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BIOHYBRID ROBOTS

Remote control of muscle-driven miniature robots with
battery-free wireless optoelectronics
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Bioengineering approaches that combine living cellular components with three-dimensional scaffolds to gen-
erate motion can be used to develop a new generation of miniature robots. Integrating on-board electronics and
remote control in these biological machines will enable various applications across engineering, biology, and
medicine. Here, we present hybrid bioelectronic robots equipped with battery-free and microinorganic light-
emitting diodes for wireless control and real-time communication. Centimeter-scale walking robots were com-
putationally designed and optimized to host on-board optoelectronics with independent stimulation of multi-
ple optogenetic skeletal muscles, achieving remote command of walking, turning, plowing, and transport
functions both at individual and collective levels. This work paves the way toward a class of biohybrid machines
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able to combine biological actuation and sensing with on-board computing.

INTRODUCTION

Biohybrid systems consisting of living and artificial components
that recapitulate biological architectures and functions can
enhance our understanding of biological systems and foster new ap-
plications in implantable devices (I), regenerative medicine (I),
organs-on-a-chip (2, 3), and soft robotics (4-15). Recently, biohy-
brid robots consisting of cells and soft materials have demonstrated
the ability to sense, respond, and adapt to environmental cues in
real time (4), achieving life-like functions such as swimming,
walking, and pumping (5-15). Demonstrations range from biohy-
brid rays (5) and fish (6) based on sheets of optogenetic
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cardiomyocytes and neuromuscular junction—driven micro-
swimmers (7) to walkers, grippers, swimmers, and pumps that
use three-dimensional (3D) skeletal muscle tissue (8—13) activated
either electrically or by light.

Although collectively these prototypes offer a variety of solutions
aimed at improving performance and controllability, limitations
persist in terms of coordination of advanced functionalities. Some
of these systems rely on electric stimulations that require electrodes
to invasively penetrate or contact tissue. This method is also poorly
selective because electricity will pass through tissue and medium
and activate cells regardless of type. Optogenetics, which is a biolog-
ical technique that exploits light to activate transgenic cells, has pro-
vided a powerful paradigm to enable noninvasive and localized
stimulation within biohybrid robots (5-8). Nonetheless, optoge-
netic-based control requires light sources placed near the muscles
of interest and high intensities to activate transfected opsins, ren-
dering manually directed light stimulation—the only approach
demonstrated so far—cumbersome and of limited applicability.

In this regard, the integration of on-board lightweight, miniatur-
ized, and flexible electronics to command and power multiple light
points distributed at precise locations, without the hindering
motion, becomes an attractive option. The integration of bioelec-
tronics has great potential for robotic functions demonstrated by
recent advances in neuromodulation and sensing in vivo (16—20)
as well as electrical modulation or recording of muscle actuations
of a tethered, nonmotile system in vitro (2, 3, 13, 14). Here, we
present a wirelessly controlled biohybrid electronic robot
(eBiobot) driven by a battery-free optoelectronic device with wire-
less communications, allowing remote control of switching, steer-
ing, and other more sophisticated functions (Fig. 1A and Movie
1). The eBiobot inherits the structural concept motivated by a phys-
iological muscle-tendon-bone architecture from previously demon-
strated walking robots (8-10), where 3D-engineered skeletal muscle
tissue forms around an asymmetric hydrogel scaffold. Responding
to external stimuli, muscles perform cyclic contractions, deform the
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Fig. 1. Schematic and workflow for fabrication and optimization of the single actuator eBiobot. (A) Schematic of key components of eBiobot and its design goal. (B)
Experimental setup and the wireless optogenetic control system. Schematics for (i) experimental setup of wireless communications with the battery-free optogenetic
device using p-ILEDs as local stimulation sources and (i) photographic images of the optogenetic device with a single (bottom) and five p-ILEDs (top). Left inset is the
expanded view of a five p-ILED device. (C) Computational design optimization. (i) Computational model using Elastica. The scaffold is constructed by two legs with length

mismatch connected with a thin, connecting beam. (ii) Optimization course. Three

key scaffold characteristics were selected as design parameters for optimization (D)

