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Biohybrid living robotics: A
comprehensive review of recent
advances, technological innovation, and
future prospects
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Biohybrid robotics combines living components with synthetic materials to create adaptable,
responsive robots. This review focuses on bottom-up, tissue-based biohybrid robots-Walkers,
Swimmers, Grippers, Pumps, and emerging eBiobots, which use living actuators for various tasks.We
explore their design, innovations, and applications, and highlight recent advances in intelligent
eBiobots integrating neurons, muscles, biomaterials, and microelectronics. Future directions
emphasize interdisciplinary progress toward intelligent biomachines for transformative applications in
health, medicine, environmental monitoring and beyond.

Robotics is currently undergoing a deep revolution in both its design
principles and constitutive elements, to effectively tackle the challenges of
today’s world1–4. Biohybrid robotics (or ‘Bio-bots’) represents an exciting
paradigm, which have emerged through the integration of living cells or
tissueswith engineeredflexible structures (Fig. 1). There are two approaches
for biobot fabrication: bottom-up, and top-down5,6. The bottom-up
approach contains fabrication of structures, cell culture for the contrac-
tion unit, and the integration of the biobots’ different components. The top-
down approach refers to designing and constructing robots starting from
the higher-level functional goals and systems, such as the overall behavior
and task the robot is intended to perform, and then working down to the
details of its components, including the biological components. The main
focus of this work is allocated to bottom-up systems. We therefore
emphasize tissue-engineered actuators (e.g., cardiac or skeletal muscle,
insect tissue) integrated into soft robotic platforms. Biohybrids based on
whole organisms, single-celled microbes, or DNA nanostructures are
beyond our scope.

Traditional robotics is often constrained by rigid structures and limited
adaptability. To fix this, soft robots have been created composing of soft
materials like elastomeric polymers whichwere inspired by animals with no
hard internal skeletons. One of which is quadrupedal robot capable of
complexmotions using no sensors and five actuators7.While soft robots use
soft materials for their structure which is similar to biobots, they typically
rely on external power sources, and have limited biocompatibility, while the
biobots leverage the dynamic, adaptive nature of biological system inte-
grated with engineered platforms. By directly combining the living com-
ponents such as cardiomyocytes8–15, skeletal muscles16–20, nerve cells18, or

insectDorsalVessel Tissue (DVT)21–23, biohybrid robots have gainedunique
abilities to perform lifelike movements, sense their environment, and
respond to dynamic stimuli and performdifferent task like grabbing or even
weight lifting24. Contractility is an essential electrophysiological feature of
muscle cells.Muscle cell contraction is regulatedwith excitation-contraction
(EC) coupling process. First, an action potential (AP) is activated in the cell
membrane which then continues by a series of events that relate the AP-
mediated excitation to contractility of muscle cells. The most crucial step in
EC coupling process is Ca2+ ion balance over themembrane of the cell. The
chemical gradients of Ca2+ ions in the cell membrane are crucial for the
propagation of AP. Aps, however, spontaneously propagate in cardiac cells
while a nervous stimulus via neuromuscular junctions is required to activate
skeletal muscle cells. Electrical stimulation aims to recreate such electrical
signals for skeletal muscle or cardiac cells in vitro to generate APs25. These
systems also provide valuable insights into the fundamental design princi-
ples of biological systems in controlled in-vitro settings, which can then be
applied to artificial designs, leading to unprecedented performance and
innovative applications26,27.

Pioneering studies have utilized muscle cells and tissue constructs as
living actuators. An interestingworkhas even gone so far to train themuscle
tissue through weightlifting of the in-vitro muscle tissue24. These living
actuators are to enable locomotions in various types of biobots including
walking biobots9,16,17,28,29, swimming biobots10–12,18, gripping biobots19,20,23,
pump biobots30,31, and even biobots that are detected by light13–15. Walking
biobots, powered by engineered muscle cells, cardiac cells, or DVT are
designed to mimic natural walking or crawling locomotion of worms
(caterpillars)15 and other walking species16. Swimming biobots, often driven
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by cardiac cells10–12 or skeletal muscle cells18, are capable of functioning and
navigating in both low-Reynolds11,18 (environments in which viscous forces
dominate inertial forces, causing smooth and laminar flow) and high-
Reynolds10,12 environments (environments in which inertial forces are
dominant, causing turbulent flow), holding promising applications in fields
such as biomedicine, environmental monitoring32,33, and targeted drug
delivery. Gripping biobots utilize contractile tissues to perform tasks such as
picking up or holding objects and manipulate these objects with flexibility
and precision, making them ideal for tasks requiring delicate handling.
Pumpbots try tomimic the function of heart andpumps liquid by repetitive

contractions and relaxations of the contracting unit34,35. Other than these,
some bots are also capable of dynamically changing the color of their
platform by altering the nanophotonic structures on its surface. This novel
approach allows for real-time color modulation, driven by the interaction
between biological components and engineered nanostructures, expanding
potential applications in bio-sensing and signaling technologies. For
example, morpho butterflies with parallel periodic nanoridges on the sur-
face of theirwingsmanipulate the transmission of photons in their photonic
bandgap36–40. The photonic bandgap which is the range of light wavelengths
that are not absorbed by the surface structure but reflected from it, causes

Fig. 1 | Biobot classification based on locomotion. Biohybrid robots can be clas-
sified intoWalker, Swimmer, Gripper, and Pump, with e-biobots being the future of
the field as subset of walkers, and swimmers41,42. Reprinted with permission from
AAAS. Walker biobots mimic a worm-like crawling locomotion28,88. Reprinted with
permission from AIP Publishing and Springer Nature respectively. The swimming
biobots mimic the aquatic life swimming motion10,12 (https://scitechdaily.com/
microscopic-biohybrid-robots-propelled-by-muscles-nerves-built-by-researchers/,
https://www.popsci.com/soft-robotic-stingray/). Reprinted with permission from

American Association for the Advancement of Science. Gripper biobots utilize
contraction of cells to manipulate objects19,21,73. Reprinted with permission from
American Association for the Advancement of Science, Mary Ann Liebert, Inc, and
American Association for the Advancement of Science respectively. Pump bots
utilize the contraction of the muscles for manipulating objects and perform bending
motions34,35,75. Reprinted with permission from Royal Society of Chemistry, PNAS,
and AAAS respectively.
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this color variation. By assembling cardiac tissues on the morpho butterfly
wings, the contraction of this biological component which is aligned with
the nanoridges structure of morpho butterfly wings, bends the wings.
Hence, it creates a novel biological sensor detectable without complex
equipment13.

