. Adapted from [227]
with permission from the Royal Society of Chemistry. (d) GLAD combined with PVD manufacture magnetic helices. From [274].
Reprinted with permission from AAAS. (e) Microfluidic synthesis combined with WCE to fabricate polymer helices [276]. John Wiley &
Sons. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (f) DLW combined with PVD to manufactures magnetic needle-type
helix with complex mesh structures [173]. John Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the wire diameter. Hence, the development of more control-
lable biological helices represents a key research direction for
helical MNRs.

3.5.2. Artificial helical MNRs. Unlike biological helices,
artificial helices are helical structures that are artificially cre-
ated or synthesized. Compared to biological helices, the struc-
tural parameters of artificial helices are more controllable.
Moreover, the complexity of the helical structure can be made

higher, for example, double helix structure [56, 273]. There
are many methods to fabricate helices, such as TAE, glancing
angle deposition (GLAD), microfluidic synthesis, and DLW.
The fabrication of helices using TAE involves a combina-
tion of WCE and PVD. In figure 9(c), the fabrication process
of helices using TAE is illustrated [227]. Following the co-
deposition of Cu and Pd, the Pd helical structure is obtained
by selectively removing Cu through WCE, and the multifunc-
tional material coating is applied via PVD. Furthermore, the
fabrication of Pd helices with different aspect ratios can be
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achieved by adjusting the applied charge, selecting templates
with varying pore sizes, and modifying the solution composi-
tion. However, only the existence of helical co-deposition pro-
cess of Cu and Pd has been found, which limits the wide
application of this method. In comparison, GLAD facilitates
the fabrication of a more diverse array of helical structures
using a broader range of applicable materials. Essentially,
GLAD is a variant of PVD in which the substrate changes
from being perpendicular to the incident vapor flux to hav-
ing a certain bevel angle, and the substrate shifts from static
to rotating. By adjusting the bevel angle size and the rota-
tion speed during the deposition process, the parameters of
the helical structure can be controlled. Figure 9(d) illustrates
the process of manufacturing helices using GLAD [274]. It is
noteworthy that the materials required for each function can
be directly obtained through the GLAD method, or functional
materials can be deposited after adjusting the bevel angle
to PVD mode. This multi-process composite in-situ mold-
ing technique provides an opportunity for the automated and
highly reliable fabrication of multifunctional and high per-
formance helical MNRs. However, GLAD requires seeds as
the starting point for helix generation, and these seeds must
be densely arranged and monolayered. Typically, seeds are
spherical particles, and the combination of dry etching can
further reduce the seed size, thus offering the possibility of
obtaining smaller helices [275]. In comparison, microfluidic
synthesis is a direct molding process that eliminates the need
for seeds. Figure 9(e) illustrates the fabrication of multifunc-
tional helical MNRs using microfluidic synthesis [276]. This
method leverages gelation and the unbalanced friction of gel
microfibers with the surrounding fluid to form helical struc-
tures. It involves selective curing of the helices through dis-
crete UV illumination and the subsequent removal of uncured
regions via WCE to obtain the helices. By controlling the
flow rate of the fluid and the frequency of UV illumination,
highly controllable helical lengths, pitches, and diameters can
be achieved. Furthermore, Janus helix, hollow helix, and core-
shell helical MNRs can be realized by altering the number and
structure of the flow channels [276]. The multifunctionality
of these structures is achieved through the doping of func-
tional NPs. Compared to the aforementioned fabricationmeth-
ods, DLW, thanks to its high precision and customizability,
can manufacture helices with more intricate structures, includ-
ing double helices [71] and helices with microstructures [277].
In figure 9(f), the fabrication of needle-type helix with mesh
structure using DLW is demonstrated [173]. Their multifunc-
tional properties can be realized by various methods, such as
coating of functional materials by PVD, adsorption or doping
with functional NPs doping.

In summary, various methods, including TAE, GLAD,
microfluidic synthesis, and DLW, can be employed for the
fabrication of helical MNRs. Furthermore, by integrating the
PVD method, multifunctional helical MNRs can be con-
veniently obtained. Particularly, the DLW method, with its
enhanced 3D structure fabrication capability, can produce hel-
ical MNRs with intricate microstructures, significantly enhan-
cing their performance. However, the point-by-point printing
approach of DLW restricts its ability to mass-produce helices.

Hence, advancements in DLW manufacturing processes are
crucial for enhancing the versatility and performance of helical
MNRs.

