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A butterfly-like robot swims using an electronic device to stimulate human-derived motor neurons and cardiac

muscle cells.

Within the broader field of robotics, one di-
rection of thought is to draw inspiration from
nature to address long-standing challenges.
Animals typically have a higher performance—
such as increased energy efficiency, agility, and
damage tolerance—compared with their ro-
botic counterparts because of evolutionary
pressures driving biological adaptations (1).
Therefore, bioinspired designs offer promising
approaches to enhancing traditional rigid and
soft robots.

A relatively nascent and growing subfield
of bioinspired robotics is biohybrid robotics,
which integrates both artificial and biological
materials into an engineered construct. Such
biohybrid techniques include microorganism
bots, cyborg methods using entire animals,
and tissue-engineered robots (1-3). Tissue-
based biohybrid robotics offers additional in-
terdisciplinary insights into human health,
medicine, and fundamental research in biol-
ogy. In their recent article, Tetsuka et al. (4)
debut an untethered biohybrid neuromus-
cular robot with a spanwise body length of
30 mm (Fig. 1C) that uses butterfly-like
flapping motions to swim forward. The robot’s
average swimming speed is 0.52 + 0.22 mm
s”' and average turning path curvature is
0.11 +0.04 mm™".

Butterfly wings (Fig. 1A) and batoid fish
fins (such as those of rays and skates, as
shown in Fig. 1B) are models for bioinspira-
tion because they possess oscillatory and/or
undulatory motions, which have potential
advantages for faster propulsion, decreased
power consumption, and enhanced maneu-
verability (5, 6). Two examples of bioinspired
soft robots using entirely engineered mate-
rials include a butterfly-shaped construct
made from a deformable photoresponsive
hydrogel that uses visible light to drive swim-
ming (7) and a tethered bistable soft flapping
actuator (Fig. 1D). The bistable butterfly bot

is composed of a silicone body and two flex-
ible polyester ribbon fin frames and is ca-
pable of achieving fast swimming speeds
using snapping instabilities, the same prin-
ciple observed in hair snap clips and jump-
ing popper toys (5). These purely engineered
actuators offer new methods to design faster
and more energy-efficient robots that ex-
hibit similar modes of locomotion to that
presented in Tetsuka et al. However, artifi-
cial actuators still possess some limitations,
such as the high driving voltage of select elec-
troactive polymer (EAP) actuators (2).

To address these limitations, tissue-based
actuators can take advantage of inherent
biological systems, such as the greater effi-
ciency at which biological actuators, com-
pared with synthetic actuators, can convert
chemical to mechanical energy (8). Like the
butterfly-inspired swimming robots using
engineered materials, previous studies have
developed tissue-engineered ray robots for
forward propulsion and turning maneuvers
in cell culture media. One example is a light-
driven biohybrid robotic ray, composed of a
monolayer of optogenetic rat-derived car-
diomyocytes (CMs) patterned on a flexible
scaffold, with a stiff gold skeleton for elastic
energy storage (Fig. 1E). This tissue-engineered
robot using CMs retained 80% of its ini-
tial swimming speed for up to 6 days (6),
compared with the neuromuscular robot
in Tetsuka et al., which maintained signal
transduction and retained 82% of its initial
angular displacement for up to 5 weeks
(4). In another manta ray-inspired robot,
mouse-derived skeletal muscle tissue was
used for actuation. Despite slower swim-
ming speeds compared with other robotic
methods, this work showed stable and real-
time controllable swimming using a dynamic
control method based on circularly distrib-
uted multiple electrodes (CDMEs), a method
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of culturing circular tissues and facilitating
cell differentiation (8).

A key challenge of tissue-engineered ro-
bots is to incorporate upstream neural control
into muscle-based biohybrid robots, which
prior biohybrid ray robots lacked (3). Other
previous studies have harvested neuromus-
cular tissue circuits from sea slugs and incorpo-
rated them into biohybrid constructs (1), and
more recent work demonstrated the successful
implementation of neuromuscular units on
a light-controlled flagellar construct com-
posed of mouse skeletal muscles and opto-
genetic motor neurons (MNs). This biohybrid
flagellar robot swam at slow speeds, an ex-
pected limitation for flagellar motile bots at
low Reynolds numbers (9).