Biofabrication of eBiobot. (i) Schematics of the fabrication for engineered skeletal muscle tissue actuator integrated with 3D-printed hydrogel by seeding optogenetic
transfected myoblasts and extracellular matrix mixture. (ii) Photographic image of eBiobot with muscle actuator wrapping around 3D-printed skeleton inside the mold.
Inset shows the fluorescence image of muscle actuator. Red, a-actinin; blue, DAPI. (E) Modular assembly of eBiobot. (i) Assembling wireless optogenetic device onto the
skeleton using tweezers and (ii) angled and (iii) side-view photographic images of assembled eBiobot after releasing from the mold. Scale bars, 5 mm [Bii (right), Dii, and E

(i, ii, and iii)], 1 mm [inset of (Bii)], and 100 um [inset of (Dii)].

scaffold, and propel the robot through asymmetric friction generat-
ed at the scaffold-substrate interface.

RESULTS

The battery-free, wireless optogenetic devices exploited resonant
magnetic induction between paired transmission (at the circumfer-
ence of the experimental enclosure) and a receiving (at the perim-
eter of the device) antenna system operating at radio frequency (RF;
13.56 MHz) to power microinorganic light-emitting diodes (-
ILEDs) to actuate the optogenetic muscles (Fig. 1B and figs. S1 to
S5). Amplitude modulation of the RF power produced on-off pat-
terns of operation at programmable frequencies and pulse widths
relevant for the optical stimulation of eBiobots contained within
the experimental antenna cage, with a diameter of 15 cm
(Fig. 1Bi). Constituent layers for the wireless electronic module
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Movie 1. Overview of the wirelessly controlled biohybrid electronic
robot (eBiobot).
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Fig. 2. Characterization of muscle performance in the eBiobot stimulated by wireless controlled p-ILEDs. (A) Optical image of the eBiobot shining with five p-ILEDs.
(B) Light intensity on the surface of a muscle actuator in the region of orange dotted square in (A) when stimulated by one p-ILED and five u-ILEDs. Red area in (B) indicates
higher light intensity for saturated force, and black region indicates lower light intensity for threshold of optogenetics muscle to activate, resulting in a contraction (3, 30).
(C) Muscle active forces stimulated by one p-ILED (blue bar graphs) and five p-ILEDs (red bar graphs) with different frequencies. *P < 0.05 and **P < 0.01. Error bars
correspond to the SDs from three measurements from three different samples. (D) Pillar deflection curves stimulated by five u-ILEDs at different frequencies. Insets

show the comparison with simulations. Scale bar, 5 mm.

included a thin double-sided flexible circuit board composed of
rolled annealed copper layers (18 pm) separated by a polyimide
film (75 pm) and a conformal encapsulation layer of parylene
(about 14 um) to isolate the device from the cell culture medium
(fig. S2). This encapsulation strategy has been proven to protect
devices for over 80 days in saline solution and for over 60 days
after in vivo implantation in rodents (17, 21). Five pu-ILEDs electri-
cally connected in parallel and distributed at the center and inner
corners produced the illumination spatial profile to trigger muscle
contractions (Fig. 1Bii). Overall device flexibility, lightweight con-
struction (about 7.3 mg), wireless power transfer, and control capa-
bility enabled robust real-time remote operation of eBiobots.
Although on-board optoelectronics provided the ability to
command individual muscles, the overall walking performance of
the eBiobot was determined by a complex interaction between
active forces of muscle contraction and passive tension (9, 10), elec-
tronic component integration, interfacial mechanics, and fluid drag
(fig. S6). Therefore, quantitative identification and optimization of
robust designs were crucial. Here, we demonstrated and optimized
the eBiobot design and functionality through an iterative design ap-
proach that involved multiple stages of evolutionary design optimi-
zation, fabrication, and testing (Fig. 1, C to E). We started off by
computationally modeling the biohybrid walker as a heterogeneous
assembly of slender elastic, passive (scaffold), and active (muscles)
elements. To this end, we used the solver Elastica (fig. S6), a Cosserat
rod solver that has been extensively validated and demonstrated in a
variety of biophysical settings, including biohybrid robotics (22,
23). The geometric characteristics of beam thickness, front leg
length, and leg length mismatch were numerically identified as
key to the eBiobot's walking abilities (Fig. 1Ci). We then coupled
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Elastica with an evolutionary algorithm (24) to optimize these pa-
rameters for fast-forward speed. The optimization process account-
ed for variations in biological muscle characteristics and actuation,
ensuring robust performance of the final design (Fig. 1Cii; details
on the optimization process are provided in Materials
and Methods).