More recently, a new subclass of electronic biohybrid robotics
(“eBiobots”) has emerged, through the unusual combination of bioengi-
neered muscle tissues, motor neurons, as well as advanced wireless optoe-
lectronics. One ground-breaking work is the hybrid bioelectronic robots
(eBibots) equipped with battery-free and microinorganic light-emitting
diodes for wireless control and real-time communication. The design
enables remote control of the coordinated functions such as walking,
turning, plowing, and transporting objects, both individually and in col-
lective formations. This groundbreaking work represents a significant step
forward in the development of remotely controlled miniature biobots with
huge potential applications in medicine, sensing and environmental mon-
itoring. Another pioneer example is the wirelessly steerable bioelectronic
neuromuscular robots, a frequency multiplexing wireless system, func-
tioning as an artificial brain,whichwasused to stimulate themotorneurons,
which in turn activated the cardiac muscle cells. These biohybrid electronic
systems pave a new pathway toward creating a class of next-generation
intelligent biomachines and systems capable of adaptive motor control,
learning, and higher-order intelligence41,42.

This reviewarticle beginswithanoverviewof biohybrid approaches for
the development of biobots, which are categorized into four major types:
Walkers, Swimmers, Grippers, and pump bots. Each category is designed to
perform specific functions by harnessing biological processes in combina-
tion with synthetic components, as summarized in Fig. 1. This functional
taxonomy highlights distinct locomotor and manipulative modalities of
biohybrid robots, enabling systematic comparisons across systems. Unlike
other classification schemes that focus on actuation source43 or scale44, our
categories emphasize functional roles and design parallels. The following
sections discuss the progresses, innovations, and potential applications
within each category. Finally, the article discusses the challenges and future
directions, emphasizing the convergence of interdisciplinary efforts that
leverage technological innovations inmaterials science, bioengineering, and
artificial intelligence to build the next generation of intelligent biohybrid
machines. Recent reviews43–46 have addressed complementary aspects of
biohybrid robotics. For example, Sun et al.45 focused on cell-based actuators,
control methods, and biomedical applications; Mestre et al.44 highlighted
developments from the nano- to macroscale; and Li & Takeuchi46 detailed
contraction models and control techniques. Webster-Wood et al.43 further
provided historical context across microorganisms, cyborgs, and tissue-
based robots. These works complement our analysis, but our focus on
functional categories and bottom-up design offers a new perspective on the
interrelationships among biohybrid robot classes.

Biohybrid motile bots
Biohybrid motile robots integrate living cells with artificial structures to
achieve desired locomotion and perform various tasks. These robots can
exhibit diverse movement modalities, including walking, crawling, swim-
ming, and bending. Early breakthroughs in the field, such as the Muscular
Thin Films (MTFs) that demonstrated how cardiomyocytes on a flexible
structure could enable complex behaviors like walking and crawling
(Fig. 2A)8. Since then, advances in biohybrid robotics have focused on
enhancingmovement efficiency, control, and adaptability through technical
innovations, such as the introduction of advanced microelectronics into
biorobotic systems.

Walkers
Walking biobots are inspired by the locomotion of various species, such as
worms, caterpillars15, crabs47, and other crawling/walking organisms9.
Inspired by the movement of worms, some researchers developed crawling
biorobotic protoype9, while others designed leg-based locomotion systems
mimicking the walking creatures16,28,29. A key feature of these systems is the

asymmetry of the walking surface, which generates friction in one or mul-
tiple directions to facilitate movement. The first major contribution in this
area was created by a simple yet innovative structure that moved forward
with each contraction (systole) and relaxation (diastole) of the cells,
achieving a speed of 8mm/min (Fig. 2A). The researchers used an electric
field at a frequency of 1Hz to stimulate cell contraction, enabling this
movement8.

In 2012, a novel walking biobots using a cardiac cell sheet as the
contracting unit was reported, coupled with Polyethylene Glycol Diacrylate
(PEGDA) hydrogel as the bending structure along and a base of a PEGDA
hydrogel with different molecular weight. The base in this setup was the
basis of asymmetry facilitating the movement of the system, achieving
velocity of 236 µm/s9.

The researchers later innovated further by designing a new structure,
featuring a contracting skeletalmuscle strip controlledby real-time electrical
stimulation (bipolar pulse train: 20 V amplitude, 50ms pulse length)
(Fig. 2B). This system reached a maximum speed of 156 µm/s (or 1.5 body
lengths per minute). When tested at different electrical stimulation fre-
quencies (1–4Hz), walking speed increased with higher frequencies. This is
understandable since the frequency of stimulation correlates with the
number of contractions of the actuation units integrated in the biobots, i.e.
the systemmakes themovement in a relatively shorterperiodof time, hence,
increasing the speed. Theuse of the bioengineered 3Dskeletalmuscle tissues
that are made of C2C12 myoblast cell lines, allows for external control of
muscle contraction and biobot movement9. A more recent work took
advantage of gracilis minor tissue from bullfrog as the contracting unit
whichwas placed on topof the surface of thewalker biobot. Thismusclewas
chosen for its high contractile force ( ~ 4.4 N), and faster contraction
compared to its counterparts (Fig. 2C)48. Additionally, a light-responsive
skeletal muscle bioactuator made of optogenetic C2C12 myoblasts was
developed,which can generate significant active tensionwhen stimulated by
a noninvasive optical signal. This innovation resulted in a velocity of
310 µm/s (1.3 body lengths/min) and a rotational speed of 120 degrees/min.
The introduction of muscle rings further enhanced the system’s speed
(Fig. 2D-i). A comparison between electrical and optogenetic stimulation
showed minimal differences in speed (Fig. 2D-iii)49. There is generally very
small difference between the velocity of biobots when electrically stimulated
compared to optically stimulated. Further improvement, including multi-
leg designs, enabled the biobot to move in multiple directions (Fig. 2E)29.
Increasing tissue force output is crucial for enhancing the performance of
biohybrid robots50. Another work advanced this concept by elongating
C2C12myoblasts, adjusting structure geometry andmechanical properties,
and using stiffer structures. These innovations increased force per stroke
threefold, achieving speeds >0.5mm/s at a frequency of 4Hz (>2.3 body
lengths/min) (Fig. 2E-iii)49.