3.6. MNRs with unique structures

In addition to the structures mentioned above, there are still
several unique structures for MNRs. Benefiting from their
properties, these structures provide a viable solution forMNRs
to move towards high performance. Based on the dimen-
sionality of these structures, they can be categorized as 3D
unique structures, shell structures, and surface microstruc-
tures. Figure 10 illustrates these three unique structures and
their corresponding manufacturing techniques, as well as the
procedures for acquiring functional materials.

3.6.1. MNRs with 3D unique structures. 3D unique struc-
tures bring special structural properties that can bring the pos-
sibility of enhancing the performance of MNRs, especially
the kinematic performance. Taking advantage of the powerful
3D structure customization capability of DLW, structures that
can significantly increase the speed of optical, chemical, and
ultrasonic driven MNRs have been fabricated. Figure 10(a)
shows the fabrication process of a unique cavity structure for
enhancing the velocity of ultrasonically driven MNRs using
DLW [215]. The cavity was fabricated with a double fold-
back microstructure, which increased the repulsion of the fluid
and improves the stability of the bubbles. This work was the
first to achieve effective propulsion at high shear rates in com-
plex biofluids. In addition, the 3D structure of multiple nozzles
and the interface enhancement properties of the sawtooth-like
structure with multiple channels and nanointerfaces were util-
ized to significantly improve the kinematic performance of
the optically and chemically driven MNRs, respectively [278,
279]. Moreover, the remarkable structures found in nature
offer new avenues for high performance MNRs. Figure 10(b)
depicts the transformation of sunflower pollen into intelligent
urchin-like MNRs through WCE, PVD, and vacuum loading
processes [280]. The huge internal cavity structure of sun-
flower pollen provides it with a robust cargo loading capab-
ility, while the ordered spikes on its surface facilitate efficient
cell penetration.

3.6.2. MNRs with shell structures. Shell structures as asym-
metric pseudo 3D structures can also contribute to the per-
formance enhancement of MNRs. The combination of PVD
and WCE is a typical method for manufacturing shell struc-
tures. Figure 10(c) shows the fabrication process of catalytic
shell-structured MNRs using this method [206]. Pt, Ag, and
Auwere sequentially deposited on a silicon sphere by the PVD
method. The innermost layer (Pt layer) served as a catalyst
layer to provide mobility, the middle layer (Ag layer) acted as
a support structure, and the outermost layer (Au layer) served
as a protective layer. The silicon spheres were then etched
using hydrofluoric acid to fabricate shell-structured MNRs.
Moreover, the fabrication of 2 µm–30 µm shell-structured
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Figure 10. Composite manufacturing of MNRs with unique structure. (a) DLW fabricates ultrasound-driven MNRs with cavity structures.
Reproduced from [215]. CC BY 4.0. (b) Biohybridization combined with WCE and PVD for the fabrication of smart urchin-like MNRs
[280]. John Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) PVD combined with WCE to fabricate
bubble-driven hemispherical shell-shaped MNRs. Reprinted (adapted) with permission from [206]. Copyright (2014) American Chemical
Society. (d) Hollow spherical structure with strong cargo loading capability. Reprinted (adapted) with permission from [205]. Copyright
(2012) American Chemical Society. (e) High performance spherical MNRs fabricated by full-surface etching. Reprinted (adapted) with
permission from [281]. Copyright (2021) American Chemical Society. (f) Selective surface etching to fabricate microstructures for
enhanced MNR mobility. Reprinted (adapted) with permission from [282]. Copyright (2015) American Chemical Society.

MNRs can be fabricated by changing the diameter of the sil-
icon spheres. The catalytic effect of this concave surface can
give the MNR a stronger kinematic performance compared
to the convex surface of the Janus sphere of the same size
as a catalytic surface, due to its greater tendency to gener-
ate bubbles. In addition, this shell-structured microrobot can
be driven by ultrasound and exhibit efficient cargo transporta-
tion capability [64]. In addition to hemispherical shell struc-
tures, overall spherical shell structures also exhibit strong
cargo loading and transportation capabilities. Figure 10(d)
shows the MNR for the overall spherical shell structure [205].
Using SiO2 microspheres as templates, LbL self-assemblywas

used to fabricatemultilayer polymer films.Microcontact print-
ing was used to asymmetrically endow the films with func-
tional NPs. WCE was used to remove the templates. Finally,
the MNRs were formed as overall spherical shell structures
with strong cargo delivery capabilities as well as controllable
encapsulation and triggered release capabilities.

