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Abstract

In the past few decades, robotics research has witnessed an increasingly high interest in miniaturized, intelligent, and inte-
grated robots. The imperative component of a robot is the actuator that determines its performance. Although traditional
rigid drives such as motors and gas engines have shown great prevalence in most macroscale circumstances, the reduction
of these drives to the millimeter or even lower scale results in a significant increase in manufacturing difficulty accompanied
by a remarkable performance decline. Biohybrid robots driven by living cells can be a potential solution to overcome these
drawbacks by benefiting from the intrinsic microscale self-assembly of living tissues and high energy efficiency, which,
among other unprecedented properties, also feature flexibility, self-repair, and even multiple degrees of freedom. This paper
systematically reviews the development of biohybrid robots. First, the development of biological flexible drivers is introduced
while emphasizing on their advantages over traditional drivers. Second, up-to-date works regarding biohybrid robots are
reviewed in detail from three aspects: biological driving sources, actuator materials, and structures with associated control
methodologies. Finally, the potential future applications and major challenges of biohybrid robots are explored.
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Introduction

Robotic technology has been rapidly developing in the
past few decades and has already benefited humans in
numerous heavy and repetitive tasks. Despite the pre-
dominant focus on large-scale robots, recent years have
also witnessed an increased interest in intelligent micro-
robots. Due to their small size, micro-robots can simulate
the shape and movements of real organisms, allowing for
operations that would be otherwise difficult to complete
by traditional robots. For example, during earthquakes,
micro-robots can move among ruins for search and rescue;
or in medical treatments, they can enter the human veins
for minimally invasive surgery.

A robot is mainly composed of drivers, control sys-
tems, executing mechanics, and sensors [1-3]. Among
them, the driver as the power conversion component of
the robot determines its motion patterns and performance.
The key to the design and manufacture of micro-robots is
the miniaturization of the drivers. Micro-robot drivers can
be divided into three categories: traditional rigid drives
[4-8], flexible material drives [9—-13], and biomaterial
drives [14-18].

Traditional rigid drives include hydraulic, pneumatic,
and the most commonly used electromagnetic motor. For
example, the cockroach-like robot developed by Najafi’s
group [19] and the fruit fly-like robot developed by
Croon’s group [20] use the motor to realize walking or
flying motions. Although this traditional driving tech-
nology is supported by well-developed control theories
and sophisticated manufacturing processes, its operating
principle is quite different from that of the real organ-
ism resulting in its incapability to accurately simulate its
motion characteristics. More importantly, when the size
of the driver needs to be reduced to the millimeter-scale
or smaller, the manufacturing difficulty of traditional
drivers sharply increases, while their output force and
power density decrease exponentially (millimeter scale,
maximum output force about 10 pN, output power den-
sity < 0.01 kW/kg) [21, 22]. Meanwhile, its unsatisfying
reliability, relatively short lifespan, low energy efficiency,
and other defects at the miniature scale become deterio-
rated. For instance, the battery-powered fully charged bee-
like micro-robot developed by Harvard University can only
fly for a few seconds [7]. The hummingbird robot driven
by two motors developed by Purdue University can merely
fly for 1.23 min at most [23].

Faced with the defects of conventional rigid drivers,
new driving methods via using flexible stimuli-active
materials such as dielectric elastomer actuator (DEA)
[24-26], shape memory alloy (SMA) [27-29], and
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liquid crystal elastomer (LCE) [30-33] are developed.
For example, Wood’s [34] team developed a flying robot
driven by multilayer dielectric elastomers, which can per-
ceive and withstand collision with obstacles and recover
from collisions by taking advantage of the robustness
of the material and the passive stability of the machine.
Compared with traditional driving methods, this flexible
material drive can be powered by electrical stimulation
at the millimeter or even smaller scale, and among other
advantages, has better self-repair capability and reli-
ability. However, due to the lack of in-depth research on
stress, strain, response speed, efficiency, and lifespan,
research on flexible material drivers is still in its infancy,
and certain disadvantages, such as low power density
and high driving voltage, are still hindering its practical
applications.

In contrast, with the development of interdisciplinary
subjects in bioengineering, nanotechnology, and three-
dimensional (3D) bioprinting [35-39], the combination
of biological living actuators and nonliving biomaterials
became a possible solution for overcoming the limitations
of existing driving methods. Compared with the traditional
rigid-driven and flexible material-driven robots, biomate-
rial-driven biohybrid robots (also known as biobots) can
better recapitulate the microstructures and motion patterns
of living organisms, with remarkable advantages of high
controllability, output force, and power density at the mil-
limeter and smaller scales, accompanied by the potential
of self-assembly, self-repair, and self-replication capabili-
ties [40—44]. For example, the micro-robot designed by
Bashir et al. [45] can carry out accurate multidirectional
and steering motion under the action of light stimulation,
which shows high controllability and energy efficiency.

In nature, living creatures usually show high flexibility
and energy conversion efficiency and thus may hopefully
be the models of a new generation of robots. Biohybrid
robots with unprecedented biomimicry in driving perfor-
mance can potentially yield great applications in mechan-
ics, biomedicine, material science, chemical engineering,
and many other fields. This review aims to give a com-
prehensive review of the up-to-date developments of bio-
hybrid robots. The present section provides an introduc-
tion to biohybrid robots. Next, an in-depth review of the
related research on the driving technology of micro-bio-
bots is presented. Considering biology, material science,
machinery, and other relevant disciplines, we describe the
biobots from three main aspects: biological composition,
underlying materials, and structure/control mechanisms,
while highlighting the latest progress of each field. Finally,
we discuss and summarize the potential applications and
future challenges of biohybrid robotics research.
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Living driving sources used for biohybrid
robots

Most traditional rigid robots and soft material robots
are unable to meet the requirements of miniaturization
and energy efficiency at the same time. A new type of
driving source with high flexibility and driving force is
therefore urgently needed to satisfy the size and output
force demands of robots [46—49]. Many naturally evolved
living tissues can produce the necessary driving forces
with durability, and they can potentially be used as ideal
drivers for micro-biobots. Xi et al. [50] first proposed a
biological robot in 2005, which opened a Pandora’s box
and triggered rapid developments in this field for the
next 15 years. According to biological composition, bio-
logical driving sources can be roughly divided into five

categories: mammalian primary cells [51-55], mamma-
lian cell lines (mainly cardiomyocytes and skeletal muscle
cells) [14, 56-59], insect dorsal vascular tissue (DV tis-
sues) [60—63], microorganisms [64—68] and others (sperm,
T cells, etc.) [69-73] (shown in Fig. 1 and Table 1). The
latest developments of each category is reviewed in the
following chapters.

Mammalian cells

Herein, the reference to primary mammalian cells generally
means the cell suspension extracted from mammalian organs
or muscles, which can form new muscle tissue after tissue
culturing. The most commonly used cells of this type are
primary cardiomyocytes and primary skeletal muscle cells
extracted from newborn mice. The muscle actuators of these
two types of cells have been widely used in biohybrid robots
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Table 1 Advantages and disadvantages of different sources of driver

Driven source Advantage

Disadvantage

Primary cardiomyocytes

Spontaneous and synchronous contraction;

The spontaneous contractions hinder precise control;

Natural biocompatibility, high efficiency and Relatively short lifespan and potential ethical problems

driving force

Primary skeletal muscle cells Controlled contraction

Cardiomyocytes derived from stem cells Circumvention of ethical problems

Relatively short lifespan and potential ethical problems
Relatively lower driving force;

Increased procedures to induce stem cell differentiation
Limited biological relevance versus primary cells;
Demanding culture conditions versus DV tissue

Lack of controllability;

High survivability under harsh environments Lack of well-developed culture protocols

C2C12 cells High controllability;
High shape/geometry design flexibility;
Ability to regenerate fibers after injury
DV tissue Spontaneous contraction;
Microorganisms Smaller size (on the micrometer-scale);

High relative speed;

Limited immunogenicity;
Relatively lower output force

High survivability under harsh environments

due to sufficient developmental plasticity, which allows them
to be planted on extracellular materials to form integrated
devices.