Inspired by caterpillar movement, a research work, developed amulti-
legged, caterpillar-like crawling biohybrid robot. This design used asym-
metric claws on its surface to generate movement, with the biobot bending
along its lengthduring contractionand straighteningduring relaxation.This
work also tested the effects of different drugs on the biobot’s velocity
showcasing that the biobot can reach the maximum speed when the length
of claws are between 160−200 µm. Crawling speed was influenced by both
the tilt and length of the claws, initially increasing with greater claw length
and tilt. However, beyond a certain point, further increases in these para-
meters resulted in a significant decrease in speed15.

Another crawling system, utilized insect dorsal vessel tissue (DVT) as
the contracting unit. By positioning the DVT closer to one end of the
structure, asymmetry was created, causing the biobot to move toward that
end. While the system was designed for unidirectional movement, slight
shifts in direction were observed, causing small changes in the biobot’s
position along the y-axis22.

Stepping out of the normal pillar-based walking biobots were the
contracting unit usually encircles around the pillars, a novel model of
walkingbiobotwhichwasbasedupon earlierworkof grippingbiobots (other
class of biobots)51 was developed where the skeletal muscle tissue is held by

https://doi.org/10.1038/s44182-025-00056-x Review

npj Robotics |            (2025) 3:43 3

www.nature.com/npjrobot


an anchor and bends the flexible structure (Fig. 2F-i)). By each contraction
and relaxation, the system moves “one step” forward (Fig. 2F-ii)52.

eBiobot walkers
Biohybrid electronic robots (eBiobots) integrate electronic products
with biological components to enable precise, electrically controlled

movement. By incorporating microelectronics, eBiobots can respond to
electrical stimuli, allowing real-time control over their movement and
function. This novel approach by the unusual combination of technol-
ogy and biology paves the way for next-generation intelligent biobots
with wide range of applications in biomedicine and environmental
monitoring.
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One notable example is the wireless biohybrid electronic robot (wire-
less eBiobot), which integrates skeletal muscle actuators with wireless
bioelectronic devices for remote movement control41. The system incor-
porates three key components: bioengineered living optogenetic muscle
actuator, wireless and battery-free optoelectronics (including μ-ILEDs), and
a 3D-printed hydrogel skeleton (Fig. 2G-i). Muscle tissues are placed on a
hydrogel structure and the electronic device stimulates the tissues using
micro-inorganic light-emitting diodes (μ-ILED) which induce cyclical
muscle contractions. These contractions cause the structure to bend, leading
to robotmovement. The robot is powered wirelessly via a 13.56MHz Radio
Frequency (RF) power provider system, which uses magnetic resonance to
transfer power from the transmission antenna to the device’s antennas.
Stimulation frequency and pulse width can be adjusted using the RF
amplitude modulation techniques, managed by a computer. Here, skeletal
muscle tissue developed on a 3D-printed hydrogel structure, and this
structure was intended to contain the optoelectronic device in the middle.
Figure 2G-ii shows a length discrepancy between the front and back legs,
making it possible to move. Frequency, surface friction, and μ-ILED
structure are responsible for walking speed, and the speed changes when
frequency increases or decreases (Fig. 2G-iii). The eBiobot’s performance,
such as walking speed, can be optimized by altering factors like frequency,
surface friction, and μ-ILED structure.When triggered at 4 Hz (frequency),
50ms (pulse width), and 10W (RF power), the eBiobot reached a top
walking speed of 0.83mm/s (3.56 body lengths/min). To improvemobility,
eBiobot was upgraded (Fig. 2G-iv) with a bipedal structure featuring two
muscle actuators controlled by a central microcontroller (μC). This eBiobot
offers precise movement control by initiating muscle contractions at dif-
ferent points on the same robot. In addition, using Near Field Commu-
nication (NFC) chipsets, each robot could be precisely targeted, permitting
coordinatedoperation acrossmultiple eBiobot unitswithin the sage antenna
cage (Fig. 2G-v). Three essential movements (Fig. 2G-vi) were achieved
under three different stimulation patterns (left turn, 1Hz-4Hz; straight,
4Hz-4Hz; right turn, 4Hz-1Hz). The eBiobot demonstrated durable bidir-
ectional and forward movement remotely by differential and symmetrical
excitation.

Neuromuscular Electronic Robot, which connects the Motor Nervous
Systemof cardiacmuscle with a biohybrid electronic robot tomimic cardiac
muscle activity and regulate neural motion42. As an alternative to chemical
synapses, electrical synapses of human-induced pluripotent stem cells
generated motor neurons (iPSC-MNs) and cardiomyocytes (iPSC-CMs),
were merged into the bioelectronic robot (Fig. 2H-i). These electrical
synapses, with the help of gap junctions and quicker bilateral signaling,
establish connections between various kinds of cells. To design the neuro-
muscular electronic robot, the researchers first created these neuro-cardiac
junctions and then integrated them into a wireless flexible electronic
module. The wireless module functions as an artificial brain and guides
targeted neural stimulation that triggers the fin movements of the robot by
transferring signals between iPSC-MNs to iPSC-CMs through the electrical
synapse. Electrically excited iPSC-MNscan activate iPSC-CMs, enabling the

sensory-motor capabilities of CM-based biohybrid systems. The frequency
multiplexing systemmakes targeted neural stimulation possible. The device
delivers two different modulated signals featuring frequency, and pulse
width at 13.56MHz and 6.82MHz (Fig. 2H-ii), which enables independent
control of the robot’s locomotion (left and right fins). Two resonant coils
receive these signals via magnetic coupling that produces voltages and
activates iPSC-MNtissuesplacedon twodifferent resonant coils. Figure 2H-
iii, iv shows fabrication process and core electronic components to prepare
this device. Furthermore, the left and right fin-flapping speed and syn-
chronization were independently controllable by modifying transmitted
signal configurations. To monitor its locomotion performance, the device
was placed within 25mm of a Petri dish (Fig. 2H-v) surrounded by exci-
tation coils. The neuromuscular robot achieved effective forward locomo-
tion through alternateflappingof its left and rightwings (speed, ~0.57mm/s
at Time-differential Mode-I). However, when the fins flapped simulta-
neously, movement speed decreased to around 0.11mm/s (Interdigital
Mode-I), showcasing the importance of precise timing and control in
achieving effective locomotion (Fig. 2H-vi)42.

