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Optogenetic neuromuscular actuation of a miniature 
electronic biohybrid robot
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Sehong Kang8, Jae-Sung You1,4,9, Jongwon Lim1,4, Katy Wolhaupter1,4, Yikang Xu1,  
Zhengguang Zhu2,10, Jianyu Gu2, Xinming Li2,3, Yongdeok Kim1,11, Tarun Rao4,  
Hyun Joon Kong7,12,13, Taher A. Saif7,8, Yonggang Huang2,5,14,15*,  
John A. Rogers2,3,14,15,16,17*, Rashid Bashir1,4,7,13,18*

Neuronal control of skeletal muscle function is ubiquitous across species for locomotion and doing work. In par-
ticular, emergent behaviors of neurons in biohybrid neuromuscular systems can advance bioinspired locomotion 
research. Although recent studies have demonstrated that chemical or optogenetic stimulation of neurons can 
control muscular actuation through the neuromuscular junction (NMJ), the correlation between neuronal activi-
ties and resulting modulation in the muscle responses is less understood, hindering the engineering of high-level 
functional biohybrid systems. Here, we developed NMJ-based biohybrid crawling robots with optogenetic mouse 
motor neurons, skeletal muscles, 3D-printed hydrogel scaffolds, and integrated onboard wireless micro–light-
emitting diode (μLED)–based optoelectronics. We investigated the coupling of the light stimulation and neuro-
muscular actuation through power spectral density (PSD) analysis. We verified the modulation of the mechanical 
functionality of the robot depending on the frequency of the optical stimulation to the neural tissue. We demon-
strated continued muscle contraction up to 20 minutes after a 1-minute-long pulsed 2-hertz optical stimulation of 
the neural tissue. Furthermore, the robots were shown to maintain their mechanical functionality for more than 
2 weeks. This study provides insights into reliable neuronal control with optoelectronics, supporting advance-
ments in neuronal modulation, biohybrid intelligence, and automation.

INTRODUCTION
The central nervous system plays a critical role in controlling bodily 
functions, such as sensing, memory, and behavior, by transmitting 
neurotransmitters through synaptic communication (1). Specifically, 

neuron-innervated skeletal muscles generate a range of mechanical 
outputs through neuromuscular junctions (NMJs). Therefore, there 
is growing interest in biomimicking the neuron-muscle interactions, 
particularly in biohybrid robotics. Thus far, actuating muscle tissues 
integrated with two- or three-dimensional (3D) scaffolds have been 
developed to mimic bodily movements like swimming (2–4), walking 
(5–9), and grabbing (10). Although some studies have used electrical 
stimulation to activate voltage-gated ion channels (8, 9, 11, 12), others 
have used optical stimulation on optogenetically transduced myo-
tubes for spatial control of actuation (4, 7, 13). Biological stimulation 
through motor units, which can autonomously maintain firing and 
act as biobatteries or oscillators, holds potential for next-generation bio-
hybrid robots. However, autonomous functions through neuromuscular 
units remain underexplored, with only a few demonstrations to date 
(2, 5). Although chemical excitation and inhibition of pre- and postsynap-
tic areas (2, 5, 14, 15) and electromechanical stimulation of NMJ gap 
junctions have been demonstrated inducing direct stimulation on neu-
rons (9), a deeper demonstration and understanding of the modulation 
and automation of neural activity remain challenging, especially as 
these relate to creation of high-level biomimetic systems.

A key method for modulating neural activity involves exposing 
neurons to external stimulation to evoke neuronal firing. One of the 
approaches uses optogenetic control by introducing light-gated ion 
channels, such as channelrhodopsin-2 (ChR2), into the neurons 
(16) and has proven particularly useful in neuroscience. For exam-
ple, optogenetic stimulation of the motor cortex in monkeys has 
induced forelimb movements (17), whereas in mice, optogenetic 
motor neurons have been used to restore muscle function by rein-
nervating damaged muscles (18). Optical stimulation of ventral 
tegmental area (VTA) dopaminergic neurons has also been shown 
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to release dopamine (19), detectable by electrochemical sensors. 
Some studies have reported emergent behaviors in neural networks, 
such as synchronicity, oscillation, plasticity, and self-organization. 
For example, engineered neural tissue (NT) models have demon-
strated synchronized activity of the entire tissue using spot 
stimulation (20). Repetitive line-scanning optical stimulation of 
optogenetic NT has been shown to encode neuronal plasticity path-
ways (21). These signaling processes have gained substantial interest 
from researchers seeking to mimic the “emergent behaviors” of neu-
rons through training with external stimuli. Neurons have also 
been shown to adapt to unpredictable stimulus conditions by mini-
mizing their internal free energy, holding promise for developing 
neurorehabilitation (22), gaming (23), and neuronal computing 
systems (24). Although these studies have made notable progress in 
modulating functional outputs via neuronal activity, the neuronal-
to-mechanical transduction remains less understood.

In this study, we aimed to address these questions by developing a 
robust in vitro NMJ-driven biohybrid crawling system that combines 
optogenetic motor neurons with skeletal muscles on a 3D-printed 
hydrogel scaffold with wireless onboard optoelectronics (Movie 1 
and Fig. 1A). We demonstrated single- and dual-NT NMJ biohybrid 
crawlers by varying scaffold designs, resulting in crawling driven by 
spontaneous or stimulated neuronal firing. Finite element analysis 
(FEA) supported our experimental observations, revealing mecha-
nistic insights into the locomotive behavior. Using wireless-controlled 
onboard electronics, we delivered light pulses with varying frequencies 
to modulate neuronal activity resulting in dynamic actuation of the 
skeletal muscle tissue and resulting motion. We analyzed both au-
tonomous and stimulated actuation behaviors in the crawler through 
power spectral density (PSD) analysis to investigate the correlation 
between mechanical output and modulated neuronal activity. The in-
tegration of micro–light-emitting diodes (μLEDs) with NMJ crawlers 
enabled reliable optogenetic stimulation and facilitated a detailed un-
derstanding of the mechanical outputs of skeletal muscle driven by 
neuronal inputs. These findings offer a valuable perspective on neural 
tuning and its role in modulating skeletal muscle outputs, paving the 
way for developing advanced biohybrid robotics capable of adaptive 
learning and enhancing our understanding of neuromuscular activities.