Primary cardiomyocytes

These cells are generally isolated from the ventricles of
infant rats and then planted on artificial materials to form
muscles. Primary cardiomyocytes feature spontaneous and
synchronous contraction after being implanted onto artificial
materials and cultured for 2 days, and generally reach stabil-
ity after 6 days [74-76]. The approximate size of a single
cardiomyocyte is 100 pm X 100 pm X 10 pum, and its rhyth-
mic contraction can produce a force of about 10 pN [77].
The maximum output force will further increase as mus-
cle cells differentiate into muscle tissues, becoming larger
than the driving force of traditional robots proportionally
shrunk to the same microscale. As a result, cardiomyocytes
are widely used to drive various biological robots to achieve
deformation, walking, grasping, and other operations.

In 2005, for example, Xi et al. [50] developed the first
walking robot with the ability to move autonomously
(138 pm long and 40 pm wide legs), and the study laid
the foundations for follow-up developments. Driven by
the spontaneous contraction of cardiomyocytes, the maxi-
mum speed of their robot can reach 38 pm/s after 3 days
of culturing. Similarly, Bashir et al. [78, 79] presented a
cardiomyocyte-driven mobile robot consisting of a “biolog-
ical bimorph” cantilever structure and an asymmetrically
shaped base, as shown in Fig. 2a. The optimal size of the
cantilever beam was established as 7 mm X 2 mm X 182 pm.
The contraction of cardiomyocytes causes the retention of
the asymmetric structure and subsequently drives the robot
to walk with a maximum speed of 236 pm/s. In the same
year, Parker’s team [80] developed a more complex jellyfish
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robot by combining computer-aided design with physiologi-
cal performance, as shown in Fig. 2b. The speed of muscle
contraction and relaxation can be controlled by electrical
stimulation, which can drive and control the jellyfish-shaped
polydimethylsiloxane (PDMS) film to swim toward a speci-
fied direction.

Although cardiomyocytes can contract spontaneously,
the ability to perform designed and controllable maneu-
vers is a more preferable asset of a biobot. Based on their
previous research, Parker et al. designed a batfish robot in
2016 [81] (shown in Fig. 2¢). The cardiomyocytes were
modified by cell and genetic engineering and cultured on
an elastomer wrapped in a miniature metal skeleton, such
that they were distributed in a serpentine pattern. Through
controlling the light position to stimulate the local contrac-
tion of cardiomyocytes, this batfish can swim at a speed
topped at 3.2 mm/s. When the motion control is realized, it
is desirable to observe the motion state of the robot directly
through the naked eye, which triggers research on visually
observable feedback robotics. Zhao’s team developed a cat-
erpillar-like robot in 2020 [53] (Fig. 2d) via the secondary
polymerization of carbon nanotube hydrogel to form struc-
tural color-changeable hydrogel stimulated by cardiomyo-
cyte contractions. The orderly arranged silica nanoparticles
produce a photonic bandgap structure, which results in the
vivid structural color of hydrogel [82—84]. The motion state
of the robot can thus be observed directly via scanning the
color spectrum for changes. Moreover, under the action of
a weak magnetic field, the robot can simulate the crawling
behavior of caterpillars and realize autonomous directional
movement.

Although primary cardiomyocytes have the advantages
of natural biocompatibility, high efficiency, and high driv-
ing force, their spontaneous contractions hinder the precise
control of cells to achieve complex tasks. Moreover, their
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Fig.2 Examples of biobots based on mammalian primary cells: a
Biobots consisting of a biological bimorph cantilever with seeded
cardiac cell sheets (reproduced with permission Ref. [79]); b jelly-
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lifespan is relatively short with the output power gradually
decreasing during one-week of culture [76].

Primary skeletal muscles

In comparison with the volume of research on primary car-
diomyocytes, fewer studies exist on primary skeletal muscle
cells. Despite their relatively short lifespan (several hours to
a few days), primary skeletal muscle cells do not contract
spontaneously, which allows for higher controllability and
activities that are more dynamic and complicated [47].

In 2013, Morishima et al. [85] designed a living pros-
thesis driven by skeletal muscle. When the muscle is elec-
trically stimulated, its “hand” is actuated to move. Despite
its high controllability, skeletal muscle lacks consistency in
the time dimension due to inherent internal traction dur-
ing culturing. Given that, Takeuchi et al. [86] designed a
biobot driven by a pair of antagonistic skeletal muscle tis-
sue blocks to balance internal traction, as shown in Fig. 2e.

ing process of the soft robot driven by cardiomyocytes and color vari-
ation during the movement process (reproduced with permission Ref.
[53]); e a biobot powered by a pair of primary skeletal muscle tissues
with biomimetic motion and its operation (reproduced with permis-
sion Ref. [86]); f construction of a biohybrid robot with the skeletal
muscle tissue covered with a collagen structure (reproduced with per-
mission Ref. [51])

Under 50 Hz electrical stimulation, the robot can achieve 90°
rotation movement by selectively actuating a specific muscle
tissue, allowing the robot to grasp and place small objects.
With the problem of intrinsic contraction solved, the lifespan
of the robot can also be extended to over a week.

Although biobots driven by skeletal muscles can achieve
all kinds of movements, the problem remains that they can
only operate in culture medium instead of ambient air. In
2020, based on their previous research, Takeuchi’s team
developed a biobot capable of moving in the air [51], as
shown in Fig. 2f. The robot wraps skeletal muscle tissue and
flexible substrate material in a collagen structure to maintain
the necessary humidity in the air. Results showed that the
robot maintains high cell activity and contractility in the
air and can bend under the action of electrical stimulation.
Moreover, driving time can be greatly increased up to 1 h by
using culture medium perfusion, which is four times longer
than that without perfusion.
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Research on primary skeletal muscle-driven biobots has
made great progress to date; however, challenges still exist in
using primary cells because of their relatively short lifespan
and potential ethical problems due to the associated animal
sacrifice.

C2C12 skeletal muscle cells

Skeletal muscle cell lines (such as C2C12) are more popular
in research than derived cardiomyocytes, as they offer ideal
power sources for biobots that require full controllability
and a modular design. Skeletal muscle is formed by paral-
lel fiber bundles. Mechanical and electrical stimulation can
promote cell differentiation into muscle [87-89], strengthen
muscle functions, and drive the movements of biobots. In
addition, the energy supply of skeletal muscle cells comes
from adenosine triphosphate (ATP), which is more effective
than conventional motor drives at the microscale. Therefore,
extensive research has been carried out on numerous robots

driven by skeleton muscle cell lines. For example, Bashir
et al. [90] developed a biped beam robot with asymmetric
structure through 3D printing for performance optimiza-
tion, as shown in Fig. 3a. The biobot can reach a maximum
unidirectional moving speed of 156 pm/s (the size of the
robot is 6 mm X3 mm X 1.2 mm). The robot is also the first
untethered biological robot driven by skeletal muscle that is
fully controllable by external signals. However, it still has
two limitations, in that (1) structural adaptiveness is limited
due to fixation of muscle rings and (2) unidirectional moving
pattern is a barrier of its maneuverability. The same group
subsequently designed a quadruped robot driven by C2C12
skeletal muscle cells modified by a photosensitive stimulator
[45], as shown in Fig. 3b. Skeletal muscle cells differentiate
into muscle rings, which can achieve a directional movement
by local light stimulation on a single muscle ring. Also, the
muscle rings can be manually transferred to a wide variety of
biobot skeletons. On this basis, the team proposed a modular
skeletal muscle design method [91]. The millimeter actuator
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Fig.3 Examples of biobots based on mammalian cell lines. a Bipedal
robot driven by C2C12 skeletal muscle and its manufacturing method
(reproduced with permission Ref. [90]); b preparation of muscle ring
for driving a robot (reproduced with permission Ref. [45]); ¢ a modu-
lar approach to the design, fabrication, and characterization of mus-
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cle-powered biological machines (reproduced with permission Ref.
[95]); d general coculture platform of neuron and muscle (reproduced
with permission Ref. [96]); e a miniature pump powered by frozen
cardiomyocytes (reproduced with permission Ref. [100])
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can be used to actuate various 3D-printed skeletons (such as
biped beam, quadruped beam, and even octopod robot), thus
improving the versatility of the drive.