In addition to these two eBiobots, some other electronic biohybrid
robots have also demonstrated walking capabilities. A maneuverable
walking biological robotwas introduced to exhibit robust straightmotion as
well as turning32. This dual-ring biobot is made up of two independent
muscle actuators and a four-legged, asymmetric structure in the fore/aft
direction. The robot canmove because it has variousmuscles integrated into
its body architecture, as well as differential electrical stimulation.

These systems are laying the groundwork for innovations in biome-
dicine, such as targeted drug delivery and tissue repair, and environmental
monitoring, where they dynamically adapt to and respond to ecological
changes.

Swimmers
Swimming biobots are designed to mimic the locomotion of aquatic
organisms, propelled by rhythmic muscle contractions through fluid
environments. Swimmingbiobots canbebroadly classified ashighReynolds
number swimmers and lowReynolds number swimmers, based on the fluid
dynamics (Fig. 3). In the high Reynolds domain, a research work built a
swimming biobot using DVT as the actuation unit. The biobot moved by
bending in response to the rhythmic contraction and relaxation of theDVT,
supported by aflexible polydimethylsiloxane (PDMS) structure, achieving a
speed of 11.7 µm/s, though falling short of their theoretical estimate of
44.7 µm/s53. Another team created a fish-like biobot, in which cardiac cells
on opposite sides of the structure allowed directional control by using light:
blue light stimulated one side, and red light activated the other, enabling
bidirectional movement (Fig. 3A-i, ii)54. In a prior study, a jellyfish-inspired
medusoid biobot was developed that mimicked the jellyfish’s pulsatile
swimming, achieving efficient angular velocity through electrically stimu-
latedcontractions (Fig. 3B)10. This designwas further validated in real-world
tests in Massachusetts coastal waters, where the biohybrid jellyfish reached
speeds of 6.6 cm/s.

Fig. 2 |Walker biobots. AMuscular thin films. A layer of cardiac fibers on hydrogel
that will contract and cause the crawling movement of the system8. Reprinted with
permission from AAAS. B the setup of a walking system illustrating the structure
design and muscle strip’s location on the structure. The system is shown in con-
tracted state16. Reprinted with permission from PNAS. C Walker biobot using
gracilis minor muscle tissue driven from a bullfrog48. Reprinted with permission
from Sensors and Actuators B: Chemical.D i. Myotube muscle tissue-based walking
biobot with aligned cells along the contracting direction. ii. Bottom view of the same
design showing the geometry of themuscle tissue. iii. difference in velocity in a range
of stimulating frequencies49. Reprinted with permission from John Wiley and Sons.
E other designs of walking biobots with pillars and muscle rings attached to them to
enhance mobility in different directions28. Reprinted with permission from Wiley-
VCH GmbH. F i. Novel walking biobot with bipedal design floating in the medium.
ii. Walking mechanism of the bipedal walking biobot52. Reprinted with permission

from Elsevier. G Biohybrid Electronic Robot. (i) eBiobot illuminated by five µ-
ILEDs. (ii) Two unevenly sized legs joined by a narrow connecting beam. (iii) The
moving capabilities of the eBiobot, powered by 10-W radio frequency and five μ-
ILEDs. (iv) Updated Bipedal eBiobot. (v) Schematic of the wireless control frame-
work including μC and NFC Chip. (vi) eBiobot’s turning directions and optical
stimulations41. Reprinted with permission from AAAS. H Neuromuscular Electro-
nic Robots. (i) Particular innervation of CMs by frequency multiplexed wireless
device. (ii) Structure of Electronic Complex with Left and right coils’ resonant
frequencies. (iii) Fabrication process of wireless bioelectronic device. (iv) Schematic
of a microfluidic device to test neurocardiac junctions. (v) Locomotion character-
istics of Biohybrid Neuromuscular Robot (vi) Locomotion speed and angular dis-
placement at various transmission signals. Scale bars, 5 mm [G (i and iii), H(i)], 1 cm
[H(v)]42. Reprinted with permission from AAAS.
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Control units for biohybrid robots usually means stimulating and
starting themotion of the systems, but sometimes it canmean the opposite.
The controlling/stimulating unit can act as a “brake” for the movement of
the biobot. A research team came up with this idea and using this, they
created a “floating-plane” that moves in the medium when the cardiac
microtissues or “cellular engine” are relaxed and stops when the plane’s

wings bend. The working mechanism relies on applying Near Infrared Red
(NIR) light which heats the hydrogel and causes shape change. The setup
can be used for drug delivery to target cancer cells, moving freely and
stopping to release the drug when the system reaches the cancer cells14.

Continuing the exploration ofmarine organisms, a ray-inspired biobot
was engineered, aligning rat cardiac myocytes to mimic ray musculature

Fig. 3 | Swimmer biobots. High Reynold Swim-
mers. A i, ii. a fish-like biobot with muscle tissue on
both sides of the biobot enhancing the locomotion and
directionality of the system. ii. The movement results
of the system showing great locomotive abilities of the
setup54. Reprintedwith permission fromAAAS.BThe
Medusoid; The biobot inspired by jellyfish. i. com-
parison of muscle alignment and form of actual jelly-
fish (top) and the fabricated jellyfish biobot which is
called medusoid. The microscopic results of the cell
alignment show great similarities between the two. ii.
The moving mechanism of the medusoid with fast
contractions and slow recoil making it move upwards.
iii. The angular velocity comparison between the jel-
lyfish and the fabricated medusoid showing better
functionality of themedusoid in long term10. Reprinted
withpermission fromSpringerNature.CRay-inspired
swimming biobot. i. cell alignment comparison
between the actual ray(top) and the fabricated bio-
bot(bottom) showing great similarity between the two.
ii. Different muscle circuits with pre-programmed
patterns of activation for sequential muscle activation.
The design with dense serpentine traces has higher
number of traveling waves. iii. The movement of the
ray across the obstacles on its way depicting promising
controllability and locomotion12. Reprinted with per-
mission fromAAAS. Low-Reynold Swimmers: (D) i. a
sperm-like micro biobot with the cell location near its
head allowing movement of the system. ii. The
movement of the system during the experiment shows
bending and straightening11. Reprinted with permis-
sion from Springer Nature. Emagnetically controlled
sperm bot56. Reprinted with permission from John
Wiley and Sons. F i. overall schematic of a neuromo-
dulatedmicroswimmerbiobot. The idea is to penetrate
the muscle ring with neurite outgrowth. iii. Two
designs were created. One flagellum, and two flagella
swimmers. iv. The results show that the system with 2
flagella was by far faster than its 1 flagellum
counterpart18. Reprinted with permission from PNAS.
G i. Biobot swimmer with curved tails highlighting the
role of angular displacement of tails for propulsion. ii.
location of motor neurons, muscle and ECM illus-
trating the actuation unit and its culture mechanism.
iii. Diagram of the swimming position of the system58.
Reprinted with permission from AAAS. H Swimmer
Jellyfish. (i) Swim controller (inactive) embedded into
a free- swimming jellyfish. (ii) Square wave signal
generated by the swim controller. (iii) Simplified
schematics (Bottom) of A. aurita anatomy. (iv) A.
aurita medusae were placed subumbrellar surface up
for muscle stimulation experiments. (v) Schematic of
vertical free-swimming experiments (vi) Swimming
speeds and enhancement factors for 0, 0.25, 0.38, 0.50,
0.62, 0.75, 0.88, and 1.00Hz swim controller fre-
quencies. Scale bars, 1 cm [H (i)], 2 cm [H(iv)]. Rep-
rinted with permission from AAAS71.
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(Fig. 3C)12. They investigated different muscle circuit designs, finding the
intermediate serpentine structure provided the optimal balance between
contraction control and efficient movement. This biobot demonstrated
complex maneuverability over extended periods. In addition, it is note-
worthy that a recent study introduced a hybrid design that combines both
crawling and swimmingmodes, enabling these biohybrid robots to traverse
terrestrial as well as aquatic environments55.