RESULTS
Formation of the 3D neuromuscular tissue on a 
synthetic scaffold
The overall experimental procedures are illustrated in Fig. 1B. A 3D 
two-legged skeleton scaffold with dimensions of 7 mm by 14 mm by 
3.6 mm was fabricated using stereolithography with polyethylene 
glycol diacrylate [PEGDA; number-average molecular weight 
(Mn) ~ 700 g/mol], designed to demonstrate unidirectional crawling 
behavior. According to dynamic mechanical analysis (DMA) (25), 
the Young’s modulus of the printed hydrogel structure was ~250 kPa. 
To directly integrate a muscle tissue into the skeleton, we prepared an 
additional mold as described in the previous mold injection method 
(13). We also designed an insertable pole structure to create a 
through-hole in the muscle tissue, where neurospheres would later 
be seeded for the single-NT system (fig. S1). After assembling these 
parts, C2C12 mouse skeletal myoblasts were seeded into the mold 
with Matrigel and fibrin. After tissue seeding, the myoblasts con-
tinued to proliferate in the growth medium (GM), compacting for 
3 days in the presence of 6-aminocaproic acid (ACA) to inhibit deg-
radation of fibrin by enzymes (7). The samples were then cultured in 
the muscle differentiation medium (DM) for 5 days to facilitate the 
formation of contractile myotubes. Neurospheres containing opto-
genetic motor neurons were derived separately by directed differen-
tiation of optogenetic mouse embryonic stem cells (mESCs) toward 
lower spinal cord motor neurons following established protocols 
(26–28). The insert pole at the center of the muscle tissue was re-
moved, and the neurospheres were transplanted into the resulting 
cavity in a fibrin-Matrigel mixture to initiate coculture. We also de-
signed a dual-NT model to evaluate the functionality of NMJs and 
the motility of crawlers on the basis of the location of NTs (fig. S2). 
For this, two chambers were created, one at the center of each leg. 
Similar to the single-NT NMJ system, insertion structures were add-
ed to the chamber before seeding myoblasts to occupy spaces for 
neurospheres. These chambers featured inward-facing slits, a series 
of posts (50 μm) and gaps (100 μm), to stably anchor the muscle tis-
sue close to the neural matrix and provide pathways for the exten-
sion of neurites and formation of NMJs. Figure 1C shows images of 
both single- and dual-NT NMJ biohybrid crawlers, displaying the 

neurospheres alongside the muscle strip.
Neurospheres were imaged using bright-field 

and fluorescence microscopy to characterize 
their morphology and phenotype (Fig.  1D). 
Bright-field imaging showed that the overall 
size of spheroids was 189.17 ± 43.82 μm. The 
mESCs were transduced with fluorescently 
tagged promoters, HB9–green fluorescent pro-
tein (GFP) and ChR2-tdTomato, to visualize 
motor neurons and light-gated ion channels 
(29). Fluorescence imaging revealed ChR2-
tdTomato+ (i.e., optogenetic) cells throughout 
the spheroid, a subset of which was HB9-GFP+ 
motor neurons. We also visualized the entire 
NMJ crawler to verify the confinement of 
neuronal cells in the seeding region. As shown 
in the phase-contrast image in Fig. 1E, both 
the muscle strip and the neurospheres were 
distinctly observed, showing close contact 
between them. Fluorescence images revealed 
GFP and tdTomato signals in the center of the Movie 1. Overview of the NMJ-based biohybrid crawling robot. 
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muscle tissue, indicating that the neurospheres stayed within the seed-
ing region at the center of the muscle strip. Last, the optoelectronic 
device was integrated into the scaffold as shown in Fig. 1F to com-
plete the assembly of the biohybrid NMJ crawler. We placed the opto-
electronic device on top of the crawler, in the middle of stopper 
structures, to enable spatial stimulation of neurospheres. This device 
emitted 460-nm blue light via five μLEDs and was powered and con-
trolled wirelessly by resonant magnetic induction coils from an exter-
nal transmitter.

Characterization of NMJs
We further investigated protein expressions and localization through 
immunostaining of the neuromuscular tissues (Fig. 2A). After 5 days of 
coculture, the single-NT neuromuscular tissues were fixed in parafor-
maldehyde (PFA) and bound to target myosin 4 monoclonal antibod-
ies (MF-20), beta-III-tubulin (Tuj1), 4′,6-diamidino-2-phenylindole 
(DAPI), and α-bungarotoxin (α-BTX) to stain myosin heavy chain, 
microtubules, cell nucleus, and acetylcholine receptors (AChRs), 

respectively. The expression of MF-20 was observed over the entire 
muscle tissue, indicating differentiated myotubes expressing myosin 
heavy chain. At the junction interfaces, Tuj1 was brightly observed in a 
spherical shape, representing a body of neurospheres. We observed the 
extension of neurites from spheroids to muscles, potentially caused by 
the biological signaling for synaptogenesis via agrin and laminin 
(30). In addition, we detected α-BTX expression on the surface of myo-
tubes, signifying the clustering of postsynaptic AChRs (fig. S3). These 
results are in accordance with previous reports of imaging neuro-
muscular synaptic interfaces in in vitro systems (fig. S4) (5, 29, 31).

Neuromuscular tissues were collected and analyzed using quan-
titative polymerase chain reaction (qPCR) to further understand 
genetic regulations induced by the neuromuscular interactions. 
Given that the most notable activity of the NMJ is synaptic commu-
nication, we examined genes related to AChR clustering and stabili-
zation, including MuSK, DOK-7, Rapsyn, and CHRNA (Fig.  2B) 
(32–35). Given that the junction is formed at the surface of mature 
myotubes, expression levels were normalized to the housekeeping 

Fig. 1. Fabrication of NMJ-driven biohybrid crawler with μLED optoelectronics. (A) Brief illustration of key components of the NMJ crawler. (B) Schematics of the ex-
perimental procedure for NMJ tissue preparation. Depending on where neural chambers exist, NTs are located at the center of or beside the muscle tissue. Inset shows 
the two versions of NMJ models, single-NT and dual-NT. Red dotted circle denotes boundary of NTs that form the NMJ in a lateral direction. (C) Pictures of single- and 
dual-NT NMJ crawlers. Scale bars, 5 mm. (D) Fluorescence expression of optogenetic mESCs transduced by HB9-GFP and ChR2-tdTomato. Scale bars, 200 and 100 μm. 
(E) Fluorescence mapping of a whole NMJ crawler showing the localization of neurospheres in the tissue. Scale bars, 3 mm. (F) Representative image of the completely 
integrated NMJ crawler. Scale bar, 5 mm.
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gene and muscle creatine kinase (MCK) indicative of terminal mus-
cle differentiation (36). Compared with muscle-only control groups, 
the relative quantity of all four genes (MuSK, DOK-7, Rapsyn, and 
CHRNA) appeared to be up-regulated, 1.24, 1.42, 1.65, and 1.53 
times higher in the neuromuscular tissue, respectively, implying 
that the formation of AChR clustering was induced by the neuro-
spheres (N  =  3 biological replicates; *P  <  0.05). However, there 
seemed to be no notable differences between muscle-only and NMJ 
groups, presumably because of the large differences in the muscle 

and neuronal cell density, with localization and regulation of those 
genes at only motor endplates (37). We further verified the forma-
tion of the NMJs by investigating differentially expressed genes by 
mRNA sequencing (Fig. 2C). The sequencing results showed a total 
of 2102 genes that were differentially expressed; specifically, 811 
were down-regulated and 1291 were up-regulated with a q value of 
less than 0.05 (N = 3 biological replicates). We sorted out several genes 
related to synaptic functions, muscle differentiation, and neuronal 
activity, focusing on the up-regulated genes. Dlk1 was significantly 