Electrical stimulation and light stimulation are common
methods to control skeletal muscle, but their mechanisms
are still different from that of real organisms. The move-
ments of real organisms are achieved by the transmission
of electrical signals through neural networks, which stimu-
late and drive the contraction and relaxation of muscle tis-
sue, thereby coordinating the movements of specific body
parts [92-94]. It was not until 2019 that a step toward this
goal was demonstrated by Saif et al. [95] in the form of a
double-tailed swimmer robot driven by nerves and muscles
(shown in Fig. 3c). Therein, the muscle tissue formed by
C2C12 skeletal muscle cells was cocultured in situ with neu-
rons, causing the selective extension of motoneuron axons
to muscle tissue to form a functional neuromuscular unit.
Upon light stimulation, the neuromuscular-driven robot can
swim at a speed of 0.7 pm/s in liquids with a low Reynolds
coefficient. On this basis, the team designed a general 3D
neuromuscular coculture platform [96] (shown in Fig. 3d).
The platform allows for coculturing neuron clusters with up
to four target muscles and for quantifying the muscle con-
tractile force. It also provides the means to further explore
the role of synergy in the development of neuromuscular
biological drivers.

Given the advancements of research in recent years,
mammalian muscular cells, whether primary cells or cell
lines, seem a highly promising driving source for biobots.
However, they also have drawbacks such as a relatively
short lifespan, dependence on culture conditions (nutrients,
oxygen, temperature, pH), and other in vivo conditions to
properly function.

Cardiomyocytes derived from stem cells

Research on mammalian primary cell lines played a remark-
able part in the development of transformed cell lines used
for muscle tissue to drive biobots, which are discussed in
this section.

Cardiomyocytes can be formed by inducing the differen-
tiation of stem cells via chemical, electrical, or other stimu-
lation methods [97]. Since the number of cardiomyocytes
is normally constant in living organisms, cell lines of this
type are generally difficult to obtain. Unlike primary car-
diomyocytes that can be connected to cell slices to boost
output force [59], separated cardiomyocytes can merely
generate a limited force. Due to these reasons, attention is
paid to optimizing the structural design of biobots driven by
this cell type. For instance, Tanaka et al. [59] constructed
micropumps from frozen rat cardiomyocytes, which collect
the forces generated by cardiomyocytes through membranes
and cubes, and transfer them to pump fluids. The theoretical

flow rate of their micropump can reach 6.3 nL/min, which is
consistent with that of the previous micropumps formed by
primary cardiomyocytes [98, 99], proving the feasibility of
microdevices driven by stem cell-derived cardiomyocytes.
The same team further developed a new type of micropump
drive system [100] (shown in Fig. 3e) by inducing the differ-
entiation of mouse embryoid cells to form cardiomyocytes
in situ. After two weeks of culture, a periodic oscillation of
the pump can be observed, and the theoretical flow rate is 6.9
nL/min, which also reaches that of micropumps driven by
primary cardiomyocytes. However, the complexity and cost
of inducing stem cells to differentiate into cardiomyocytes
are existing challenges, and it is crucial to have an optimized
control of culture conditions for practical application.

Insect dorsal vessel (DV) tissue

The central pulsating blood vessel on the back of insects
plays the role of the heart, which contracts at a constant fre-
quency without any stimulation. It contains DV tissue that,
as another actuation source, shows many distinctive proper-
ties that surpass its mammalian counterparts. For example,
insect tissues can survive under a wider range of external
and internal environmental conditions, such as a temperature
range of 0-55 °C and a pH range of 4—11. Some insect tissue
can even survive complete hypoxia for several days [101].
In terms of lifespan, robots driven by insect DV tissue can
live for up to 90 days without the need for medium change,
which is much longer than that of biobots driven by mam-
malian cells [102].

Morishima et al. [103] developed an insect muscle-
powered autonomous micro-robot, the maximum speed
of which can reach 257 pm/s, which is faster than that of
previously reported biobots [50, 104]. In the footsteps of
that project, they developed a biological driver that can
operate in the ambient environment, and consists of DV tis-
sue, micro-tweezers, and capsules [105] (shown in Fig. 4a).
The self-shrinking driving tweezers can be turned on and
off by transferring the actuator from the medium to the
air. Moreover, the service life can be extended from about
40 min to 5.2 days by pouring liquid paraffin on the sur-
face of the capsule. This study shows the great potential
of insect DV tissues as biological drivers operable under
ambient environment.

In 2019, Morishima et al. proposed a swimmer prototype
driven by DV tissue [62] (shown in Fig. 4b) that reaches an
average swimming speed of 11.7 pm/s. Although the robot is
slower than some other swimming robots [106], the provided
driver solution is a low-cost, biomimetic, and conveniently
available option.

Insect-derived drivers provide alternatives to biological
actuators and are of particular interest in robotic applications
for harsh environments.
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pulsation of DV organization (reproduced with permission Ref. [62]);
¢ a biocompatible biohybrid microswimmer powered by a unicellular
freshwater green microalga (reproduced with permission Ref. [121]);

Microorganisms

In addition to biobots driven by muscle cells, microorgan-
isms are also widely used to actuate biobots [107-111].
Microorganisms have the advantages of small size, low
weight, high speed, and high viability [112, 113]. Further-
more, they have the ability to show magnetotaxis, chem-
otaxis, and responses to other physio-chemical stimuli.
Microbial robots can mainly be divided into those driven by
microalgae [114, 115] and bacteria [116-119].

With respect to microalgae, Liu et al. [120] developed
a method to control microswimmers based on phototaxis.
Under the guidance of 490 nm light-emitting diode (LED)
light, microswimmers can be controlled to swim back and
forth, and successfully realize the movements along zig-
zag, triangle, and other arbitrarily set trajectories, showing
great significance for transporting drugs in the field of bio-
medicine. In 2018, Sitti et al. built a biobot based on the
interaction between a negatively charged Chlamydomonas
reinhardtii [121] and positively charged polyelectrolyte
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d biohybrid bacteria-driven microswimmers and a three-channel
microfluidic concentration gradient generator (reproduced with per-
mission Ref. [124]); e a multifunctional microswimmer consisting of
a single Escherichia coli attached to the surface of drug-loaded polye-
lectrolyte multilayer particles embedded with magnetic nanoparticles
(reproduced with permission Ref. [125]); f a biobot with immuno-
genicity formed by the interaction between nano-red blood cells and
Escherichia coli (reproduced with permission Ref. [126])

(PE) functionalized magnetic polystyrene (PS) particles, as
shown in Fig. 4c. Under the implementation of a 26 mT
uniform magnetic field, the average speed of the microswim-
mers reaches about 150 pm/s, which is much faster than that
of most other microswimmers [122, 123]. Moreover, their
microorganism-based robot shows good cytocompatibility,
steady performance and survivability under physiological
conditions and can be manufactured by relatively simple
procedures.

Compared with microalgae, bacteria-driven robots have
been more commonly studied and developed. For example,
Sitti et al. [124] first elucidated the basic physical mecha-
nisms of a seemingly synergistic chemotaxis between mul-
tiple bacteria attached to the same microstructure by study-
ing a biological hybrid microswimmer system driven by
multiple Serratia marcescens cells, as shown in Fig. 4d.
Results showed that the heading deviation of microswim-
mers is the main factor leading to chemotactic drift. On this
basis, they developed a high-performance multifunctional
microswimmer in 2017 [125], which features a single E. coli



Bio-Design and Manufacturing (2022) 5:107-132

115

cell attached to the surface of drug-loaded polyelectrolyte
multilayer (PEM) particles embedded with magnetic nano-
particles, as shown in Fig. 4e. Biased and directional motion
can be realized under the gradient of the magnetic field and
chemical attractants, and the drift velocity under chemical
stimulation (2.0 pm/s) is higher than that achieved in previ-
ous studies (0.66 pm/s).