In low Reynolds environment, A research team created a biohybrid
flagellum: a spermatozoa-inspired systemwith an elasticfilamentwith a stiff
head, consisting of a small single cluster of contractile cells (Fig. 3D-i). The
filament displacement sequence during a complete swimming cycle shows
the functionality and locomotion of the system (Fig. 3D-ii)11. The system
introduced in this work was stimulated by magnetic control. In low Rey-
nolds environment, bacteria-driven bots and sperm-bots have a vast
number of research works dedicated to them. Another work in the similar
area was conducted using a motile sperm cell and a cap in which the sperm
cell would be trapped (Fig. 3E). The cap which is a rolled upmicrotube with
incorporatedmagnetic layer, enables the directional control over the sperm
cells using magnetic field56.

Building up on this, a more recent work focused on developing a
biocompatible drug delivery setup with these sperm cells as carriers of drug.
Combining this with a magnetic microstructure enabled the system for
controlled guidance and release at target sites. The sperms that were Dox-
orubicin(DOX)-loaded, could successfully reach the tumor cell apoptosis,
and the system provided 87% of cell-killing within 72 h which is
significant57. An interesting approach in controlling the low Reynold
swimmers is by introducing optogenetic motor neurons which was done in
2019. The ideawas to create an actuation by light whichwas neuromuscular
(Fig. 3F-i). The locatedneural cells in the proximity of the contractilemuscle
ring, and let the neural cells grow into the muscle ring making it light
controllable (Fig. 3F-ii). They used optogenetic mouse Embryonic Stem
Cells (ESCs)withPDMSstructure.Themovingpart consistedof 1 leg infirst
platform, and 2 legs in the later (Fig. 3F-iii). The velocity comparison
showed great superiority of the two-legged structure compared to the one-
legged counterpart (Fig. 3F-iv)18.

Further using neurons in the swimming biobots’ platforms, a low
Reynold swimmer was developed using a novel PDMS structure design
based on dual wavy tail (Fig. 3G-i) and C2C12 skeletal muscle rings. Motor
neurons were added after 8 day in vitro (DIV8), to increase the amount of
spontaneous twitching. It was found that the swimmers with neurons tend
to show robust, spontaneous twitching on the order of 1.11 ± 0.27% the
length of the muscle by day 8. On day 10, 4 out of 11 swimmers exhibited
spontaneous twitching, while all 9 swimmers with neurons showed spon-
taneous twitching. On DIV8, the neurons and muscles were covered by
ECM to protect them from drying out, both located on the PDMS structure
(Fig. 3G-ii). Figure 3G-iii depicts the movement mechanism of this system.
The swimming speed of this platform reached up to 86.8 µm/s58.

So far, different works used different control modalities which was
decided based on their objective. Some used electrical stimulation41,59 as the
means of control, others used optical stimulation (whether by introducing
light sensitive proteins into the muscle cells60, 61, or using natural light sen-
sitivity of components like fungal mycelia62), and some utilized magnetic
steering63–66. However, these are not the only stimulating techniques avail-
able. In 2011, a jellyfish-shaped micro-robot made of cardiomyocyte gel (a
gel containing of cardiomyocyte which was cast in a mold to form the
jellyfish shape) was introduced, which was controlled and moved chemi-
cally. They used epinephrine and nifedipine for increase and decrease of
pulse frequency respectively67. In a way, they could control the cardiac cell
contracting units that are the least controllable among other contracting
units like skeletal muscle cell which only contracts when it is stimulated.

In the field of swimming biomachines, when it comes to micro-
swimmers, there is great room for creativity. One of these innovations is the
use of bacterial chemotaxis as the control mechanism. The theory of bac-
terial chemotaxis is well established68,69. It has been observed that positive
temporal gradients of L-glutamate suppress the spontaneous directional

changes that E.coli bacteria exhibits in the absence of the stimulus. This
result is in line with themodel suggesting that the suppression of directional
changes is proportional to the time rate of change of the fraction of che-
moreceptors bound by attractant69. One of themanyworks in this area used
bacteria as the driving unit of their system, and chemotaxis (chemical
control). The aim was to develop microswimmers that can navigate
autonomously through chemotaxis, without the need of any external
equipment. This work has the advantage of steering a large number of bots
without external equipment. Thiswork usesflagellated bacteria, like Serratia
marcescens specifically for their chemotactic behaviors. Chemotaxis is a
crucial characteristic for bacteria survival because chemotaxis guides them
to nutrient sources and keeps them away from hazardous environments.
The results of this study showed that bacterial chemotaxis can effectively
control the microswimmer70. This work has the potential to be applied for
drug delivery in the future.