Fig. 2. Characterization of NMJs. (A) Immunostaining images of an NMJ tissue, showing myosin (MF-20, red), neuronal units (Tuj1, green), AChRs (α-BTX, orange), and 
cell nucleus (DAPI, blue). Scale bars, 100 and 20 μm. White arrows denote the representative location of synaptic junctions. (B) Relative quantification (RQ) of NMJ-related 
genes functioning on development and stabilization of AChRs. In comparison with a muscle-only control group, neuromuscular tissues showed up-regulation of MuSK, 
DOK-7, Rapsyn, and CHRNA. Data represent means ± SD (N = 3 biological replicates; *P < 0.05). (C) Analysis of the fold change of RNA expression between muscle-only 
and neuromuscular tissues. Inset shows the heatmap of up/down-regulated genes under a q value of 0.05 (N = 3 biological replicates). (D) Biological gene ontology 
analysis based on differentially expressed genes (FDR < 0.05).
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up-regulated, in agreement with previous reports that neuronal 
cells help muscle development by fostering myogenic differentiation 
(38). We also noted higher expression levels in Mdk, Tspan1, and 
Camsap3, which maintain neuronal polarity with stability and pro-
mote neurodevelopment and synaptogenesis (39–41). Particularly, 
Mdk is known to induce clustering of AChRs on muscles, playing a 
critical role in forming NMJs (39). Up-regulation of Rimklb and 
Lrp1 indicates synaptic development (42–45). Gabrb3 is known to 
influence the AChR (46). Nrxn1 has a function of neurotransmitter 
release at NMJs and synapses (47). Other genes, illustrated in Fig. 2C, 
are also known to help promote NMJ maturation (48), neurotrans-
mitter release (49, 50), and signaling required to form stable NMJs 
(51). For further information, we conducted a biological gene ontol-
ogy analysis based on up-regulated differentially expressed genes 
[false discovery rate (FDR)  <  0.05], which showed enrichment in 
certain biological pathways (Fig. 2D). There are enrichments in path-
ways related to NMJ formation, chemical synapses, and synaptic sig-
naling processes, directly supporting formation of an NMJ, in addition 
to our functional results.

We conducted calcium imaging to visualize neuronal and mus-
cular activity through the corresponding intracellular calcium ion 
flux (52). Neuronal firing involves calcium influx, which can be vi-
sualized using fluorescent calcium indicators. When action poten-
tials reach the nerve terminal, acetylcholine is released into the 
synaptic cleft. Acetylcholine then binds to the receptors on the post-
synaptic muscle membrane, inducing downstream action potentials 
in the muscle cells. This leads to calcium ion flux from sarcoplasmic 
reticulum, causing the myosin and actin filaments to slide. There-
fore, both myotube contractions and neuronal firing activity can be 
visualized simultaneously using calcium imaging, as shown in 
fig. S5 (movie S1). We observed both neuronal cells and myotubes 
spontaneously blinking, which indicates a flux of calcium ions oc-
curring at those cells. We believe that the small amount of glutamate 
content in the medium could evoke the firing of motor neurons 
leading to the contraction of myotubes (31). We designated several 
regions of interest (ROIs) for neurons and myotubes and tracked the 
fluorescence signal over time. We observed calcium flux occurring 
at a frequency of 2.1 ± 1.3 s−1 at the ROIs corresponding to myo-
tubes and 1.8 ± 0.73 s−1 at the ROIs corresponding to neurospheres. 
The difference in the frequencies of calcium spikes between muscle 
and neuron regions was not statistically significant. Although indi-
vidual neuromuscular units could not be identified morphologically 
in these images, the similar frequency of calcium spikes in neurons 
and myotubes implies a possible coupling between spontaneous 
muscle contraction and neuronal firing.

Analysis of crawling dynamics of NMJ robots
After confirming spontaneous neuronal signaling and active con-
traction of the myotubes, we investigated mechanical outputs of 
skeletal muscles by tracking their contraction and actual locomo-
tion. For this analysis, we prepared two-chamber, dual-NT NMJ 
crawlers by seeding neurospheres into both chambers (Fig. 3A). We 
observed the autonomous twitching of an NMJ crawler during co-
culture, verifying the functionality of the NMJs evoked by spontane-
ous neuronal activity (movie S2). First, we conducted FEA to confirm 
the unidirectional crawling behavior driven by muscle actuation. 
We built a hydrogel scaffold model with dimensions identical to 
those of the 3D-printed scaffold. A freestanding actuating strip 
was formed around the scaffold to induce muscle contraction and 

relaxation. Two types of contractions were generated: static contrac-
tion due to the passive tension of the muscle and dynamic contrac-
tion induced by active tension of the muscle caused by neuronal 
activity. The material properties were obtained from previous stud-
ies (6, 12), and the muscle contraction force was characterized by 
experiments. The contraction curve profile was based on actual 
leg deflections from one of the NMJ samples showing autonomous 
twitching.

FEA results confirmed the unidirectional crawling locomotion 
derived from the asymmetric scaffold design with the actuation rate 
(Fig. 3B). When only static contraction existed, the crawler stood on 
the floor by the heel of each leg (Fig. 3B-i). When dynamic contrac-
tion occurred, both legs moved closer. The long leg, being heavier 
than the short one, required a higher critical friction force to over-
come to slide. Therefore, whereas the short leg reached its own criti-
cal friction force, the long leg remained stationary (Fig. 3B-ii). Upon 
relaxation, both legs slid simultaneously because of the higher relax-
ation rate, exceeding the critical force for both legs. These resulted in 
net displacement toward the long leg side (Fig. 3B-iii). We con-
firmed that both the two-chamber, dual-NT and one-chamber, 
single-NT crawlers exhibited unidirectional locomotion toward the 
long leg side (movie S3). Figure 3C shows the trace of both legs ob-
tained from experiments and simulations, illustrating the crawling 
mechanism. The short leg has much higher displacement than the 
long leg, which agrees with the mechanism identified above: fric-
tional differences between two legs. The trace also shows the net 
displacement of the crawler by repeating contraction and relaxation 
stages. Then, we placed the crawler on a flat surface and recorded its 
locomotion for 1 min. As predicted by our simulation, the crawler 
demonstrated continuous locomotion toward the long leg side, with 
slight rotation, possibly because of the nonuniform density of myo-
tubes throughout the tissue (Fig. 3D and movie S4). The crawling 
velocity was calculated to be 10.5 mm/min on the basis of the net 
displacement (Fig. 3E). The magnified view of the crawling traces 
shows a stepwise profile of the displacement curve, which coincides 
with the crawling mechanism described in Fig. 3C. In the same 
batch, we observed autonomous crawling behaviors from other 
crawlers with variable velocities (fig. S6). One of the key factors af-
fecting this variation could be a synchronicity of the two-NT activ-
ity. We conducted FEA simulations to compare the velocity under 
varying stimulation frequencies and lags in the dual-NT robots to 
investigate the mutual influence between two NTs (fig. S7). The re-
sults indicate that the robot achieved the highest velocity when both 
NTs fired at the same frequency. Other possible factors of the vari-
ability could be due to variations in cell density, innervation effi-
ciency, and myotube differentiation status and could be challenging 
to completely control. Through these investigations, we successfully 
reproduced autonomous NMJ-driven crawling in multiple samples.

Chemical regulation of neuromuscular actuations
We further characterized NMJ-driven muscle contraction by ana-
lyzing the mechanical output response to chemical stimuli. Previous 
reports have shown that chemical excitation with l-glutamic acid or 
inhibition with tubocurarine and botulinum toxin can modulate 
neuromuscular contraction by binding to receptors on presynaptic 
or postsynaptic sites (2, 14, 15, 29). Similarly, we investigated how 
inhibitory molecules affect the motility of autonomous crawlers. 
Curare, a competitive binding molecule for the acetylcholine, was 
added twice to an autonomous crawler with final concentrations of 
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25 and 50 μM (Fig. 3F and movie S5). Although the crawler contin-
ued moving after the first addition of curare, muscle contraction 
slowed down and eventually stopped 30 s after the second addition. 
The crawling trajectory showed that the straight-line movement of 
the crawler was impeded after the addition of curare, denoting non-
uniform or weakened contraction of the myotubes (Fig. 3G). The 
net displacement also indicated that the crawler remained station-
ary after curare was added (Fig. 3H). Considering the delayed effect 
of curare, sufficient time was required for diffusion and activation of 
these molecules at active sites.