Although bacteria-driven swimming robots have great
potential, especially in biomedical drug transport, their
immunogenicity and low motor performance still pose great
challenges. A forward step was made by Sitti’s team, who
developed a robot formed by the interaction between E. coli
and nano-red blood cells [126], as shown in Fig. 4f. The
robot not only has no immunogenicity, but also higher speed
performance (14.06+6.71 pm/s) than other robots driven by
E. coli, thus providing a reference for follow-up research.

Other biological components

In addition to common mammalian muscle cells and DV
tissues, many other biomaterials have been studied as driv-
ing sources for biological robots, such as sperm cells, mac-
rophages, non-mammalian cardiomyocytes, or muscle tis-
sues of Drosophila larvae. For example, Tanaka et al. [127]
developed a new type of micropump (size is 2 cm X2 cm)
made of natural earthworm muscle and PDMS microchip
(shown in Fig. 5a). Upon the application of electrical stim-
ulation, the muscle tissue generates a maximum force of
9.33 mN. Meanwhile, the flow rate can reach 5.0 pL/min,
which is 3—4 magnitudes higher than that of a previously
reported cardiomyocyte pump and comparable to those
of the traditional pump [128-130]. Morishima et al. used
similar methods to develop a micro-peristaltic pump from
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the light-responsive muscle obtained by ChR2 genetically
engineered fruit fly larvae [55], as shown in Fig. 5b. Under
the stimulation of blue light, it can transport beads at a speed
of 120 pm/s.

In addition to the muscle tissue obtained from animals
such as larvae, sperm is also a biomaterial that has attracted
attention because of its extraordinary motion performance.
Khalil et al. [131] studied the hydrodynamic effects of a
sperm robot composed of bull sperm cells and microtubules
(shown in Fig. 5¢) in a heterogeneous viscous medium simi-
lar to the in vivo environment. It was revealed that the driv-
ing force of the sperm robot can be increased by shortening
the microtubule size and increasing the magnetic moment.
Based on this result, they compared the driving charac-
teristics of active sperm cells with magnetically driven
dead sperm cells [132], which provided an insight into the
structural design of microswimmers. Furthermore, Park’s
team developed a macrophage micro-robot [133] (shown in
Fig. 5d) that consists of phagocytosis of iron oxide (Fe;O,)
nanoparticles and poly(lactic-co-glycolic-acid) (PLGA)
nanoparticles encapsulated by docetaxel (DTX) in a mouse-
derived macrophage line. Driven by the electromagnetic
actuation (EMA) system, the robot can target tumor cells
and show a potential in targeted therapies.

Extracellular materials for biohybrid robots

A further important component of biohybrid robots is the
substrate material [134—137]. Since the substrate provides
structural support and the environment for cell growth, it
needs to have desirable flexibility and biocompatibility. Cells
are either attached to or embedded in the substrate material.
Based on the nature of material, commonly used substrate
materials can be categorized into three types: bioinert poly-
mers [52, 138-140], hydrogels (including bioactive hydro-
gels [134, 135, 141-144] and artificial hydrogels [145, 146],
and tissue harvested biomaterials (such as decellularized
extracellular matrix) [17, 147—-149], as shown in Tables 2
and 3. In this section, we describe the latest progress of

biohybrid robot developments based on these three types of
substrate materials.

Bioinert polymer

The most commonly used base material among bioinert
polymers is the PDMS elastomer due to its tunable stiff-
ness and numerous possible manufacturing methods (shown
in Table 1). However, it has limited bio-motifs for cells to
attach to; therefore, it is imperative to improve its bioactiv-
ity by appropriate molecules [150]. Structures of PDMS are
generally fabricated by die casting [52, 151], surface coating
[76, 81], film cutting [80, 152], and 3D bioprinting [139].

Holley et al. [76] developed a “fin”-driven swimming
robot, which consists of a substrate made of two composite
bioinert polymers and a PDMS cantilever with a cardiomyo-
cyte fusion layer, as shown in Fig. 6a. The diving depth,
pitch, and rolling of the robot can be maintained without
external intervention. Moreover, its maximum speed and
deflection displacement reach 142 pm/s and 2.5 mm (driver
length 4 mm), respectively. The robot can maintain high
stability via the proper configuration of the substrate mass
density. Using the same type of material, Guria et al. [153]
designed a biologically driven micropump by planting car-
diomyocytes on a PDMS film coated with fibrinogen (FN).
The pump generates flow through the peristaltic movement
of its wall actuated by the directional controlled contraction/
extension of cardiomyocytes. Tanaka et al. [52] poured neo-
natal rat cardiomyocyte suspension onto PDMS micro-molds
and cultured them for 7 days. The resulting myocardial tissue
bridged the PDMS micro-bridge piers to make the smallest
ultra-miniature fluid oscillator ever made for water pump-
ing (200 pm X200 pm X 150 pm), as shown in Fig. 6b. The
cardiomyocytes could output approximately 14.6 uN of peak
force by spontaneous contraction, and the simulated flow
pattern and velocity distribution were in good agreement
with the experimental results.

As opposed to a PDMS elastomer, Fujie et al. [57]
cultured C2C12 skeletal muscle cells on a styrene-block-
butadiene-block-styrene (SBS) microgroove membrane.
Cells differentiated and developed into muscle tissue,
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Table 3 Classification of synthetic materials for biological robots

Type of synthetic Year Synthetic material ~ Driving source Control method  Locomotion Degree of freedom References
material
Bioinert polymer 2006 PDMS Primary cardio- - Pumping Single-DOF [98]
myocytes
2007 Primary cardio- - Pumping Single-DOF [161]
myocytes
2008 Primary smooth Chemical control Bending Single-DOF [162]
muscle
2009 DV tissue - Deflection Single-DOF [61]
2011 Cardiomyocytes - Pumping Single-DOF [59]
2012 Primary cardio- Electric control ~ Swimming Single-DOF [80]
myocytes
2013 DV tissue - Gripping Single-DOF [105]
2014 Primary cardio- - Swimming Single-DOF [163]
myocytes
2015 Cardiomyocytes - Pumping Single-DOF [100]
2016 Primary cardio- - Swimming, rolling  Single-DOF [76]
myocytes
2017 Cardiomyocytes - Pumping Single-DOF [139]
2019 Primary cardio- - Pumping, bending  Single-DOF [52]
myocytes
2019 SBS C2C12 skeletal Electric control ~ Bending Single-DOF [57]
muscle
Bioactive hydrogel 2013 CNT-GelMA Primary cardio- - Pumping, swim- Single-DOF [158]
myocytes ming
2015 Primary cardio- Electric control ~ Bending Single-DOF [164]
myocytes
2018 Primary cardio- Electric control ~ Swimming Single-DOF [165]
myocytes
2019 Primary cardio- - Bending Single-DOF [74]
myocytes
2020 Primary cardio- Chemical control Walking Single-DOF [53]
myocytes
2014 Gelatin Primary cardio- - Bending Single-DOF [166]
myocytes
2016 FN Primary cardio- Optical control ~ Swimming Multi-DOF [81]
myocytes
2019 Primary cardio- Optical control ~ Swimming Single-DOF [54]
myocytes
2018 GelMA Primary cardio- Chemical control Bending Single-DOF [167]
myocytes
2019 Primary cardio- - Swimming, bend-  Single-DOF [75]
myocytes ing
Artificial hydrogel 2012 PEGDA, PEG- Primary cardio- - Walking Single-DOF [78]
collagen myocytes
2015 PEG Primary cardio- - Bending Single-DOF [159]
myocytes
2016 PEDOT/MWCNT  C2C12 skeletal Electric control ~ Bending, walking  Single-DOF [92]
muscle
2016 PVDF, fibronectin ~ Primary cardio- - Bending Single-DOF [160]
myocytes
Tissue harvested 2011 Collagen I, Primary skeletal Electric control ~ Bending Single-DOF [168]
biomaterials Matrigel muscle
2012 Transformation of ~ Optical control Walking Multi-DOF [169]