3.6.3. MNRs with surface microstructures. The rational use
of surface microstructures can significantly enhance the per-
formance of MNRs. The most commonly used method for
fabricating surface microstructures is WCE. There are two
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ways to fabricate surface microstructures by WCE method,
one is isotropic full-surface etching and the other is selective
etching. Figure 10(e) shows the Fe3O4 microparticles (MPs)
exhibit outstanding properties after the full-surface etching
[281]. The Fe3O4 MPs have higher specific surface area and
more active sites after the full-surface etching, giving them
enhanced mobility and loading capability. Figure 10(f) shows
an MNR with surface microstructure fabricated by combining
TAE and WCE [282]. The use of microstructures gives it a
stronger loading capability, which carries more lysozyme and
enhances the bactericidal ability.

In summary, the powerful 3D structure fabrication capabil-
ity of DLW and the powerful structure modification capability
of WCE create a huge development space for the fabrication
of multifunctional and high performance MNRs with com-
plex structures. The application of unique structures also paves
the way for the improvement of the performance of MNRs.
However, with the increase of structural complexity, the non-
selective or isotropic way of functional material conferment
restricts the further development of high performance MNRs
with multifunctional and complex structures. Therefore, the
development of more selective and controllable functional
material implantation methods is an important development
area for the future fabrication of high performance MNRs.

3.7. Summary

Taking advantage of the diverse combinations, the AFS-CM
method can be adapted to the fabrication of MNRs with differ-
ent applications. Therefore, the AFS-CM method has become
a mainstream manufacturing solution for MNRs. Currently,
the research of smart materials applied to MNRs has become
a major hotspot. The utilization of these materials enables
the automation and intelligent control of MNRs in specific
environments. For example, the light-responsive isomeriza-
tion of azobenzene to remotely control the disassembly and
assembly of the main body and functional components of the
nanorobot [69], the spiropyran to control the start and stop
of the nanorobot [70], and other pH-responsive or thermo-
responsive hydrogels [186, 283, 284]. However, the current
fabrication methods for MNRs using smart materials are still
in the development stage. Therefore, exploring more diverse
fabrication methods that can incorporate smart materials will
be an important driving force for the development of smart and
high performance MNRs.

In addition, as shown in the previous section, PVD depos-
ition of functional materials, and doping and adsorption of
functional NPs are important ways to confer multifunction-
ality to MNRs. However, functional NPs doping can limit
the minimum feature size for fabrication, and the long-time
reliability of functional NPs adsorption in complex envir-
onments is still debatable. Therefore, PVD has become the
dominant functionality-conferring technology nowadays. In
addition, the strong capability of DLW in fabricating com-
plex 3D structures makes it an important fabrication method
for manufacturing the bodies of MNRs. However, the cur-
rent composite fabrication process of PVD and DLW is still
relatively homogeneous, which only utilizes PVD to deposit

functional materials after DLW fabrication. Exploring more
composite fabrication processes of the two may bring trans-
formative breakthroughs to multifunctional and high perform-
ance MNRs. In addition, the current way to fabricate sur-
face microstructures mostly uses WCE, but this does not
allow for precise control of the microstructure. In contrast,
the self-rolled method may provide feasibility for custom-
izedmicrostructures [285]. Therefore, exploring the process of
controllable fabrication of surface microstructures for MNRs
by the self-rolled method could bring great potential to high
performance MNRs.

4. Discussion and future trends

4.1. Discussion

The coupled design and AFS-CM methods contribute to
the development of high performance MNRs, which are
expected to play an important role in a variety of poten-
tial applications such as biomedicine, environmental remedi-
ation, and micro- and nanomanufacturing. For the coupled
design methods of high performanceMNRs, we have explored
three aspects: material-function integrated design, interface-
performance integrated design, and structure-performance
integrated design. Notably, there is an increasing interest in
the design of surface microstructures of MNRs. For example,
designing microstructures on the surfaces of MNRs driven by
catalytic reactions can enhance the catalytic efficiency and
hence the motional performance of MNRs. In addition, exist-
ing manufacturing methods are summarized and the use of
AFS-CMmethods to achieve highly integrated manufacturing
of functional structures of MNRs is discussed in detail. DLW
has received focused attention from researchers because of its
unique advantages in manufacturing complex 3D structures at
the micro- and nanoscale. Although a variety of future MNRs
have been proposed, their design and manufacturing still face
a number of challenges.