The design blueprint was then materialized through biofabrica-
tion and additive manufacturing, where an in vitro engineered skel-
etal muscle tissue formed around a 3D-printed hydrogel scaffold
(Fig. 1D and figs. S7 and S8). The centimeter-scale (1.4 cm by 0.7
cm) scaffold was designed to hold the optogenetic device (5 mm in
diameter) in the center (fig. S7). The eBiobot was then deployed in
the antenna arena to test its mobility and controllability (Fig. 1E).
To systematically improve the eBiobot's performance, we character-
ized the variation of muscle forces in each batch of the experiment,
feeding that information into the next design iteration.

A challenge in achieving locomotion is to effectively stimulate
the optogenetic muscles so as to generate sufficiently strong con-
tractions using p-ILEDs as localized illumination sources. Our
designs addressed this challenge in the following ways, as demon-
strated in Fig. 2. First, the 3D-printed mold was designed to match
the shape of the muscle tissue with the spatial arrangement of -
ILEDs (Fig. 2A, fig. S7, and movie S1). Second, we distributed
five u-ILEDs at the center and corners of a circle as defined by
the inner radius of the receiver antenna. This design choice maxi-
mized the illumination area at the center of the muscle actuator
(Fig. 2, A and B) where the muscular forces are produced to
deflect the scaffold. Even though the cost of a p-ILED’s individual
illumination intensity (details of illuminations of one and five y-
ILEDs in fig. S9, A to C) was lower, the final design was found to
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Fig. 3. Design iterations for the eBiobot. (A) Each optimization incorporates muscle force sampled from the given input range. For the first optimization iteration, this
range was obtained by experimentally characterizing the passive and active muscle forces in the initial design. Subsequently, force characterized from each optimized
design was used to set the range for the next iteration. Mean walking speed from the simulation was compared with experimental results stimulated by one or five p-
ILEDs. Error bars indicate the magnitude of SD normalized to the mean speed. Three design parameters are plotted for each optimization iteration with (i) beam thickness,
(ii) front leg length, and (iii) leg length mismatch. (B) Efficiency analysis through COT. Designs from all iterations are compared against previous biohybrid walkers (8-

10, 15).

induce larger muscle contraction forces across a range of stimula-
tion frequencies in Fig. 2C and figs. S9, D and E, and S10. Muscle
actuators showed contractile properties and durability over 2 to 3
weeks after differentiation after the use of the antifibrinolytic
agent to inhibit the secretion of proteases (25, 26).

After establishing the integration of p-ILEDs and muscles, we
fabricated a proof-of-concept single-actuator unidirectional
eBiobot prototype to characterize and validate our computational
model. The performance was found (movie S2) to be in good agree-
ment with the observed deformation of the eBiobot legs across a
range of actuation frequencies (Fig. 2D). With this model, we
then set out to optimize the walking performance of the eBiobot.
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Fig. 4. Walking performance of the eBiobot equipped with five u-ILEDs and
driven with 10-W RF power. (A) Time-lapse images of eBiobot from the last
design iteration stimulated at 4 Hz. (B) Time-dependent displacement of the
eBiobot at different stimulation frequencies. Inset shows the average speed.
Error bars correspond to the SDs from three measurements from three different
samples. Scale bar, 5 mm.
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In each optimization campaign, hundreds of different scaffolds
were generated and numerically evaluated using muscle forces
sampled from the experimentally characterized range (Fig. 3A).
Subsequently, an optimal design was obtained with geometric char-
acteristics resulting in the fastest walking speed given the specific
force range (Fig. 3A; full details of the design iterations can be
found in fig. S11). The obtained optimal solution was fabricated,
characterized, and tested. The newly acquired muscle responses
were aggregated to the initial set, thus improving our data-driven
muscle model in concert with the evolution of the scaffold design.
Over three campaigns, speed was improved by a factor of 10 relative
to our initial design (Fig. 3A, figs. S11 and S12, table S1, and movie
S3). We also noted that, relative to previous biohybrid walker exam-
ples, our eBiobot exhibits comparable efficiency as evaluated
through cost of transport (COT) (Fig. 3B), defined as the muscle
output energy needed to transport the walker for a certain distance
(full description can be found in Materials and Methods).