C2C12
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Table 3 (continued)

Type of synthetic =~ Year Synthetic material ~ Driving source Control method  Locomotion Degree of freedom References
material
2013 Primary skeletal Optical control ~ Gripping Single-DOF [85]
muscle
2019 Transformation of ~ Optical control ~ Swimming Single-DOF [95]
C2C12
2014 Matrigel C2C12 skeletal Electric control ~ Walking Single-DOF [90]
muscle
2018 Primary skeletal Electric control  Gripping Double-DOF [86]
muscle
2019 Primary skeletal Electric control ~ Bending Double-DOF [147]
muscle
2020 Primary skeletal Electric control ~ Walking Single-DOF [51]
muscle
2015 ELAC Primary cardio- Electric control ~ Swimming Single-DOF [170]
myocytes
2016 Matrigel, thrombin, Transformation of = Optical control =~ Walking Double-DOF [45]
FN C2C12
2017 C2C12 skeletal Electric control ~ Bending Single-DOF [149]
muscle
2017 Transformation of ~ Chemical control Bending Single-DOF [148]
C2C12
2018 C2C12 skeletal Electric control ~ Walking Single-DOF [171]
muscle
2020 C2C12 skeletal Electric control ~ Walking Single-DOF [172]
muscle
Others 2005 Cr/Au Primary cardio- - Walking Single-DOF [50]
myocytes
2013 Titanium and iron ~ Sperm Magnetic control Swimming Single-DOF [71]
2013 PS Bacteria Chemical control Swimming Single-DOF [111]
2016 Fe;0, Macrophages Magnetic control Swimming Single-DOF [133]
2016 PS Bacteria Chemical control Swimming Single-DOF [124]
2017 PDA Bacteria Magnetic control Swimming Single-DOF [123]
2018 RBCs Bacteria Magnetic control Swimming Single-DOF [173]

PDMS polydimethylsiloxane, SBS styrene-block-butadiene-block-styrene, CNT-GelMA carbon nanotubes-methacrylated gelatin, FN fibrinogen,
PEGDA poly(ethylene glycol) diacrylate, PEG poly(ethylene glycol), PVDF poly(vinylidene fluoride), PEDOT poly(3,4-ethylenedioxythio-
phene), MWCNT multiwalled carbon nanotubes, ELAC electrochemically compacted and aligned collagen, DV dorsal vessel, PS polystyrene,

RBCs red blood cells, PDA polydopamine

thus forming a biological hybrid driver with a membrane
(shown in Fig. 6¢). The film was optimized to a thick-
ness of 2.5 pm and Young’s modulus of 55.2 MPa, which
provides the maximum output via myotube contraction.
Under the action of a 1 Hz electrical stimulation (40 V,
20 ms pulse width), the maximum displacement of the
thin film (10 pm X3 pm X 2.5 pm) is 276 £55 pm. The
results are asymptotically compatible with those of finite
element simulation. This study lays the foundations for the
prediction of the shrinkage performance of the elastic film,
with particular emphasis on the potential of microgroove
SBS film as a super-flexible platform for biological hybrid
machines.

@ Springer

Hydrogel

In addition to bioinert polymers, biocompatible hydrogels
are commonly used as base materials for biobots. The rapid
developments of hydrogel-based 3D bioprinting has greatly
eased the design and fabrication process in studies involv-
ing biological models. Furthermore, mechanical properties
can be tuned by controlling the molecular structure of the
polymers and cross-linking agents to recapitulate those of
natural tissues [154—156]. The microstructures of hydrogels
allow the exchange of nutrients and gases, which is essen-
tial for cell survival, proliferation, and differentiation [157];
therefore, given their advantages over bioinert polymers,
much research has been actively exploring the applications
of hydrogels in bio-robotic fields. The hydrogels used for
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Fig.6 Examples of biobots based on bioinert polymers and active
hydrogels. a Swimming robot based on cardiomyocytes and PDMS
(reproduced with permission Ref. [76]); b an actual ultra-miniature
fluid oscillator for water pumping made by bridging PDMS micro
bridge piers with myocardial tissue (reproduced with permission Ref.
[52]); ¢ a biological hybridization device formed by culturing C2C12
skeletal muscle cells on the SBS microgroove membrane (reproduced
with permission Ref. [57]); d the cardiomyocytes are added to the

biobots are mainly biologically sourced bioactive hydrogels
and artificial biocompatible hydrogels.

Bioactive hydrogels

Biologically active hydrogels such as fibrinogen and gelatin
derivatives usually originate from living organisms (animals
or plants), and can therefore provide many biological proper-
ties of natural extracellular matrices, yet with significantly
higher availability, such that they have been widely used for
biobot fabrication. Shi et al. [54] added cardiomyocytes to a

micropattern composed of fibrinogen for growth and differentiation to
form muscle, and the swimming robot is formed with a flexible sup-
port and conversion system (reproduced with permission Ref. [54]); e
a biological driver consisting of cardiomyocytes cultured in GeIMA
hydrogel (reproduced with permission Ref. [75]); f a cellular mechan-
ical visual biosensor developed from GelMA hydrogel and morpho-
butterfly wings modified by carbon nanotubes (reproduced with per-
mission Ref. [74])

micropatterned fibrinogen sheet for differentiation to form
muscle tissue, which is combined with flexible supports and
a conversion system to make a swimming robot, as shown
in Fig. 6d. Through infrared light stimulation, the robot can
change between the expanded and contracted state in a few
seconds. Meanwhile, because the robotic system purpose-
fully alleviates defects such as electrolysis, it can survive for
up to three weeks, which is the longest lifespan of all drivers
that have been hybridized with mammalian cells so far. Zhao
et al. [75] cultured cardiomyocytes on GeIMA hydrogel and
anisotropically inversed opal matrix with oval macropores,
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resulting in a new biological driver shown in Fig. 6e. The
anisotropic surface morphology of the hydrogel induces a
highly directional ordered layout of the seeded cardiomyo-
cytes and enhances the spontaneous beating capabilities of
the muscle on the elastic matrix. The driver can produce
color changes by periodic contraction and achieve visual
feedback functions, which allows for the real-time observa-
tion of the driver’s working status.

In order to further enhance the driving force of muscles,
attempts have been made to combine carbon nanotubes with
hydrogels for the improvement of electrical conductivity.
Unidirectionally seeded carbon nanotubes can effectively
induce the directional arrangement of cardiomyocytes and
subsequently improve the driving force in a specific direc-
tion [53, 158]. In 2019, Zhao et al. developed a cellular
mechanical visual biosensor [74] by combining GeIlMA
encapsulated cardiomyocytes with carbon nanotubes coated
morpho-butterfly wings (shown in Fig. 6f). The periodic
self-contraction and extension of cardiomyocytes lead to the
deformation cycles of the elastic butterfly wing matrices,
which are associated with synchronous visually observable
color change due to the photonic bandgap designed on the
wings microstructure.