An ideal design of high performance MNRs should be a
multi-factor coupled design that integrates functional require-
ments, application environment characteristics and materials/
structures/processes. However, most of the existing designs
are subjective. Moreover, due to different knowledge systems,
researchers have different design ideas, which leads to diffi-
culties in achieving optimal design when dealing with such
multi-factor coupled problems. Therefore, it is necessary to
develop an intelligent design system. It has the ability to inde-
pendently design the materials/interfaces/structures/processes
of MNRs according to different application requirements, and
can rationally weigh and evaluate multiple factors to achieve
the goal of multifunctional compatibility and optimal overall
performance of MNRs. Meanwhile, on this basis, scientific
design specifications and protocols for MNRs can be formed,
thus promoting the development and commercialization of
MNRs. In terms of manufacturing, the ideal manufacturing
method of MNRs should be high-precision, high-efficiency,
low-cost and scalable. However, existing composite manu-
facturing methods still have shortcomings in terms of man-
ufacturing efficiency, manufacturing risk, and manufacturing
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Figure 11. Trends in design, manufacturing and testing of high performance MNRs.

cost, such as the composite of multiple manufacturing pro-
cesses increases the complexity of manufacturing, the step-by-
step nature increases the risk of failure, and the demand for
multi-material/multi-scale increases the manufacturing cost.
Therefore, it is important to develop new integrated manufac-
turing processes and equipment that combine the advantages
of additive, formative and subtractive manufacturing methods.

4.2. Future trends

As an interdisciplinary field, the opportunities for further
development of coupled design methods and composite man-
ufacturing methods for high performance MNRs will come
from scientific discoveries, technological breakthroughs and
industrial applications in other fields. Figure 11 depicts the
anticipated future trends of high performance MNRs in
response to forthcoming application demands, encompassing
the realms of design, manufacturing, and testing. In the design
phase, a material-structure-function integrated design system
based on artificial intelligence (AI) is proposed. In the man-
ufacturing phase, the development of a multi-scale/multi-
material AFS-CM process and equipment is suggested. In
the testing phase, the function and performance of MNRs
are tested and evaluated. Naturally, these three phases oper-
ate in parallel, are interconnected, and involve real-time data
transfer.

4.2.1. Material-structure-function integrated design system
based on AI. In order to break through the shortcom-
ings and limitations of subjective design and the inform-
ation processing capability of researchers, the future trend
lies in the material-structure-function integrated design sys-
tem based on AI. The system includes the following three
aspects: function/performance-oriented AI design software,
design parameter and performance digitization method, and
functional requirement level evaluation criteria.

The inputs to the function/performance-oriented AI design
software are the characteristics and functional requirements of
the application environment of the MNRs. The software can
explore multiple design possibilities involving multi-factor
coupling of material layout, structural innovation, functional
integration, and manufacturing process through intelligent
algorithms. Moreover, the performance results are predicted
and further optimized by integratingmulti-physics simulations
and other numerical simulations. Finally, the optimal design
results for high performance MNRs are output. Therefore, it
is necessary to build AI design software to enhance the design
capability. However, faced with the diverse results of exist-
ing MNRs, there is still lack of scientific methods to standard-
ize and unify the digitization of each design parameter and
performance of existing MNRs using standardized formats
for data and metadata, leading to the impossibility of accur-
ately constructing a comprehensive database for the training
of intelligent algorithms. Therefore, it is necessary to explore
methods for digitizing the design parameters and performance
of MNRs for AI design software. In addition, given the mul-
tifunctional requirements of MNRs to perform tasks, a reas-
onable judgment of the requirement level for each function is
an important reference criterion when the software optimizes
the design of MNRs. Therefore, it is necessary to establish sci-
entific and standardized criteria for evaluation of the level of
functional requirements for different application areas.

4.2.2. Development of multi-scale/multi-material AFS-CM
processes and equipment. In the manufacturing phase,
digital design and optimization bring higher requirements to
the processes and equipment used to manufacture MNRs.
Therefore, the multi-scale/multi-material AFS-CM processes
and equipment represent an important trend in the manufactur-
ing phase. The processes and equipment include the following
three aspects: multi-scale and multi-material composite man-
ufacturing processes, multifunctional materials for composite
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manufacturing, and multi-scale and multi-material composite
manufacturing equipment.