Enhancing thedrugdelivery capabilitywhich is oneof themost notable
uses of the biohybridmachines, An important researchwas conducted with
the approach to create a biohybrid swimmer that uses both being driven by
bacteria and double-emulsion microstructures to be used in transporting
cargo, such as drugs, etc. In this study, bacteria-propelled microemulsions
were observed to test swimming capabilities while being guided to cancer
cells. Thesemicroswimmers reached themaximumvelocity of 6.5 µm/s, and
successfully delivered the cargo with minimum toxicity71.

eBiobot swimmers
A biohybrid swimmer is created by researchers using onboard microelec-
tronics on a living jellyfish33. Compared to swimming naturally, this
swimmer’s equipment can swim three times faster. Additionally, compared
to previous robots, this biobot can operate on 10–1000 times less electricity.
The plan for controlled swimming in jellyfish is summed up in Fig. 3A.
Bilateral electrodes were placed in the subumbrellar tissue, halfway between
the center and bell border (Fig. 3H-i). Here, a portable, standalone micro-
electric swim controller was developed that stimulates muscular contrac-
tions between 0.25 and 1.00Hzbyproducing a square pulsewavewith 3.7 V
(Fig. 3H-ii). Theydevisedaway tomonitor thebellmargin’smotion inorder
to confirm that the swim controller could externally trigger jellyfish bell
contractions. A. aurita medusae were injected with tags into the tissue and
put subumbrellar surface up in a plate devoid of saltwater (Fig. 3H-iv). The
swim controller let the animals to swim downhill at the following fre-
quencies: 0.25, 0.38, 0.50, 0.62, 0.75, 0.88, and 1.00Hz for experimental
trials, and off (0 Hz) for control trials (Fig. 3H-v, vi). Future versions of the
biohybrid robotic jellyfish can incorporatemicroelectronic sensors, enhance
controllability, and utilize existing technology72.

Grippers
Biohybrid gripping robots have the capability to hold, manipulate, or move
objects20,21,51. By utilizingmuscle tissue as actuators, these grippers can adapt
their structure to grip objects with varying fragility, making them ideal for
tasks requiring delicate handling. An interesting approach was done to
control the contraction of gripping biohybrid robots. The idea was to use
surface electromyography (EMG) signals, to signal the skeletal muscle cells
of the gripper to contract or relax (Fig. 4A-i). The tissue engineered skeletal
muscle was placed around the hook of the setup (Fig. 4A-ii) to alleviate the
contraction. The formation of the tissue suggests that after 2 days, the tissue
started to agglutinate around the anchors, and they kept the beam shape
even after 45 days of culture (Fig. 4A-iii). In this work, they used PDMS as
the bending structure20.

In a researchwork, as a followingworkwithbiohybridmicrotweezers21,
a micro tweezer was created that was powered by DVT which is wrapped
around the two notches of the gripper. The whole setup except the tweezers
tip including the DVT was placed in the medium (Fig. 4B-i) providing a
biofriendly environment for the DVT. Studying the constraints of the
structure, they measured the strain energy density distribution when
relaxing and contracting in air (Fig. 4B-ii).While relaxing in the air, the gap
between the tips of the gripper was 528 µm, and when contracting in the
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same environment, the gap was 180 µm. The displacement of the tips with
respect to time was also measured (Fig. 4B-iii)21.

One of the significant works in this area was conducted in 2018. A
platform was created allowing for a pair of skeletal muscle tissues to work
simultaneously with one tissue contracting and the other relaxing, the arm
of this gripper can bemoved in two directions, enhancing themanipulation
capabilities (Fig. 4C-i). The contraction occurswhen the electrical pulses are
applied to the skeletal muscle tissues via parylene-coated gold electrodes
located at both ends of the tissue. Each one of these two antagonistic tissues

have their ownpair of electrodes. The relaxationhappenswhen the electrical
stimulation is stopped. This biobot can manipulate objects, hold them and
pick them up while the arm is bending (Fig. 4C-ii). The contractile force of
this systemwith respect to the electricalfield showed that it has higher peak-
peak contractile force in higher V/mm measures, furthermore, the fre-
quency also plays a crucial role in the contractile force with 50Hz of fre-
quency showing much greater p-p contractile force than the 1 Hz showing
greater strength of the gripping action when the frequency is higher
(Fig. 4C-iii)19.

Fig. 4 | Gripping Biobots utilize muscle tissue or Dorsal Vein Tissue to contract
and move the setup to manipulate objects. A i. The schematic of gripping system
stimulated by electrical field which uses EMG signals taken from the hand of a
subject to control the grippingmechanism. This system uses skeletal muscle tissue as
the contracting unit. ii. The location of the skeletal muscle tissue on the gripper’s
structure which facilitates movement of the system. iii. tissue engineered skeletal
muscle fromday 2 to day 45 agglutinating around the anchor fromday 220. Reprinted
with permission from Mary Ann Liebert, Inc. B i. a gripping system in scale of
millimeters using Dorsal Vein Tissue (DVT) ring as the contracting unit tomake the
arms get close to each other with contraction facilitating the gripping mechanism. ii.

The strain density distribution and total strain energy in air when relaxing(left) and
when contracting(right). iii. Displacement the right and the left tip in medium21.
Reprinted with permission from Royal Society of Chemistry. C i. An innovative
gripping systemwith an antagonistic pair ofmuscle tissues tomake themanipulating
arms tomove in two directions. ii. the gripper’s performance showcasing its ability to
hold ad pick up an object. iii. The contractile force of the tissues with respect to the
electrical field with 1 Hz and 50 Hz of frequency19. Reprinted with permission from
AAAS. D i. Illustration of the biohybrid hand. ii. before and after electrical stimu-
lation (ES) of the MuMuTAs (scale bar, 5 mm). iii. Contractile force increasing with
respect to electric field73. Reprinted with permission from AAAS.
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One of the latest works in the field of gripping biobots, is a biohybrid
hand powered by multiple muscle tissue actuators (MuMuTAs) which
produces high contractile force (~8mN). The system consists of multi-
jointed finger skeletons, electrodes for stimulation of the muscles and hand
substrate(Fig. 4D-i). Figure 4D-ii depicts the bending mechanism after
electrical stimulation compared to before stimulation. The contractile force
is also increased by increasing the electric field (Fig. 4D-iii). This interesting
and novel setup achieved individual control of the fingers34,73.

These setups however efficient and significant, still have limited
bending range which limits their functionality. To improve the bending
range of the biohybrid systems, an approach could be to use serially con-
nected muscle rings, which can give large-scale bending motion51.