Leg deflection was further analyzed using inhibitory and excit-
atory molecules, 50 μM curare and 400 μM l-glutamic acid, respec-
tively. The deflection trace shows that curare weakened muscle 

contraction, whereas l-glutamic acid induced significantly stronger 
deflection compared with the initial state (Fig. 3I). Statistical analy-
sis of muscle contraction forces revealed that l-glutamic acid re-
sulted in the strongest deflection (N  =  71; 230.5  ±  26.3 μN) 
compared with the initial state (N = 38; 135.1 ± 48.9 μN) and cu-
rare treatment (N = 44; 83.8 ± 27.5 μN) (means ± SD; ***P < 0.001) 
(Fig. 3J). On the basis of this observation, we confirmed that muscle 
contraction observed in the NMJ crawler was primarily driven by 
NMJ signaling mechanisms via neurotransmitter transduction. 
Because curare binding is reversible, optical stimulation of the 
optogenetic neurospheres was able to restore the twitching of the 
muscle (movie S6), further validating the optogenetic function of 
the NMJ.

Fig. 3. Analyzing locomotion of dual-NT NMJ crawlers driven by spontaneous neuronal activity. (A) Brief illustration of a two-chamber dual-NT NMJ crawler. (B) FEA 
of the crawling behavior of the asymmetric scaffold. (C) Leg deflections of the long and short leg obtained from simulation (blue line) and experimental recording (black 
line with red circle). Data represent means ± SD (pink-shaded area) (N = 6 independent trajectories). The 2.2-Hz twitching frequency was applied to the simulation. 
(D) Snapshots of the NMJ crawler during locomotion. Scale bars, 3 mm. (E) Comparison of crawling trajectories extracted from simulation (red) and experiment (black). 
(F) Chemical inhibition of crawling by adding the inhibitory molecule curare. Scale bars, 3 mm. (G) Recorded crawling trajectories in the x-y plane and (H) corresponding 
net displacement with increasing concentration of the curare. (I) Effect of curare and l-glutamic acid on leg deflections. (J) Statistics of contraction forces in the presence 
of chemicals. Data represent means ± SD (N = 38, 71, and 44 for initial status, l-glutamic acid, and curare treatment, respectively; ***P < 0.001).
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Optogenetic control of neuromuscular actuations
Although chemical stimulation exhibited promising results for reg-
ulating actuation modes of skeletal muscle, its controllability remains 
limited. To achieve the fine-tuning of the dynamics, we investigated 
how optostimulation of optogenetic motor neurons affects the twitch-
ing modes of the skeletal muscle. Previous studies have demonstrated 
that optostimulation can actively trigger both optogenetic neuronal 
firing (20, 29) and skeletal muscle contraction (6, 7, 13). However, it 
is known that there is a time delay between neuronal firing and ac-
tual muscle contraction (53), so a comprehensive investigation is 
necessary to understand this correlation. 
For the experiment, we seeded neuro-
spheres into only one chamber of the 
scaffold to avoid potential interference 
from independent signaling from the 
other NT. This produced a modified 
single-NT crawler. Optostimulation was 
conducted using an optical fiber emit-
ting 450-nm wavelength light. We focused 
on two types of mechanical behaviors, 
twitching and crawling, depending on 
the orientation or position of the crawler 
(Fig. 4A). After preparing the modified 
NMJ crawler, we observed autonomous 
muscle contraction, but it was not strong 
enough to induce visible movement. The 
crawler showed slow locomotion after 
being stimulated with a 2-Hz pulsed light 
(Fig.  4B). Given that calcium imaging 
revealed that spontaneous neuronal fir-
ing patterns randomly occurred, the spe-
cific frequency of optostimulation likely 
caused synchronized neuronal firing, 
resulting in stronger net muscle contrac-
tion. The average velocity of the light-
initiated crawling was 0.51 mm/min, with 
a maximum of 0.79 mm/min (Fig. 4C). 
After confirming the crawling behavior, 
we flipped the robot upside down to ob-
serve leg deflection by eliminating the fric-
tional effects. First, we analyzed how both 
legs moved under the 2-Hz pulsed light 
(Fig. 4D). Despite the neurospheres be-
ing seeded on one side, both legs twitched 
in a highly synchronized manner, with a 
correlation factor of 0.86. This demon-
strates that localized stimulation of mo-
tor units can drive contraction of the 
entire muscle, consistent with previous 
observations of optogenetic skeletal mus-
cle contractions stimulated by an optical 
fiber (13).

Muscle twitching was further ana-
lyzed in a continuous recording by re-
peating the stimulation with 2- and 4-Hz 
pulsed light. The recording was analyzed 
in sections as indicated in  Fig.  4E. Ini-
tially, we observed the natural twitching 
pattern of the muscle before stimulation 

(Fig. 4E-i). Subsequently, 2-Hz pulsed light was applied for 1 min 
(Fig. 4E-ii), followed by a 40-s period without stimulation (Fig. 4E-
iii). The stimulation was then repeated (Fig.  4E-iv), with a 5-min 
resting period in sequence (Fig. 4E-va–c). Afterward, the frequency 
of the light was changed to 4 Hz with a 30-s duration (Fig. 4E-vi, 
viii, and x), each followed by a resting period (Fig. 4E-vii, ix, and xi). 
After the measurements, we magnified each section to observe the 
twitching modes (Fig. 4F and fig. S8). As expected, muscle contrac-
tion occurred with random patterns and amplitudes before stimula-
tion. When neurons were stimulated with 2-Hz pulsed light, the 

Fig. 4. Optogenetic response of single-NT NMJ crawler controlled by an optical fiber. (A) Illustration of the ex-
perimental setup consisting of single NT with an optical fiber. (B) Snapshots of the NMJ crawler and acceleration of 
crawling behavior by using 2-Hz optical stimulation (scale bars, 3 mm). (C) Crawling trajectory of the crawler over 
time. (D) Synchronized twitching of both legs under stimulation. (E) Observation of long leg twitching under 2- and 
4-Hz frequencies of optical stimulation. (F) Representative deflection traces obtained from each section in (E). 
(G) PSDs of muscle twitching modes with respect to stimulus conditions. (H) Power densities obtained from continu-
ous recording of muscle twitching after the 2-Hz stimulation.
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twitching mode of the muscle gradually shifted to exhibit periodic 
patterns. The periodic patterns were maintained for several minutes 
even after the light source was turned off. Under 4-Hz stimulation, 
the twitching did not change immediately but eventually transitioned 
into a faster vibrational mode with lower amplitude as stimulation was 
repeated. These results suggest that neuronal activity modulation is 
closely related to muscle contraction behavior through synaptic sig-
naling via the junction between motor neurons and myotubes 
(fig. S9). Specifically, before neuronal stimulation, contractions last-
ing longer than 2 s were observed, but such modes were no longer 
present after optostimulation. The initial twitching state of the mus-
cle had a contraction duration of 0.43 ±  0.56 s (N =  83), slightly 
longer than that of the tissues stimulated with 2- and 4-Hz pulses, 
which were 0.31 ± 0.17 s (N = 99) and 0.35 ± 0.13 s (N = 100), re-
spectively. Regarding deflection, noticeable differences were found, 
with values of 0.032  ±  0.023 mm for the prestimulation tissue, 
0.038 ± 0.013 mm for 2-Hz stimulated tissue, and 0.013 ± 0.0059 mm 
for 4-Hz stimulated tissue. Although the average deflection of initial 
status was smaller than that during 2-Hz stimulation, it exhibited 
large variation among individual contractions. For the optostimu-
lated samples, the 4-Hz exposure condition produced a signifi-
cantly lower deflection than the 2-Hz condition, suggesting that 
there was insufficient time for the muscles to relax from contracted 
status. This observation is consistent with our previous results on 
skeletal muscle biohybrid crawlers with electrical and optical stimu-
lation (7, 11).