Artificial hydrogel

Compared to naturally derived bioactive hydrogels, artificial
hydrogels have a better batch-to-batch property consistency
and relatively low costs. However, they inherently lack cell
attachment properties and thus are either modified with bio-
active motifs or used as bioinert support. Examples of arti-
ficial hydrogels include poly(vinylidene fluoride) (PVDF),
poly(3,4-ethylene dioxythiophene) (PEG), poly(3,4-ethylene
dioxythiophene) (PEDOT), etc. Lahann et al. [159] designed
a microcylinder and selectively coated one of its sides with
bioactive FN for neonatal rat cardiomyocyte attachment, and
the other side with bioinert PEG to avoid cell adherence
(shown in Fig. 7a). The cardiomyocytes thus heterogene-
ously grow on one side of the cylinder and show a signifi-
cant bending effect along the microcolumn. The contraction
of the cardiomyocytes produces a force of 191 pN, which
cannot be achieved by conventional actuators at the same
scale (20 pm in diameter and 78.5 pm in length). Kim et al.
[92] cultured C2C12 skeletal muscle cells on the surface
of PEDOT functionalized by multiwalled carbon nanotubes
(MWCNT) (shown in Fig. 7b) and successfully differentiated
the skeletal muscle cells into muscle tubules after 7 days of
culture. Due to the induction of carbon nanotubes, skeletal
muscle tissue grows directionally in the direction parallel to
the carbon nanotubes. Through applying a periodic voltage
to the ribbon driver, the worm-like robot (60 mm long and
10 mm wide) can contract and relax rhythmically. Moreover,
its maximum contraction length can be adjusted between 0.2

@ Springer

and 0.7 mm by setting the period of the applied voltage. In
the same year, Wang et al. [160] proposed a piezoelectric
nano bio-generator made of cardiomyocytes embedded in
fibrinogen modified polyvinylidene fluoride (PVDF-FN)
hydrogels to actuate nanofibers (shown in Fig. 7¢). Under
the condition of 1.1 Hz spontaneous beating, the average
voltage generated is 200 mV and the current is 45 nA. Their
model lays the foundation for bioenergy conversion and self-
propelled robot design and has the potential for application
in biomechanical energy collection and the motion monitor-
ing of humans.

Tissue-harvested biomaterials

The most biologically relevant materials for biobots are tis-
sue-harvested biomaterials (such as decellularized extracel-
lular matrix or similar commercial products), as they greatly
resemble the composition of living tissues. Despite their
high cost and low availability, many studies have attempted
to use these highly active materials for biobot fabrication.
Webster et al. [170] inoculated primary cardiomyocytes iso-
lated from chicken embryos into a scaffold composed of
electrochemically compacted and aligned collagen (ELAC),
as shown in Fig. 7d. The micropatterned matrix promotes
cell adhesion and induces cell arrangement. Under the action
of electrical stimulation, the maximum speed of cardiomy-
ocytes driven H-type stent reaches 34 pm/min. Similarly,
Bashir et al. [56] cultured muscle tissue by mold casting
Matrigel, thrombin, and fibrinogen composite materials
embedded with skeletal muscle cells. Therein, a platform
was developed that links the computational modeling of the
developed biobots with empirical verification. This platform
not only tackles the thickness burden caused by limited
nutrient diffusion—resulting in the expansion of thickness
to 1.3 cm—but also guides the optimization of the force
output of the autonomous hybrid skeletal muscle biobots
(shown in Fig. 7e) from 200 pN to 1.2 mN. Through this
platform, the design can be virtually predicted and validated,
which improves the forward engineering efficiency of such
biological hybrid systems. Based on previous studies, Gil-
lette et al. [58] cultured myoblasts in Matrigel and fibrinogen
to form muscle tissue. The formed tissue was cocultured
with a complete segment of the lumbar spinal cord of rats,
forming a spinal robot (shown in Fig. 7f). The study dem-
onstrated the engineering design of the first fully functional
3D neuromuscular junction that can not only respond to glu-
tamate signals but also undergo nerve stimulation that leads
to muscle contraction.

In summary, the selection or combination of substrate
materials is dependent on the purpose of the designed bio-
bot. The substrate materials and their macro- and microgeo-
metric design can jointly affect the driving force and power
density of biobots, and the combination of multiple materials
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Fig.7 Examples of biobots based on artificial hydrogel and decel-
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tures (reproduced with permission Ref. [159]); b PEDOT/MWCNT
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based locomotion (reproduced with permission Ref. [92]); ¢ a bio-
generator driven by cardiomyocytes attached to PVDF-FN hydrogel
(reproduced with permission Ref. [160]); d a miniature device in

to form composite multifunctional materials may be the new
trend for future biobots.

Structure and methods of control
of biohybrid robots

As a result of the rapid developments of biomaterials,
biohybrid robots are increasingly showing incomparable
advantages over rigid robots and even soft robots in terms

which cardiomyocytes are inoculated into a scaffold made of ELAC
(reproduced with permission Ref. [170]); e skeletal muscle cells are
implanted into a mold of Matrigel, thrombin and fibrinogen to form
muscle tissue (reproduced with permission Ref. [56]); f muscle
formed by a tissue culture of myoblasts and Matrigel-fibrinogen was
cocultured with a complete segment of rat lumbar spinal cord to form
a biological robot (reproduced with permission Ref. [58])

of miniatured size and energy efficiency. To better simu-
late the motion of organisms in nature, synthetic materi-
als are usually designed to harness desirable viscoelastic
properties and fabricated into specific shapes, which deter-
mine biohybrid robot structures. In the robotics field, one
of the indices to evaluate the complexity of a robot is via
the number of independent movements it can achieve (also
known as degree of freedom). Each of these independent
movements can be controlled by numerous methods, such
as physical or chemical stimulation. The next section aims
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to describe the latest progress regarding the degree of free-
dom and control methods of biobots.

Degree of freedom (DOF) of biohybrid robots

The number of independent movements a mechanism is
capable of constitutes the degree of freedom of that mecha-
nism. It is to be noted that an independent movement can be
as simple as bending or twisting, but also as complex as the
sinusoidal movement of a flexible fin. The key to judge the
degree of freedom is to evaluate how many actuating sources
can be individually controlled. Indeed, many real creatures
can have over hundreds of DOFs, but the number of those in
the emerging field of biohybrid robots is rather limited. The
next section overviews three categories of biobots in this
regard: those with single-, double-, and multi-DOF.

Single-DOF
Due to the infancy state of biobots, most of them developed

to date feature a single DOF. For example, micropumps
driven by cardiomyocytes [100, 161], biobots made from

California sea hare 12 muscles [174], and robots driven by a
single E. coli [175] are all single-DOF structures. Dokmeci
et al. [164] creatively designed a biological driver with a
four-layer structure through a bottom-up approach, which is
composed of PEG hydrogel, carbon nanotube array, CNT-
GelMA, and myocardial tissue. As the muscle formed by
the driver structure is integrated, it can achieve spontane-
ous contraction and act as a single driver. Alternatively,
the biological driver can be controlled by external electric
fields of an integrated conductive carbon nanotube micro-
electrode array. Using a similar approach, Khademhosseini
et al. [165] used a multilayer skeleton as the structure of a
fish-like robot. Cardiomyocytes were added to a skeleton
composed of PEG, Au microelectrodes, and CNT-GelMA
hydrogel (shown in Fig. 8a). The muscles differentiated from
cardiomyocytes could provide self-excited motion in the
identical direction, driving the skeleton as a whole to make
a stroke-like movement.

In addition to those driven by cardiomyocytes, single-
DOF biobots driven by C2C12 skeletal muscle, DV tissue,
and microorganisms, have also been constructed. Saif et al.
[17] cultured C2C12 skeletal muscle cells on a PDMS mold
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that can be controlled separately by a single muscle ring and a half
muscle ring (reproduced with permission Ref. [45]); e a biological
device driven bidirectionally by a pair of antagonistic skeletal muscle
tissue components (reproduced with permission Ref. [147]); f struc-
ture of a multi-DOF biped beam robot that can realize several degrees
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sion Ref. [169])
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to form a muscle ring, which was placed on a hydrogel tube
to form a pump-robot, as shown in Fig. 8b. In this design,
under electrical stimulation, the muscle ring contracts as a
whole. The one-way net flow of the pump can be achieved
through the eccentric placement of the muscle ring and the
connection between a hose and a rigid pipe. An autonomous
swimming robot designed by Morishima et al. [62] is driven
by an overall autonomous pulse organized by a DV tissue.
Sitti et al. [173] first developed the red blood cell (RBC)
microswimmer, which is a red blood cell driven by a single
E. coli, as shown in Fig. 8c. Although there is only one
driving source, it achieves multiple functions, for example,
large deformation in a channel and retention after squeezing
through, as well as magnetic maneuverability, etc.