The multi-scale composite manufacturing process includes
micro-scale and nanoscale, which can fulfill the requirements
for the manufacturing of MNRs with micro/nano cross-scale
structures. The multi-material composite manufacturing pro-
cess can fulfill the multi-material/multi-functional manufac-
turing requirements of MNRs. With DLW based on the two-
photon principle as the core, the composite process combining
formative and subtractive manufacturing can realize the man-
ufacturing of multi-material, complex micro/nano cross-scale
3D structures. However, the low manufacturing efficiency
associated with single-point scanning is a challenge that DLW
has to face. Fortunately, the breakthrough in two-color two-
step technology has opened up opportunities for the mass
manufacturing of MNRs with complex 3D structures [286].
However, it is still constrained by the limited types of mul-
tifunctional materials. Multifunctional material selection and
design can reduce the complexity of the composite manufac-
turing process. However, when multifunctional materials are
used for manufacturing, the composite process manufacturab-
ility of the materials and the manufacturing accuracy should
be fully considered. Therefore, the development of multifunc-
tional materials for composite manufacturing is an important
area for future research. Based on the above processes and
materials, multi-scale and multi-material composite manufac-
turing equipment is an important hardware foundation for the
manufacturing of high performanceMNRs. Currently, most of
the equipment used for composite manufacturing processes is
independent by process step, and this step-by-step approach to
manufacturing increases the risk of failure. Therefore, multi-
scale and multi-material composite manufacturing equipment
is also an important trend in the manufacturing of high per-
formance MNRs.

4.2.3. Testing and evaluation of functionality and
performance. To ensure the accuracy and reliability of
multi-functional and high performance MNRs, testing and
evaluation of functionality and performance are essential.
This process encompasses three main aspects: in-situ inspec-
tion of structure and accuracy, functionality and perform-
ance testing equipment, and evaluation and optimization
of MNRs.

The development of AI design system and composite man-
ufacturing equipment require higher precision inspection and
more complete testing. Since the composite manufacturing
process is a combination of multiple manufacturing prin-
ciples, it is prone to problems such as multi-material bonding
defects, unnatural deformation of the structure, and excessive
material removal. Therefore, in-situ inspection of the struc-
ture and accuracy is crucial to ensure the accuracy of the
MNRs. In addition, testing functionality and performance is
important to validate the capability of MNRs to perform tasks.
Targeted test equipment can be designed for different applic-
ation environments and functionally integrated MNRs, and
the results can be fed back to the AI design system and

composite manufacturing equipment in order to further optim-
ize and refine the design software and manufacturing equip-
ment, which ultimately leads to the further optimization of
high performance MNRs.

The integration of the above three aspects of design, man-
ufacturing and testing provides more opportunities for the
development of high performance MNRs. For example, we
envision an integrated system that includes the AI design sys-
tem, the composite manufacturing equipment, and the in-situ
inspection system (figure 12). Taking the sensing and high load
functions as example, the materials, structures, processes, etc
that can realize these functions are designed through AI. For
manufacturing, the overall structure is manufactured by a two-
color two-step light-curing process, followed by the functional
materials coating by a PVD process, the functional mater-
ial area segmentation by a dry etching process, and finally
an array of high specific surface area sensing microstruc-
tures is obtained by a droplet-triggered self-rolled process.
Meanwhile, in the manufacturing process, the in-situ inspec-
tion system consists of advanced sensor detection technology
[287, 288], high-resolution micro-imaging technology [289],
precision micro-operation platforms [290], multi-directional
imaging technology [291], and deep learning self-correction
system [292, 293]. This system can perform real-time inspec-
tion and correction of the MNRs’ overall structural shape,
surface roughness, internal defects, segmentation area preci-
sion, and micro-structural shape. For uncorrectable errors and
defects, real-time feedback is provided to the AI design system
to make feasible adjustments to the design program. Thus, the
entire process (from design and manufacturing to inspection)
of information integration is realized.

5. Conclusion

This paper reviews the coupled design methods for high
performance MNRs from three aspects, including material-
function design, interface-performance design, and structure-
performance design. In addition, existingmanufacturingmeth-
ods for MNRs are summarized. The AFS-CM methods for
functional structures in MNRs are discussed in detail from the
material, structure, function, performance, and process per-
spectives. These functional structures include Janus spheres,
rods, tubes, helices, and some unique structures. Although a
wide variety of MNRs have been designed and manufactured,
many significant challenges remain. This paper concludeswith
an exploration of current limitations and prospective future
trends. Notably, this paper discusses trends in enhancing high
performance MNRs to meet future application requirements
through advancements in design, manufacturing, and testing
methodologies. An integrated system is proposed as a pro-
spect consisting AI design systems, composite manufacturing
equipment, and in-situ testing systems. Thus, the summary,
discussion, and future trends of this review will greatly con-
tribute to the further development of high performance MNRs
and provide valuable guidance for researchers interested in this
area.
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Figure 12. Schematic illustrating the integrated system of AI design system, composite manufacturing equipment and in-situ inspection
system.
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Jannasch A, Stumpp T, Schäffer E, Albertazzi L and
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