To design next-generation neuromuscular
biohybrid robots with increased controlla-
bility and cell responsiveness, Tetsuka et al.
demonstrate a wirelessly powered bioelec-
tronic robot. Multiple frequencies excite
human induced pluripotent stem cell (iPSC)-
derived MNs, which then stimulate iPSC-
CM s to contract and drive forward swimming
(4). These authors addressed a previous limi-
tation, that some neuromuscular robots re-
quire external control such as a light source,
by incorporating an onboard electronic con-
trol system to act as an “artificial brain” for
selective neural activation. A parallel double-
frequency transmitter uses two nonoverlap-
ping modulation signals (6.78 and 13.56 MHz
for resonant coils controlling the left and right
fins, respectively) to provide electrical stimu-
lations to the neuromuscular robot through
magnetic coupling. As illustrated in Fig. 1C,
the multilayer robot design includes a wire-
less circuit, carbon nanotube (CNT)/gelatin
thin-film scaffold, and tissue-engineered bi-
layer of iPSC-MNs-iPSC-CMs.

Notably, this biohybrid robot uses artifi-
cial electrical synapses, or gap junctions, be-
tween the two different cell types for more
robust cell signaling, including faster bidirec-
tional signaling and longer sustained muscle
contractions up to 150 s. In comparison, this
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Model organisms in nature

Fig. 1. Bioinspired thin-film robotic constructs based on flapping animals. Model organisms for bioinspired and tissue-based biohybrid robots include (A) butterflies
and (B) ray fishes. (C) A notable example of a biohybrid robot is a bioelectronic neuromuscular construct that uses frequency multiplexing. As shown in the schematic, a
wireless circuit comprising cell stimulation electrodes, coils, diodes, and capacitors uses two frequencies (6.78 and 13.56 MHz) to activate a layer of human-derived MNs,
which then stimulate CMs, embedded on a thin film of CNT fiber/gelatin and encased in polydimethylsiloxane (PDMS). The MNs stimulate cardiac muscle contractions to
incite forward swimming (4). Other examples of flapping fin robots include (D) butterfly-like soft robots that use bistable flexible actuators (5) and (E) ray-like tissue-

engineered robots that use rat CMs (6).

is 7.5 times longer than neuromuscular ro-
bots that use chemical synapses, which ex-
hibit muscle fatigue after 20 s because of the
depletion of neurotransmitter vesicles at the
neuromuscular junction (9). By indepen-
dently modulating the left and right fins,
Tetsuka et al. trigger synchronized flapping
using interdigital signal multiplexing and al-
ternate flapping using time-differential multi-
plexing; alternating fin flapping resulted in
maximum straight swimming speeds. Another
substantial result of this work is the decreased
threshold voltage to excite the cardiomyocytes
through neurons, rather than directly stimulat-
ing the muscle cells. This finding suggests
that neuromuscular robots can reduce pow-
er costs compared with cardiomyocyte-only—
based robots (4).

The advent of this bioelectronic neuro-
muscular robotic swimmer suggests the po-
tential to build autonomous biohybrid robotic
systems that can achieve adaptive motor
control, sensing, and learning. New tissue-
based biohybrid robots could have promising

Xu, Sci. Robot. 9, eads4127 (2024)

25 September 2024

Bioinspired and biohybrid robotic constructs

biomedical applications for studying neuro-
muscular diseases, such as organoids-on-a-
chip for drug evaluation (10). Using electrical
synapses and localized neural stimulation
to enhance cell signaling and robust muscle
stimulation, as demonstrated in this new
study (4), future work can focus on other
challenges, such as continued progress on
scalability, fabrication, predictive model-
ing, and ethical considerations of tissue-
engineered biohybrid robots.
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