Fig. 5. Robotic functionality of eBiobot. (A) Schematics of LEGO block assembly
with skeleton. Images of plow and collector assemblies. Time-lapse images of (B)
plow-attached eBiobot displacing objects and (C) collector-attached eBiobot
transporting an object. Scale bars, 5 mm.
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Fig. 6. Bipedal eBiobot can be controlled to turn in different directions. (A to
C) Bioinspired design and pC-containing electronics for bipedal eBiobot. (A) Sche-
matic of biological motor unit-inspired design and pC-containing electronics with
components for bipedal walking. Inset shows the image of five u-ILEDs. (B) A pro-
totype of the assembled bipedal robot. (C) Block diagrams of the uC-containing
wireless electronic control system. The system contains a uC that reads and oper-
ates the stimulation parameters updated in an NFC memory chip in real time. (D to
F) Control scheme for turning. (D) Schematic of bipedal eBiobot and optical stim-
ulations with its turning directions. (E) Trajectories and (F) angular speeds stimu-
lated by dual panels p-ILEDs with (i) 1 and 4 Hz, (ii) 4 and 4 Hz, and (iii) 4 and 1 Hz
for left and right sides in 60 s. The computational turning scopes were obtained by
considering muscle force variations. Scale bars, T mm [inset of (A)] and
1 cm (others).

The walking performance of the final eBiobot design is further
characterized in Fig. 4A. A maximum walking speed of 0.83 mm/s
was achieved when the eBiobot was stimulated at 4 Hz, 50-ms pulse
width, and 10-W RF antenna power (movie S4), setting a speed
record among skeletal muscle-based biohybrid robots (table S2).
This speed was attributed to the combination of applied frequen-
cies, optimized spatial u-ILED arrangement, and surface friction.
First, we noted that walking speeds increase with applied frequen-
cies, as illustrated in the linear displacement-time curves of Fig. 4B
and movie S5, corroborating computational predictions. Second,
the use of five u-ILEDs was found to provide wider illumination,
favorable muscle contractions (as previously discussed in Fig. 2, B
and C), and faster walking speed (fig. S13 and movie S6). In addi-
tion, on the basis of the confocal image analysis of the muscle
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actuator (figs. S14 to S17 and movie S7), the rotation angle and ar-
rangement of five u-ILEDs were optimized to match the myotube
alignment. Last, surface friction was also optimized by exploring
different substrate chemistries because the walking speed depends
on the friction coefficient (fig. S18) (15, 27).

In addition to walking, robotic functionality was demonstrated
using accessory tool attachments inspired by the LEGO block as-
sembly (Fig. 5). A 3D-printed accessory such as a plow or collector
was plugged on a pair of pillars at the top of the scaffold, with stud
and antistud coupling, allowing the user to switch tools on a skele-
ton for specific applications (Fig. 5A and fig. S19). In the first dem-
onstration, a plow attached to the eBiobot was able to move
scattered objects (Fig. 5B and movie S8). In a second demonstration,
a collector was attached to the robot and shown to be capable of
picking up and moving objects (Fig. 5C and movie S9).

In a step toward enhanced maneuverability, a second eBiobot in-
spired by bipedal architecture and biological motor units (Fig. 6)
was designed to have two muscle actuators in combination with a
central microcontroller (uC), which extends laterally to bring two
circular plates that hold five u-ILEDs in intimate proximity with
the muscle actuators (Fig. 6, A and B, and figs. S20 to S22). The con-
nection part in the center of the bipedal eBiobot skeleton held the
nC-containing wireless optogenetic device. Both front and rear legs
contact the surface on which the eBiobot crawls, as can be seen in
fig. S22 (Fand G). The combination of standardized near-field com-
munication (NFC) protocols, low-power electronics, and uC with
specialized firmware allowed for the implementation of wireless
real-time control on illumination parameters (frequencies and
pulse widths) and illumination profiles delivered to any arbitrary
combination of u-ILEDs (Fig. 6C and fig. S23). This bipedal
eBiobot system implements locomotion manipulation by enabling
individual and localized control of contractions at different loca-
tions of the muscles within the same biohybrid robot. Furthermore,
the use of NFC chipsets allowed us to target individual devices to
implement multiunit coordinated control among eBiobot clusters.