Temporary tuning of neuromuscular actuation
For the numerical analysis of the twitching modes, each section of 
the trace was converted into PSD. Each spectrum was normalized to 
the maximum value and expressed in  Fig.  4G. In the spectrum 
of Fig. 4G-i, no noticeable peaks were observed because of the ran-
dom firing activity of neurons. However, when the tissue was ex-
posed to 2-Hz pulsed light, some peaks began to appear in the range 
of 1 to 2 Hz. These peaks centered around 1.6 Hz and persisted even 
after the stimulation was turned off and repeated stimulation. The 
peak position remained between 1.59 and 1.84 Hz for more than 
5 min as represented in Fig. 4G-va–c. In the case of 4-Hz stimulation, 
there was a gradual downshift of the peak position from 1.8 Hz to a 
lower value, as shown in Fig. 4G-vi to viii. After all signals disap-
peared from the 1.5- to 1.8-Hz range, a small peak emerged around 
3 Hz, presumably in response to the stimulation with 4-Hz pulses. 
However, the amplitude of deflection was smaller than that mea-
sured under 2-Hz stimulation, making it challenging to obtain clear 
signals. As shown in the PSD data, we noticed that the actual me-
chanical twitching frequency was slightly lower than that of the op-
tical stimulation, which could be explained by the time required to 
induce muscle contraction from the neuronal firing (54). We also 
observed a secondary peak that appeared at the doublet frequency 
of the highest peak. Doublet peaks are commonly seen in mechani-
cal oscillating systems, which confirm the mechanical properties of 
the biological actuation of skeletal muscle and scaffold. Last, we ob-
served sustainability of muscle contraction after being modulated 
by optostimulation (Fig. 4H). We applied a 2-Hz frequency of stim-
ulation to the sample and recorded the twitching motion until it 
ceased. With the traces, we show the power density spectrum with a 
1-min interval. According to the plot, twitching occurred within the 
~1.3- to 1.7-Hz frequency range for 20 min, consistent with the twitch-
ing frequency of tuned muscle observed in Fig. 4G.

Wireless controlled optoelectronics integration
The results described above and shown in  Fig.  4 characterize the 
mechanical output of an NMJ crawler in response to optostimula-
tion using an immobilized optical fiber platform. To investigate the 
dynamic performance of a motile crawler, we integrated a wireless, 
battery-free optoelectronic device into the NMJ crawler scaffold. 
For this approach, we modified the scaffold design of the single-NT 
system to carry the optoelectronic device (Fig. 5A). The optoelec-
tronic device was placed on the top surface of the crawler scaffold, 
secured in place with a stopper structure. Figure 5B presents an ex-
ploded view of the optoelectronic device, illustrating its layered 
structure. The device comprises a parylene-C encapsulation layer, 
an electronic components layer, and a two-layer flexible printed 
circuit board (PCB). The power-harvesting antenna, tuned to the 
13.56-MHz near-field communication (NFC) frequency, featured a 
dual-sided circular coil (5.4 mm in diameter, 22 turns, 50-μm trace 
width, and 50-μm interspace) to enable radio frequency (RF) power 
conversion through resonant magnetic inductive coupling from an 
experimental container wired with a double-loop primary transmit-
ting antenna. Harvested power drove five μLEDs emitting 460-nm 
wavelength light, with frequency and pulse width controlled via 
software (figs. S10 and S11).

After preparing the modified optoelectronic NMJ crawlers, we 
evaluated their autonomous crawling as direct evidence of intact 
NMJ functionality. In the same batch, an NMJ crawler and a muscle-
only control group were placed on a flat dish, and their motility was 
recorded over time (Fig.  5C). The results showed that the NMJ 
crawler exhibited strong dynamic locomotion, whereas the muscle-
only control group remained quiescent, demonstrating that NMJ 
functions were properly established in the modified design. Fur-
thermore, although the NMJ crawler showed locomotion regardless 
of optical stimulation, the nonoptogenetic muscle-only sample did 
not respond at all, as expected. We then optimized the number of 
neural cells in the NT (Fig. 5D). Unlike the two-chamber skeleton, 
the modified design had no compartmentalized chamber for the 
NT, allowing neurons to form more widespread junctions in the vi-
cinity of the muscle tissue. We prepared 15 NMJ crawlers with three 
different numbers of neural cells (0.2, 0.8, and 2 M) in the extracel-
lular matrix (ECM; volume ≈ 26 μl) and compared their autono-
mous crawling velocities. The results showed no significant difference 
in crawling velocity but differences in the yield and performance of 
the devices. In the 0.2-M/26-μl samples, as neurospheres were in-
jected, 20% of the samples did not show any crawling behavior, 
likely because of the absence of NMJ formation due to too few neu-
rons. In the 2-M/26-μl samples, 40% of the samples did not move, 
possibly because of the highly active metabolism of neurons, which 
weakened the performances of myotubes around the neuronal tis-
sue. In this experiment, the 0.8-M/26-μl samples had 100% of the 
crawlers (five of five) showing autonomous crawling, whereas the 
0.2-M/26-μl and 2-M/26-μl cells showed a lower yield. This suggests 
that the number of neurospheres in the tissue (and hence the origi-
nal cell number used) is important for improved functional perfor-
mance. We analyzed neurosphere aggregate sizes as a function of the 
cell numbers seeded. Neurospheres were found to individually be 
attached to muscle tissue for the 0.2-M/26-μl sample, each smaller 
than 200 μm in diameter. Increasing the density to 0.8-M/26-μl cells 
resulted in aggregates of two or three neurospheres, ~300 to 400 μm 
in diameter. At 2-M/26-μl cells, aggregates were found to be larger, 
1 mm in diameter (Fig. 5D-i and fig. S12). It is likely that the lower 
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number of spheroids in the NT does not result in enough functional 
NMJs for the muscle tissue to actuate. This is consistent with prior 
results where lower numbers of neurites and shorter neurite lengths 
were observed at both low and very high seeding densities (14), al-
though those results were from individual neurospheres. A larger 
number of cells could also require greater nutritional contents for 
their metabolism, limiting diffusion of nutrients and oxygen, form-
ing localized nutrient-deficient regions at the center of the NT 
(fig. S12) (55). Locally concentrated metabolic by-products such as 
lactate also negatively affect metabolic activities in peripheral cells 
(56). These factors could result in delayed cell differentiation or re-
duced cell viability within the reported protocols.