Pump bots
The heart, a naturalmuscular pump, plays a central role in circulating blood
and maintaining physiological homeostasis. Inspired by this, various bio-
hybrid pumping systems have been developed to mimic key cardiac func-
tions. Twomajor parameters for evaluatingpumpperformance areflow rate
and pressure–volume (PV) loops. A commonmethod for quantifying flow
rate involves tracking the displacement of polystyrene microparticles sus-
pended in fluid using high-speed imaging. PV loops, which reflect dynamic
changes in intrachamber pressure and volume, are typicallymeasured using
conductance-based catheterization or microfluidic pressure-sensing sys-
tems. Below, we highlight several notable examples of advanced biohybrid
pump systems.

Muscle-driven, impedance-based pump-bot. One representative
system is an impedance-based pump-bot powered by engineered C2C12
skeletal muscle (Fig. 5A)34. It consists of a stiff PDMS segment and a soft
hydrogel tube, with a muscle ring positioned off-center around the soft
region to induce asymmetric tube deformation (Fig. 5A-i, ii). This design
generates unidirectional flow, achieving a flow rate of 11.62 μL/min
under spontaneous twitching and up to 22.68 μL/min under electrical
stimulation at 4 Hz (Fig. 5A-iii, iv). This pump-bot demonstrates the
impressive flow output among current biohybrid systems, driven by
skeletal muscle actuation.

Micro-spherical heart pump. Figure B shows a hollow PDMS sphere
wrapped with a circular sheet of cardiomyocytes, which contract spon-
taneously to deform the chamber and drive pulsatile fluid flow35. The
resulting motion generates rhythmic flow through connected capillaries
(Fig. 5Bi–iii), and particle tracking confirms unidirectional tracer dis-
placement (Fig. 5B-iv). The estimated flow rate, assuming ideal valve
conditions, is approximately 0.047 μL/min. This system represents one of
the earliest and simplest cardiomyocyte-powered biohybrid pumps.

Engineered heart ventricle. This system demonstrates a three-
dimensional ventricle fabricated from poly(ε-caprolactone) (PCL)/gela-
tin nanofiber structures seeded with aligned cardiomyocytes, including
both neonatal rat ventricular myocytes (NRVMs) and human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) as shown in
Fig. 5C74. The cells exhibit anisotropic alignment and layered infiltration
across the surface and through the ventricular wall (C i, ii), resembling
native myocardial architecture. PV loop measurements, obtained via
catheterization in a custom bioreactor, reveal stroke work of
~0.25 mmHg × μL for NRVMs and 0.05 mmHg × μL for hiPSC-CMs (C
iii). The system ismounted in the bioreactor for real-time PVanalysis and
pharmacological testing, serving as a robust platform for cardiac disease
modeling and drug evaluation under physiologically relevant conditions
(Fig. 5C-iv).

Valved, cardiac-inspired minipump. A microfluidic miniPUMP inte-
grates a helical structure seeded with hiPSC-CMs and features a passive
suspension valve that opens and closes in response to pressure changes
( ~ 0.11–0.25 Pa), enabling a rectification ratio >0.80 below 2 Hz

(Fig. 5D-i)75. The system replicates ventricular dynamics with a PV loop
that includes distinct isovolumetric contraction and relaxation phases
(Fig. 5D-ii). The measured loop demonstrates a peak systolic pressure of
~42.8 Pa and an ejection fraction of 4.1%, confirming effective chamber-
based function under physiologic loading conditions. This platform is the
first chip-scale biohybrid pump to recapitulate full ventricular mechan-
ics, including isovolumetric phases.

From high-output skeletal muscle actuators to microfluidic platforms
capable of reproducing full ventricular dynamics, each model addresses
different aspects of physiological relevance, scalability, and controllability,
advancing heart-on-a-chip technologies, disease modeling, pharmacologi-
cal screening, and future biointegrated therapeutic devices.

Other types
The optobiobots are a type of biohybrid machines that rely significantly on
light for detection13,15. The detection-based optobots are engineered on the
premise of color change that occurs due to the motion of cells which move
the nanostructures, especially the periodic nanoridges causing the change in
the reflection. These structures interact with light through a structural
coloration phenomenon39,40,76, meaning that the light wavelengths reflected
from the surface only includes a subset of the wavelengths that was initially
shined on it, i.e., the nanoridges on the wings control the propagation of
photons36–40. So, when a biohybrid systemworks with this premise, it will be
visible and detectable by the color change which is due to movement of the
cells, and hence, change in the incident angle.

The detection-based optobots rely mainly on the surface structure. In
this area a pair of Morpho butterfly wings actuated by engineered cardiac
cells assembly were engineered. The cardiomyocytes were cultured on the
wings and the autonomous contraction induce bending and color change.
The change in color is due to nanostructure deformation. The result of their
work under optical microscopy showed the structural color change of the
wing with the cardiac cells cultured on. A single-cell-level detection illus-
trates the working concept. The relationship between the bending angles of
the wing and the wavelength peak value in this paper’s finding shows that
more bending angle corresponds to lower reflected wavelengths13.

Another detectable optobiobot used a structural color layer for indi-
cating the status of locomotion so when crawling by autonomous con-
traction of the cardiomyocytes as the actuation unit, on a filter paper, the
changes in color were visible. Optical images also help better observe this
during half myocardial cycle. The correlation between the bending angle
and the reflection peak values showed the same relationship to that of the
previous work on morpho butterfly wing15.

Table 1, compares the performance and design features of various
biobots and complies key characteristics and performance metrics of
representative biobots discussed.

Conclusion and future perspectives
Over the past decade, biobots have rapidly emerged at various scales by
integrating living components with biomaterials. This innovative biohybrid
approach has led to the development of motile biobots capable of walking,
swimming, and grabbing. Early pioneering studies utilized muscle cells and
tissue constructs for actuation, laying a solid foundation formore advanced
biobots that mimic complex life-like movements. These initial biobots not
only demonstrated the feasibility of combining biological systems with soft
robotic systems, but also highlighted the vast potential for diverse applica-
tions.Anotable example is the development of “pump-bots” in recent years,
which leverage muscle contractions for fluid transport31,34,77.