Double-DOF

The research on double degrees of freedom is mainly found
on muscular drives in the existing literature. As mentioned
in the previous example, the quadruped robot developed
by Bahir’s team [45] is shown in Fig. 8d. By stimulating a
single and half muscle ring separately under the condition
of 460 nm light, bidirectional and steering movements can
be realized. Takeuchi et al. [147] have developed a pair of
antagonistic skeletal muscle tissue-driven double-DOF bio-
logical grasp handles, as shown in Fig. 8e. Skeletal muscle
tissues are cultured on both sides of a flexible substrate, and
different movements can be achieved by electrically stimu-
lating the corresponding side of the antagonistically aligned
muscle tissues. When both skeletal muscle tissues have the
same size, the handle can symmetrically bend to either side.
If they are of different sizes, large-angle bending in one
direction can be achieved.

Multi-DOF

Real creatures in nature have multiple degrees of freedom;
the developmental trend of biobots is to achieve the multi-
DOF movements of real organisms. However, challenges are
significant and there are merely a few published works to
date on multi-DOF biobots. Asada et al. [169] developed a
multi-DOF biped robot driven by muscles formed by C2C12
cells that had been genetically modified to manifest photo-
sensitivity, as shown in Fig. 8f. Using light stimulation, local
stimulation of a certain part of the biobot can be carried out,
thus achieving multiple degrees of freedom, such as transla-
tional and torsional motion. Light stimulation has accurate
space—time control, which can be used as a reference for the
follow-up research of complex mobile robots. Since then, a
batfish robot [81], as mentioned earlier, has been designed as
a multi-DOF robot (Fig. 2¢). The muscle tissue of this robot
can be separately controlled, and it can swim like a real fish
by locally stimulating and moving the light spot position.
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Fig. 9 The amount of recent literature on biological robots with dif-
ferent degrees of freedom, including single-, double-, and multi-DOF
biobots

At present, single-DOF biobots still account for the
majority of biological robots in relevant research, as shown
in Fig. 9. Meanwhile, novel multi-DOF biobots are attracting
growing interest, with a number of driving/control mecha-
nisms already proven as versatile.

Stimulation of biobots

The controllability of biobots is important for their ability
to perform desirable tasks. Most biological cells/organisms
can respond to chemical, electrical, and other stimuli, which
can be used to actuate the biobots to achieve different forms
of movements, such as swimming [95, 123, 124], walking
[51,53, 171], and grasping [85, 86, 105]. Furthermore, the
electrical stimulation and mechanical stretching of muscle
tissue in the process of culturing can train muscles, promote
the arrangement and differentiation of muscle tissue, and
subsequently increase the driving force [176—181]. Existing
control methods can be generally classified into physical and
chemical stimulation.

Physical stimulation

The main control method of biobots is physical stimulation,
including electrical, optical, temperature, magnetic stimula-
tion, etc., with electrical stimulation being the most com-
monly used one. It is well-known that the contraction and
relaxation of muscles in vivo, especially of skeletal muscles,
are triggered by the transmission of bioelectrical signals. In
a similar fashion, external electrical stimulation can effec-
tively control biobots. Liu et al. [171] proposed a circular
distributed multielectrodes (CEs) method, based on which
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(a) Electrical stimulation

Final stage moth larvae

Micro
structure

DV tissue

C

Fig. 10 Examples of biobots based on various types of stimulation.
a Electrical stimulation of crawling robot by the CEs method (repro-
duced with permission Ref. [171]); b a bionic fish that can swim for-
ward depending on the undulation of its fins under optical guidance
(reproduced with permission Ref. [81]); ¢ optically guided three-
dimensional device incorporating microorganisms (reproduced with
permission Ref. [182]); d the contraction and extension of microtu-
bules are realized through a sperm robot controlled by temperature

a myotube-driven crawling robot (shown in Fig. 10a) was
developed. It was proved that the CEs method can improve
the differentiation ability of C2C12 cells and control the
moving speed of the myotube-based biosynthetic crawl-
ing robot, thus providing a potential tool for the develop-
ments and control of biosynthetic robots. Based on a simi-
lar analogous control method, Bashir et al. [172] integrated
a conductive graphene layer with a 3D engineered ring of
skeletal muscle tissue. Upon electrical stimulation, the ring
reaches an average displacement of 3.9 + 1.0 pm (the size of
the ring is 6 mm X2 mm X2 mm). In this model, graphene
promotes muscle differentiation and acts as a biocompatible
3D electrode.

Although electrical stimulation is a widely used form of
control, it has certain shortcomings. For example, it may
aggravate the electrolysis of the medium to produce sub-
stances detrimental to cell survival. Therefore, research has
also focused on noninvasive and noncontact optical control.
Optical manipulation features high temporal resolution,
allowing the precise local control of designated parts of
biobots. Muscle cells have been engineered to be photo-
responsive via infection by photosensitive proteins, result-
ing in biologically modified optical guidable muscles. For
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(reproduced with permission Ref. [183]); e crustacean cardioactive
peptide (CCAP) guided DV tissue contraction to realize the control
of micro-tweezers (reproduced with permission Ref. [184]); f the bio-
logical hybrid hydrogel integrated into the microfluidic chip bends
through chemical inducers and leads to color change (reproduced
with permission Ref. [167]); g three different pH solubility channels
were used to test the pH induction characteristics of the micro-robot
(reproduced with permission Ref. [185])

example, Park et al. [81] developed a stingray-like biobot
with cellular engineered cardiomyocytes to achieve optical
controllability. Through selectively arranging the cardiomy-
ocytes on the flexible fin of the stingray, it is possible to opti-
cally guide a designated part of the fin to perform timed and
patterned flapping, resulting in the forward swimming of the
biobot, as shown in Fig. 10b. In addition to muscle drives,
microbes can also be optically guided. Di Leonardo et al.
[182] developed a fast, silent micromotor self-assembled by
E. coli expressing proteorhodopsin and a 3D micro-scaffold,
as shown in Fig. 10c. This structure can capture the bacteria
in the microcavity array and maximize the torque generated
by their motion. Under the action of optical stimulation and
feedback loop, the speed of the micromotor can be dynami-
cally controlled and the synchronization of multiple micro-
motors can also be realized.

Electrical stimulation and optical guidance are the gener-
ally used control methods for muscle tissue-driven biobots.
However, microorganisms, sperm, and other biobots are
more responsive to magnetic, temperature, and other stimuli.
Sanchez et al. [175] attached E. coli to 2 pm large Janus par-
ticles (Pt/PS) to form a simple biological microswimmer that
achieves directional movements under the guidance of the
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magnetic field. Using temperature response, Schmidt et al.
[183] controlled a sperm robot captured by a microtubule.
When the temperature drops below 30 °C, the microtubule
contracts and captures a sperm to form a sperm aggregation
robot that can swim directionally. Upon the rise of tempera-
ture to above 38 °C, the microtubule unfolds and releases the
sperm, as shown in Fig. 10d.