Next, we measured the unidirectional locomotion of the NMJ 
crawlers with optostimulation through onboard electronics. To de-
termine the optostimulation conditions, we measured the minimum 
required stimulation time to modulate the twitching mode (fig. S13). 
Initial leg deflection was measured for 1 min without stimulation, 
followed by recording deflection under 2-Hz pulsed light exposure. 
The results showed that the twitching frequency changed quickly 
after the stimulation, within 1 min. Leveraging this finding, we en-
sured at least 1 min of stimulation to complete modulation of me-
chanical twitching. Therefore, we provided optical stimulation (1 min 
20 s) to an NMJ crawler and confirmed that the crawler maintained 
its locomotion after turning off the stimulation (movie S7). This 

coincides with our previous observation that the mechanical twitch-
ing can be temporarily tuned by modulated neuronal activity. Then, 
we analyzed changes in crawling characteristics depending on the 
optical stimulation. Figure 5E shows an example of a crawler that 
exhibited autonomous muscle contraction but not enough to induce 
crawling, as described in Fig. 4C. The crawler remained stationary 
until 2-Hz pulsed light was applied through the onboard electronics, 
at which point it began to crawl slowly toward the longer leg (movie 
S8). This could be explained by the synchronization of muscle con-
traction driven by ensemble neuronal firing evoked by the optical 
stimulation. Likewise, the crawler continued to move even after the 
stimulation was turned off, verifying the tuning of the mechanical 
actuation. In contrast, another crawler showed high-speed autono-
mous crawling even before stimulation but gradually slowed down 
under pulse-light exposure (Fig. 5F and movie S9). We varied the 
stimulation frequency from 1 to 4 Hz, followed by additional 2- and 
4-Hz stimulation. In the experiment, each stimulation lasted for 2 min, 
followed by another 2 min when autonomous crawling occurred. As 
shown in the traces, the crawling velocity decreased under higher 
stimulation frequencies. When the pulsed light was set back to 2 Hz, 
the velocity seemed to increase slightly, but it remained slower than 
the initial 2-Hz conditioning, presumably because of muscular or 
neuronal fatigue after high-frequency stimulation. We examined the 
difference in velocities due to a single frequency of the stimulation, 

Fig. 5. Optogenetic control of single-NT NMJ crawler with onboard electronics. (A) Structure of the one-chamber, single-NT NMJ crawler with onboard optoelectron-
ics. (B) Images of the optoelectronics composed of a power-harvesting antenna with five μLEDs (fig. S10). (C) Comparison of crawling behaviors between nonoptoge-
netic pristine muscle and NMJ crawlers. Insets show the location of the crawlers after 5 min. Scale bars, 1 cm. (D) Optimization of the number of neural cells via measuring 
autonomous crawling of NMJ crawlers. (i) Optical images with different numbers of spheroids in the NT (scale bars, 1 mm) and (ii) the average velocities of autonomous 
crawling and yield (in parentheses) of autonomously crawling robots, both as a function of cell seeding density. (E) A case study of an optoelectronics-driven NMJ crawler 
that did not crawl before stimulation but showed boosted crawling after stimulation. (i) Images of the crawler for 5 min (scale bars, 5 mm). (ii) Recorded traces and veloc-
ity of the robot during the measurement. (F) A crawler showing high speed of autonomous crawling before stimulation but reduced its velocity after stimulation. (i) Ac-
tual displacement of the robot for 25 min. Scale bar, 5 mm. (ii) Measured traces and velocities under various stimulation conditions from 1 to 4 Hz.
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2 or 4 Hz, to the same crawler and allowing for recovery time be-
tween the stimulation (fig. S14). Here, we observed that the crawler 
exhibited higher velocity at 2-Hz stimulation compared with that at 
4-Hz stimulus condition, and these results are consistent with the 
data in Fig. 5F. To better understand this behavior, we observed 
the change in twitching mode under various stimulation conditions. 
The crawler was flipped upside down and stimulated by the elec-
tronics underneath it. Leg deflection was recorded with change of 
the pulse frequency (fig. S15 and movie S10). The result shows that 
the amplitude of leg deflection gradually declined under higher 
stimulation frequency. These results verify that the velocity of the 
crawler slowed as the stimulation frequency was increased. Addi-
tional FEA was also conducted, and the calculated active tension of 
the muscle was in agreement with the experimental data showing 
the gradual decrease in crawling velocity with the increase in stimu-
lation frequency.

Although the simulated dynamic tendency coincided with ex-
perimental observation, there were some discrepancies in the range 
of velocities. We further conducted FEA simulation with extended 
variables to understand the crawling dynamics based on single- and 
dual-NT NMJ crawlers (fig. S16). According to the investigation, the 
discrepancies were likely caused by the model not accounting for all 
aspects of the experiments, such as nonuniform muscle thickness, 
varied friction after the crawler landed on the dish, and adaptation 
in neuronal firing with muscle contrac-
tion conditions. We also noticed that the 
overall motility of robots was slower in 
the single-NT system than the dual-NT 
one (fig.  S17). In the single-NT model, 
the contraction intensity decreased with 
distance from the NT, potentially because 
of reduced neural activation. In contrast, 
the dual-NT crawler receives input from 
both NTs, resulting in more uniform con-
tractions. It can also be postulated that 
the muscle tissue helps to synchronize the 
firing across the dual-NT system, a pos-
sibility that needs further study.

We also investigated the reproduc-
ibility of the NMJ functionality by com-
paring the optogenetic response across 
multiple biohybrid robots. In the single-
NT NMJ crawler, we confirmed modula-
tion of neuromuscular actuation and its 
persistence after stimulation (Fig.  6A). 
Achieving precise reproducible in  vitro 
NMJ functionality in these biological 
robots remains challenging because of 
lengthy sample preparation processes, bi-
ological variability, uncontrollable cellular 
interactions, and other factors (2, 5, 9). 
In our experiments, autonomous twitch-
ing of NMJ crawlers was observed in 
most samples, but their synchronicity 
with the stimulation frequency varied 
across samples. To verify functional re-
producibility, we collected PSDs from 
six samples that were stimulated and re-
sponded to 2-Hz stimulation for more 

than 1 min and analyzed their responses (fig. S18). Twitching be-
fore stimulation occurred randomly, without specific patterns. After 
2-Hz stimulation, most samples exhibited altered behavior compared 
with initial twitching, centering around 1.5 to 2.2 Hz. These sam-
ples generally maintained their twitching modes after stimulation 
stopped, with only a slight shift. These results indicate that optoge-
netic control of neuromuscular actuation is reproducible across mul-
tiple samples.

To evaluate the long-term performance of the NMJ crawler, we 
monitored response to stimulation and muscle contraction force 
daily under a 2-Hz optical stimulation regimen. Although cellular 
metabolism naturally releases proteolytic enzymes that aid in tissue 
remodeling in vivo, these enzymes can degrade in vitro biohybrid 
systems over time by degrading fibrin (57). Therefore, we investi-
gated the stability of the NMJ functionalities over time. As shown 
in Fig. 6 (B and C), the crawler exhibited response to the stimulation 
and modulated twitching even after a week. Although the twitching 
frequencies varied slightly depending on the measurement days, au-
tonomous twitching mode remained responsive to 2-Hz stimulation 
up to coculture day 17, showing their shifts in PSD mostly between 
1.5 and 2.5 Hz (fig. S19). However, modulation became ambiguous 
thereafter. Despite the sustained modulation, the amplitude of con-
traction force gradually declined, likely because of accumulated 
stress and the release of cytotoxic metabolic by-products (Fig. 6D). 