Despite this exciting progress, significant challenges remain for biobots
to achieve widespread real-world applications. One of the primary obstacles
is the longevity and stability of living cells. Ensuring the health and viability
over extended periods is a persistent challenge, as cells are prone to
degradation78,79. Other challenges and limitations of this area include sen-
sitivity of living contracting units to environmental factors and complicated
requirements that currently exist in cell culture. Moreover, most of the
current biobots are still constrained by their simple geometry and small
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actuation force, which greatly restrict their functionality and versatility for
real world applications. Another key challenge lies in enhancing the control
systems of biohybrid robots. Most existing systems still rely on external
electrical or optical controls and lack the ability to perform complex tasks
autonomously. A potential approach for addressing the challenges that this
field faces regarding the biological units, can be the potential use of fungal
mycelia as an alternative for the contracting sector of the biobots62.

A key trend in the field is the integration of microelectronics, neurons,
and muscle tissues, paving the way for intelligent biobots capable of
responding to environmental signals, adapting their actions, and even
exhibiting basic learning and memory. Another area of significant progress
is in the introduction of smart biomaterials (which can responddynamically
to external stimuli such as light, pH, temperature, or electric fields), and
structural designs as advanced biobots structures. Advances in

Fig. 5 | Pumpbots. AMuscle-driven, impedance-based pump-bot: asymmetric tube
deformation (i, ii) generates unidirectional flow (iii) with enhanced output under
electrical stimulation (iv)34. Reprinted from (34) with permission from PNAS.
BMicro-spherical heart pump: a cardiomyocyte-wrapped PDMS sphere (i-iii)
generates pulsatile flow through capillaries, with tracer displacement confirming
rhythmic actuation (iv)35. Reprinted from (35) with permission from Royal Society
of Chemistry. C Engineered heart ventricle: (i–ii) Aligned cardiomyocytes and

layered infiltration on surface and cross-section. (iii) PV loops show contractile
response to isoproterenol. (iv) Ventricle mounted in bioreactor for functional
testing74. Reprinted with permission from Springer Nature. D Valved, cardiac-
inspiredminiPUMP: (i) integrates a suspension valve for unidirectionalflow, (ii) and
reproduces ventricular-like mechanics with a pressure–volume loop showing iso-
volumetric phases (iii)75. Reprinted with permission from AAAS.
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biomanufacturing80–82 are enabling the creation of smart biomaterials83 and
complex structures that allow for large-scale structural deformation and
configuration, whichwill eventually enhance the biorobotic performance in
locomotion tasks such as walking or swimming. These innovations will also
facilitate the design of multifunctional biobots that can perform different
types of locomotion, such as switching between crawling and swimming.
Advanced microelectronics and biosensors are playing a crucial role in
advancing biohybrid robotics, enabling more precise control and real-time
monitoring of biobot systems. Bioelectronics (combination of biological
specimen and electronic devices) enable remote control of movement,
which is a critical step toward developing autonomous biobots capable of
carrying outmore complex tasks84,85. Bioelectronicswill also enable onboard
computing, allowing biobots to process environmental signals indepen-
dently. Integrated biosensors will allow biobots to respond adaptively to
their surroundings86, enabling novel applications that require high levels of
environmental sensitivity and autonomy. For example, such systems would
enable biobots to interpret real-time sensory data and adjust their behavior
accordingly, whichwould be invaluable in applications like cancer-targeting
drug delivery in the human body, where precision and adaptability are
essential.

Biohybrid robotics holds promising potential in fields such as
medicine87–89, environmental science, and more others. One promising
direction is the development of autonomous intelligent biobots with
learning and memory capabilities. By incorporating bioelectronics and
neuromuscular networks, future biobots could adjust their actions based on
past experiences, making them capable of rudimentary decision-making.
The in vitro biological neural networks (BNNs) can interact with the
external world and perform preliminary intelligent behaviors like learning,
memory and control90–92.This adaptive behavior would be invaluable in
scenarios requiring responsive, real-time interaction, such as targeted
medical interventions or environmental sensing. The medical applications
of biohybrid robots are particularly intriguing. For example, microrobots
have been demonstrated as diagnostic and therapeutic agents capable of
navigating complex biological environments to deliver therapeutics with
precision93. Beyond the biomedical domain, biohybrid swimmers and
crawlers have been investigated as tools for environmental monitoring,
where their ability to sense, adapt, and respond to dynamic conditions could
be leveraged for detecting pollutants and ecological changes94. Recent
advances further highlight the potential of biohybrid robots in sustainability
and monitoring applications. For example, Song et al.94 demonstrated
magnetotactic bacteria-based microrobots capable of coordinated 3D
swarming for capturing aquaticmicro- andnanoplastics. Similarly, Soliman
et al.95 introduced yeast-driven sensing robots that leverage yeast metabo-
lism for environmental biosensing. Together, these studies underscore the
expanding diversity of biological platforms and applications beyond tradi-
tional bacterial or mammalian systems.

In the future, biocompatible intelligent biobots could perform mini-
mally invasive taskswithin thehumanbody. For example, amicro-bot could
navigate in the circulatory system, reach a specific target site, and deliver
therapeutic agents or perform localized repairs. This precision and func-
tionality would mark a major advancement in personalized medicine and
healthcare innovation6. However, these advances also raise novel ethical,
legal, and regulatory challenges. For example, Mestre et al.96 emphasize the
need for dedicated governance frameworks to address the unique ethical
issues of living robots.

Finally, interdisciplinary collaboration across materials science, syn-
thetic biology, bioelectronics and biosensors, advancedmanufacturing, and
artificial intelligence andneural networks (for intelligent behavior)will drive
the future of biohybrid robotics. The performance and capabilities of bio-
hybrid robots are tightly linked to innovations in both biomaterials and
bioengineering. By combining expertise from these diverse fields,
researchers candevelopbiobotswith enhanceddurability, functionality, and
autonomy, pushing the boundaries of what is possible in biohybrid systems.
These interdisciplinary efforts will be the key to transforming biohybrid
robotics from an emerging field into a practical technology, enabling a wide

range of real-world applications, from environmental monitoring to
healthcare innovation.

In summary, biohybrid robotics represent an exciting frontier in bio-
technology, where the integration of biology and engineering has the
potential to revolutionize a wide range of fields. The creation of biohybrid
motile robots- walkers, swimmers, grippers, pumps, optobots and eBiobots
demonstrates the versatility and vast potential of these systems. As research
progresses, biobots are set to redefinewhat is possible in robotics, paving the
way for new advancements in medicine, environmental monitoring, and
beyond.
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