Chemical stimulation

Chemical stimulation has advantages over physical stimu-
lation due to the smaller electrical damage or biological
modification. Although its time resolution is relatively low,
it may be the preferred choice when precise control is not
required. Based on their previous research, Morishima et al.
[184] designed a biobot driven by DV tissue using chemi-
cal stimulation (shown in Fig. 10e). When the crustacean
cardioactive peptide (CCAP) is stimulated, the contractile
frequency immediately increases to the maximum. Besides,
all tested concentrations of CCAP produce the maximum
contractile frequency response in 1 min regardless of a
significant change of contractile force. Zhao et al. [167]
presented an integrated microfluidic platform driven by
cardiomyocytes, as shown in Fig. 10f. When different con-
centrations of isoproterenol are injected into the microfluidic
platform, the structure made of color switchable hydrogels
changes accordingly. Tuning the concentration of isoproter-
enol affects the decolorization of the platform, coupled with
a regulation of the beating frequency of the cardiomyocytes.
In addition to using chemical attractants, pH regulation can
also be availed. Sitti et al. [185] attached multiple S. marc-
escens cells to a polystyrene ball with a diameter of 3 pm to
make a miniature swimming robot and achieved pH gradient
dependent movements of the robot (as shown in Fig. 10g).
This study suggests a possible way to control biobots by pH
and chemotaxis and provides new approaches for follow-up
research.

Potential applications and challenges
of biohybrid robots

Living material-based biohybrid robots appear highly prom-
ising as possible solutions to overcome the drawbacks of
currently available artificial actuation technologies. Future
biohybrid robots may integrate a variety of cell and tissue
types, including neural networks for sensing and process-
ing information, as well as vascular networks for transport-
ing nutrients, oxygen, and other biochemical factors [91].
These types of biohybrid robots encapsulate sensors, drivers,
actuators, and control systems in a single unit, and feature
not only advantageous controllability and output force than
conventional rigid bots, but also intriguing capabilities such

as self-assembly, self-repair, multi-degree of freedom, intel-
ligent sensing, and efficient energy conversion. These bots
can act highly similarly to real creatures in nature, leading to
numerous potential applications in the fields of mechanics,
computation, biomedical engineering, and many other areas.

Potential applications in the field of biomedicine

First, due to their miniaturization, high biocompatibility,
and biodegradability, biobots are highly suitable for enter-
ing the circulation system for disease monitoring and diag-
nostics. After the completion of tasks, biobots can safely
self-dissolve or self-degrade. Second, the controllability of
biohybrid robots makes them an ideal choice for directional
drug delivery, which is specifically useful for tumor treat-
ment. Most current chemotherapeutic treatments can harm
normal cells while destroying tumors, causing consider-
able side effects to patients. Meanwhile, drug delivery in
targeted therapy can be achieved through biohybrid robots
driven by microorganisms [122, 125, 173], which can be
efficiently loaded with drugs and powered by the surround-
ing biological fluids. Moreover, an integrated microchip
system (or known as “lab on a chip”) may be used as a plat-
form for drug development and toxicity testing. In recent
years, attempts have been made to introduce muscle-driven
bio-integrated devices into microfluidic chips, such as the
microfluidic chips designed by Zhao et al. in 2018 and 2020
[53, 75]. The device revealed that the beating frequency of
cardiomyocytes is positively correlated with the addition of
isoproterenol. As a result, the effect of isoproterenol on a
human heart was also established. At the same time, the
platform is suitable for testing other drugs, and may even
replace animal trials in the future.

Potential applications in the field of machinery

Nowadays, many robots are still driven by traditional drives.
Biohybrid-driven robots, however, can generate the same
driving force while achieving lower mass and higher effi-
ciency. Muscle cells are readily available, inexpensive, and
self-proliferative, such that the cost of mechanical products
can be greatly reduced. Besides, the energy source of bio-
hybrid robots comes from green energy sources such as glu-
cose and adenosine triphosphate (ATP), which may greatly
contribute to pollution reduction. Finally, future mechanical
products driven by muscles may feature self-repair capabil-
ity the same way as their source organisms, leading to signif-
icantly increased damage resistance and enhanced lifespan.

In addition to the abovementioned fields, the future uses
of muscular driven biobots may include earthquake rescue
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exploration, battlefield reconnaissance, and even application
in daily routine vehicles.

Nonetheless, current biological drivers still encounter
many challenges:

1. Related ethical problems persist, such as the extrac-
tion of primary cells from mammals or muscle tissues
directly extracted from living larvae and other animals.
One possible approach to circumvent this problem is to
induce the differentiation of multifunctional stem cells
[59]. However, this method has shortcomings, such as
limited force versus their natural counterparts, as well as
costly and tedious procedures to obtain substantial quan-
tities of such cells. These drawbacks may be successfully
addressed by further research in tissue engineering.

2. Lack of intelligent perception of the external environ-
ment for adaptive control. At present, research on bio-
bots mainly focuses on their drivers, while the functions
of intelligent perception and intelligent control are lack-
ing. Future biobots may therefore integrate intelligent
sensing functions, where the robot drives the actuator
and realizes the corresponding motion by perceiving
external sensor signals and transferring them to the con-
trol system to form a closed-loop feedback. Attention
may also be paid to using tools such as genetic engineer-
ing or biological integration to explore new functions of
biomaterials.

3. Nutrient transport and environmental regulation of bio-
materials. Mammalian cells, the most commonly used
cell types for biobots, need specific culture conditions
(e.g., medium components, temperature, pH) to survive,
and the nutrients/wastes and O,/CO, must be regu-
larly exchanged. In vitro muscle tissues are supported
by vasculature, which is the ideal means for nutrient
and gas exchange. Regardless, some pioneering works
have managed to achieve ambient air-compatible biobot
movements, but research on the structure, lifespan, and
motion patterns of these biobots is still in its infancy.
Biobots suitable for various environmental conditions
could be developed in the future with a combination of
emerging mechanical, chemical or material alternatives,
and tissue engineering technology.

4. The limited lifespan of biobots. Existing mammal-driven
biological robots have a short lifespan, which is usually
under a few days to two weeks. There are many reasons
for this limitation, such as the spontaneous contrac-
tion of skeletal muscle tissue during culture leading to
a deterioration of robot performance, a fixed structure
that limits the self-repair of muscle injury, and the envi-
ronment dissimilar to in vivo conditions. An extended
lifespan could manifest in the lower production cost of
biobots, thus making them economically more competi-
tive than conventional bots. Looking ahead, more studies
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may be focused on extending the lifespan of multicellu-
lar biobots and understanding the corresponding under-
lying mechanisms.

5. At present, most biobots have simple functions and
limited degrees of freedom and are monofunctional,
such as swimming, grasping, or contracting/stretching
bio-robots, which can be only controlled as a whole.
Research can be implemented to develop biobots that
can integrate multiple functions and achieve multi-DOF
movements in changing environments. This challenge
may be overcome by the coculturing of cells or by the
independent control of specific parts of the biobot mus-
cle tissue.

Summary and perspectives

The rapid developments of biobots has opened up new pos-
sibilities full of excitement and challenges. Compared to
conventional rigid drives and soft material drives, biodrives
have the advantages of energy efficiency, reliability, and
power density at miniature scales. This paper summarized
the power sources, supporting biomaterials and structures of
biobots with the associated control methods and the demon-
stration of the latest developments in the field of bio-robot-
ics. It is considered that biobots have huge potential value
and many future applications. Nevertheless, challenges exist
in terms of ethics, intelligence, nutrient transport, lifespan,
and the complexity level of biobots.

Biological robots involve the interdisciplinary integration
of machinery, material science, chemistry, physics, biology,
control science, and so on. The advances of each of these
fields can also positively support the developmental pro-
gress of biobots. Nowadays, bio-robots are still far from their
envisaged purposes, and some major challenges cannot be
solved by the solutions provided by biotechnology or manu-
facturing technology alone, but rather by the joint efforts of
all of the involved research fields. Despite that many chal-
lenges need to be overcome, current biobots have also made
exciting progress and laid the foundations of further research
and applications.

At present, research on biobots is mainly conducted in the
field of biomedicine, though the intriguing driving perfor-
mance of biological drivers would prove widely popular in
various other fields. The authors hope that this review can
provide some inspiration to researchers and actively expand
the scope of practical applications of biobots in many poten-
tially relevant fields.
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