Fig. 6. Modulating neuromuscular actuation of the biohybrid crawler across samples and across time. (A) Rep-
resentative example of altering muscular actuation depending on neurostimulation frequency (1 to 4 Hz). Long-term 
performance of an NMJ crawler was verified by measuring the mechanical responses of the robot for 21 days. The 
mechanical output to 2-Hz optical stimulation was converted to normalized PSDs, and data for 2 days are shown at 
(B) coculture day 6 and (C) coculture day 12. (D) Measured muscle contraction force in these long-term measurement 
experiments of an NMJ biohybrid crawler showing functionality lasting more than 2 weeks. Data represent means ± 
SD (N > 25 independent actuation events).
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Further studies are warranted to establish the specific reasons be-
hind this loss of function after 17 days. Visible twitching persisted 
until coculture day 21, after which no mechanical output was ob-
served. In comparison with our previous study on optogenetic mus-
cle with the enzyme-inhibiting molecule ACA, which showed an 
average life span of 8.2 ± 0.5 days and 17 ± 3.9 days for 0× and 1× 
ACA (1 mg/ml), respectively, the NMJ crawler demonstrated a life 
span of 26 days (including 5 days of muscle differentiation and 21 days 
of coculture), representing an increased life expectancy even without 
ACA supplementation during coculture.

DISCUSSION
In this study, we investigated neuromodulation and the subsequent 
muscular actuation through NMJ signaling, aiming to establish a 
foundation for tunable neuromuscular biohybrid systems. Com-
pared with our previous muscle-powered crawler/walker (6), this 
work introduces several neuron-muscle interfacial designs and con-
tributions. First, we developed NMJ models using optogenetic neu-
rospheres and pristine C2C12 myotubes and enabled selective 
stimulation of the neuronal component. Given the total number of 
functional biohybrid robots of varying designs demonstrated in this 
study, our assay protocols provide a robust platform for the repro-
ducible creation of NMJ models. Second, we constructed 3D, unteth-
ered NMJ tissues using optimized mechanical and physical designs 
and experimental protocols. We explored two distinct designs for 
biohybrid crawlers: single- and dual-NT models. In the single-NT 
mode, for example, through-holes formed at the center of muscle 
strips were filled with partially coagulated ECM mixed with neuro-
spheres, ensuring close proximity and stable integration between 
neurons and associated neurites and muscle tissue. Third, FEA simu-
lations provided detailed insights into the respective mechanical ac-
tuation mechanisms, highlighting the role of neural placement and 
muscle morphology in motion dynamics. Last, by applying specific 
frequencies of optical stimulation, we were able to modulate the neu-
ronal activity and the resulting muscle contractions.

Despite our reports, several challenges remain in achieving more 
precise control and tuning. Observed limitations included autono-
mous twitching from spontaneous neural firing, delayed neuromus-
cular response relative to stimulation input, and nonuniform actuations. 
These issues may arise from the fixed medium formulation, natural 
neuronal adaptation mechanisms (e.g., minimizing internal free en-
ergy), variability in neurotransmitter release, and sensitivity to ex-
perimental conditions. Although some variability can be reduced by 
optimizing medium formulations and using a well-controlled mea-
surement setup, the inherent variability and complexity of neuronal 
systems could limit precision in control. In this study, we focused on 
leveraging the spontaneous properties of neural activity and show-
ing evidence of modulation of function rather than achieving spe-
cific or precise control. This study provides a valuable platform for 
understanding and using adaptive neuromuscular dynamics by le-
veraging the emergent behaviors of neurons and NMJs.

In our study, the dynamic behavior of the NMJ crawlers could be 
categorized into two modes: initiation by optical stimulation or reg-
ulation by optical stimulation. These variations were likely influ-
enced by local differences in myotube density, differentiation, 
orientation, and connectivity and the extent of NMJ formation, 
among others. Immunostaining of single-NT models revealed ran-
dom myotube orientation around NMJ sites, which was a result of 

the self-organization process through the physical slit where the NT 
is introduced. Changes in this through-hole size and myotube align-
ment during coculture could contribute to sample-to-sample variabil-
ity. Further investigation will be required to accomplish further control, 
keeping in mind that biological emergence and self-organization are 
key aspects of these and all living systems. Nonetheless, most samples 
exhibited spontaneous twitching, confirming that autonomous neuro-
muscular activity is a common feature in our systems.

As future applications, these NMJ-based biohybrid robotics can 
be extended to include more sophisticated neural architecture with 
variable muscular structures. Although this study focused on simple 
modulation of neuromuscular activity with unidirectional locomo-
tion by repetitive patterned stimulation, future systems could be 
bipedal systems that incorporate neural modules capable of self- 
regulation, such as central pattern generators (CPGs) or sensory-
motor feedback loops to create bidirectional motion. Previous dem-
onstrations of neuronal training for gameplay mimicry suggest that 
optogenetic stimulation can be used to enable adaptive responses 
and learning behavior in biohybrid robots (23). Furthermore, to re-
alize a biorobot that could move in multiple directions, a design 
where a single- or multiple-NT system controls different indepen-
dent muscles will have to be realized and is the subject of our future 
reports.

In addition to robotics, this platform offers promise for biomedi-
cal applications. Our findings provide a baseline for how healthy 
NMJs respond to stimulation. This knowledge can be translated into 
disease modeling by incorporating cells from patients with neuro-
degenerative or muscular disorders. Drug screening and therapeutic 
treatment could be evaluated on the basis of functional restora-
tion in mechanical output. Furthermore, immune responses and 
inflammation could be studied through chemical induction, with 
released cytokines serving as readouts. These applications highlight 
the broader potential of neuromuscular actuation as a functional 
biomarker in both biohybrid engineering and disease research.

In summary, we successfully developed an optogenetically con-
trolled NMJ biohybrid soft robot integrated with optoelectronics, 
enabling autonomous movement driven by spontaneous neural fir-
ing. The NMJ crawler exhibited reliably modulated muscle actua-
tion through optostimulation, with FEA simulations and dynamic 
mechanical measurements validating its unidirectional crawling 
behavior. We further demonstrated that optostimulation not only 
synchronized neuronal firing but also resulted in sustained muscle 
contraction, revealing temporarily tuned mechanical outputs that 
persisted after turning off the stimulation. By modulating stimula-
tion frequencies, we observed alteration in both crawling velocity 
and muscle twitching modes. On the basis of PSD analysis, we con-
firmed that the frequency of muscle twitching was guided by the 
input stimulation. These findings provide valuable insights into the 
correlation between neuronal signaling and muscle actuation, un-
derpinning the development of tunable biohybrid systems with po-
tential applications in soft robotics, neuronal tuning, and medical 
devices.

MATERIALS AND METHODS
Fabrications of 3D-printed hydrogel scaffolds
After designing hydrogel scaffolds using SolidWorks or Rhinoceros 
(figs. S1 and S2), we 3D-printed the structures with a digital light 3D 
printer (PICO2, Asiga). For the printing resin, 20% (v/v) PEGDA 
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(Mn = 700 g/mol; Sigma-Aldrich) was prepared in distilled water. 
To cross-link monomers, we added a photoinitiator, lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (1 mg/ml; Sigma-Aldrich), to the 
20% PEGDA solution. To minimize light scattering, we mixed sunset 
yellow dye (0.6 mg/ml; Sigma-Aldrich) into the solution. Printed scaf-
folds were immersed in 10% (v/v) bleach for 30 min to remove the 
dye. They were then sterilized in 70% (v/v) isopropyl alcohol (IPA) 
overnight and stored in phosphate-buffered saline (PBS) at 4°C. PBS 
was replaced every other day to rinse off residual bleach and IPA.

Preparation of the NMJ tissue
The timeline of tissue preparation is described in Fig. 1B. Briefly, 
C2C12 skeletal myoblasts were cultured in the GM consisting of high-
glucose Dulbecco’s modified Eagle’s medium (DMEM), 10% (v/v) fetal 
bovine serum (FBS), 1% (v/v) penicillin/streptomycin, and 1% (v/v) 
GlutaMAX. Medium was changed every other day until cells reached 
~70% confluency. Then, cells were harvested using TrypLE express en-
zyme and resuspended in the fresh GM. Myoblasts (≈1.5 × 106 cells) 
were mixed with ECM solution consisting of 115 μl of GM+ [GM 
supplemented with 2% ACA, 6 μl of thrombin (100 U/ml), 90 μl of 
Matrigel, and 75 μl of fibrinogen (16 mg/ml)]. The cell-gel solution 
was gently mixed with pipetting and seeded into the hydrogel mold. 
After incubation at 37°C for 2 hours, a sample container was filled 
with fresh GM+. After 3 days of cell proliferation and tissue compac-
tion, samples were switched to the DM consisting of high-glucose 
DMEM, 10% (v/v) heat-inactivated horse serum (HIHS), 1% (v/v) 
penicillin/streptomycin, 1% (v/v) GlutaMAX supplemented with 2% 
(v/v) ACA, and 0.005% (v/v) insulin-like growth factor 1 (IGF-1) 
(DM++). The muscle tissues were differentiated for 5 days with me-
dium changes every other day.

A mouse embryonic fibroblast (MEF) feeder layer was prepared 
in a medium containing the components listed in table S1 to expand 
mESCs. After culturing the MEFs for 2 days, the mESCs were cul-
tured on the MEF layer with a medium composed of the ingredients 
listed in table S2. Before the stem cell colonies contacted each other, 
they were selectively collected by trypsinizing all cells and removing 
the MEFs by preplating on a gelatin-coated flask. The stem cells were 
then induced into neuronal stem cells (NSCs) by being cultured in 
induction medium (table S3) for 2 days, supplemented with noggin, 
fibroblast growth factor 8 (FGF-8), and basic fibroblast growth fac-
tor (bFGF). After this, the NSCs were further differentiated into mo-
tor neurons in the DM (table S4) for 3 days and maintained in the 
maintenance medium (table  S5) for an additional 2 days. Neuro-
spheres became visible during this process as the neural cells aggre-
gated into spheroids. After completing neuronal maintenance, the 
neurospheres were collected and resuspended in the coculture me-
dium (table S6) containing 8 × 105 cells. After medium aspiration, 
these neurospheres were gently mixed with ECM, 0.5 μl of thrombin 
(100 U/ml), 8.1 μl of Matrigel, 6.75 μl of fibrinogen (16 mg/ml), and 
10.75 μl of the coculture medium (total volume ≈ 26 μl). After allow-
ing the mixture to settle at room temperature for 5 min, the partially 
gelled cell-matrix mixture was seeded adjacent to the muscle tissue.

Optogenetic stimulation of neurospheres
Optical stimulation was performed via either an LED module driver 
(465-nm wavelength) with an optical fiber (Doric Lenses) or fabri-
cated optoelectronics with five μLEDs (460-nm wavelength). All 
crawling data and force data were recorded using a portable digital 
microscope (Dino-Lite). Frequency, pulse duration, and power of 

the light were controlled by Doric or Neurolux software. Frequency 
of the light varied from 1 to 4 Hz, maintaining its pulse duration 
at 100 ms.

Immunostaining process
Immunohistochemistry imaging was conducted to observe protein 
expression and localization in neuromuscular tissue. The tissue was 
carefully separated from the hydrogel skeleton and fixed using 4% 
PFA for 20 min. It was then immersed in 1% bovine serum albumin 
(BSA) and 0.25% Triton-X in PBS for 2 hours to permeabilize the 
cell membrane and block nonspecific binding sites. To label myo-
tubes, neurons, nuclei, and AChRs, we incubated the tissue over-
night with antibodies in 1% BSA containing myosin 4 monoclonal 
antibody (MF-20) conjugated with Alexa Fluor 488 nm (1:250), Tuj1 
(1:250), and α-BTX conjugated with Alexa Fluor 647 dye (1:250). 
After rinsing the tissue with PBS three times, the tissue was further 
incubated with fluorescent tags, including Alexa Fluor 568 nm (anti-
rabbit, 1:500) and DAPI (1:5000), for 2 hours before imaging.

RNA extraction and purification
For analyzing the genetic regulation of neuromuscular tissues, RNA 
was extracted from the prepared tissues using an RNeasy Mini Kit 
(Qiagen). Living tissues were snap-frozen in liquid nitrogen, fol-
lowed by lysis using TRIzol with homogenization. After adding 
chloroform, the sample was incubated in ice for 15 min. RNA was 
selectively collected by transferring the aqueous phase of the solu-
tion after centrifugation at 12,000 rpm for 15 min at 4°C. After sev-
eral rinsing steps in a spin column, high-quality RNA was obtained 
through elusion. The qPCR and RNA sequencing details are de-
scribed in Supplementary Methods.

Fabrication of wireless optoelectronic devices
The device was constructed on a custom-made two-layer flexible 
PCB composed of copper (18 μm):polyethylene terephthalate 
(25 μm):copper (18 μm). Circuit component assembly was per-
formed using low-temperature soldering with the tin-bismuth-silver 
alloy solder paste (ChipQuik Sn42/Bi57.6/Ag0.4). After soldering, the 
devices were encapsulated in a 10-μm parylene-C layer via chemical 
vapor deposition (CVD; Special Coating Systems), providing water-
proofing, durability, and biocompatibility.

Experimental implementation for wireless communication
The Power Distribution and Control (PDC) box, paired with an 
RF impedance matching tuner, enabled efficient wireless power de-
livery through a custom-shaped double-loop antenna resonant 
at 13.56 MHz. Software interfacing through USB with the PDC box 
controlled the operational parameters of the optoelectronic devices. 
The internal RF switch of the PDC box generated precisely modu-
lated operational pulses (e.g., 2-Hz frequency, 10-ms pulse width, 
and 2% duty cycle) to control the optoelectronic devices within the 
experimental container.

FEA of the NMJ crawler
The commercial finite element software Abaqus (Dassault Systems, 
version 2023) was used for the characterization of muscle tissue and 
the simulation of crawling locomotion. The 3D scaffold and muscle 
were modeled by solid elements (C3D8RH elements), the circuit 
board was modeled by shell elements (S4R elements), and the substrate 
was modeled as a rigid plane. The crawlers were fully submerged in 
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physiological solution, so gravitational and buoyant forces were ap-
plied to their bodies. The hydrodynamic force during locomotion 
was approximated using a damping force applied on the crawler. The 
contact and friction force between the crawler and the substrate 
were considered by using the isotropic Coulomb friction model. The 
detailed methodology and material parameters are given in Supple-
mentary Methods and tables S7 and S8.

Statistical analysis
Individual data points were collected and analyzed using Origin 
2022 software (OriginLab Corporation, Northampton, MA, USA) 
and are presented as means ± SD. Student’s t test was applied to 
compare the means of two groups using either paired or two-sample 
t test functions. P values were used to indicate statistical significance 
(*P < 0.05, **P < 0.01, and ***P < 0.001).

Supplementary Materials
The PDF file includes:
Methods
Figs. S1 to S19
Tables S1 to S8

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S10
MDAR Reproducibility Checklist
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