We numerically modeled this bipedal eBiobot to predict its
motion characteristics under different stimulation protocols,
whereby muscles can be either symmetrically (both 4 Hz) or differ-
entially (4 and 1 Hz) stimulated (Fig. 6D). To ensure robustness
across locomotion modes, we did not set muscle forces to be cons-
tant values but instead sampled from the range characterized during
the final optimization iteration (737 to 1403 uN; Fig. 3A). As shown
in Fig. 6E, by symmetric or differential stimulation of both muscles,
the in silico bipedal eBiobot exhibited robust forward and bidirec-
tional steering motions (movie S10 and fig. S24). The optimized
friction coefficient (fig. S18) was included in our computational
model during our design to reveal the traction force of the walker
at the leg-substrate interface that ultimately determines and explains
the motion of the bot (fig. S25). This design was realized in exper-
iments, successfully demonstrating the predicted locomotion
modes under user-programmable remote control (Fig. 6, E and F;
fig. S26; and movies S11 and S12). To further highlight the eBiobot's
ability to maneuver, we challenged it to traverse an obstacle course.
Figure 7 (A and B) shows a clockwise half turn through obstacles
over a duration of about 9.5 min, under 4 and 1 Hz of stimulation
on left and right legs, respectively (movie S13). Moreover, by swap-
ping the stimulation frequencies on both legs, we demonstrated in
Fig. 7 (C and D) its capability of bidirectional turning in one con-
tinuous run controlled using a wireless remote control (movie S14
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Fig. 7. Turning of bipedal eBiobot and control of multiple robots. (A and B) Turning bipedal robot through barriers. (A) Trajectory and time-lapse images of the
turning eBiobot (in 569 s). Color map shows the elapsed time. (B) Linear and angular displacements with time. (C and D) Bidirectional turning of the bipedal eBiobot. (C)
Trajectory and time-lapse images of bidirectional-turning eBiobot (in 250 s). Color map shows the elapsed time. (D) Linear and angular displacements as well as angular
speed with time and stimulation. (E to H) Controlling multiple robots using a console system. (E) Experimental setup for individual remote-controlled multiple bipedal
eBiobots using a console system connected with multiple gaming controllers. (F) Operation modes of clickers to start, turn and stop bipedal robots corresponding with
their stimulations. Manipulation of three robots. (G) Operation modes of gaming controllers for the three eBiobots with time. (H) Time-lapse images over 55 s for the

corresponding trajectories of the three eBiobots. Scale bars, 1 cm.

and fig. S27). Furthermore, we illustrated a console system connect-
ed with multiple gaming controllers for the individual manipula-
tion of a multitude of eBiobots, with each controller used for one
eBiobot (Fig. 7E and figs. S28 and $29). The on-board p-ILED
panels were activated according to a preset stimulation pattern, as-
signed to clicker buttons on a joypad (Fig. 7F and movie S15),
through our customized software (fig. S29). Three bipedal eBiobots
were then manipulated by three gaming controllers to make an “I"
(Fig. 7, G and H, movie S16, and fig. S30).

DISCUSSION

In this work, we present biohybrid electronic robots powered by op-
togenetic skeletal muscles and controlled by wireless optoelectron-
ics. The robot architecture and locomotion performance were
computationally optimized through a staged iterative process, in-
corporating fabrication and experimental testing for robustness.

Kim et al., Sci. Robot. 8, eadd1053 (2023) 18 January 2023

The eBiobots were designed and fabricated to bring together
three different classes of components: the biological muscle tissue
actuator, electronic components such as u-ILEDs and the wireless
electronics, and the 3D-printed hydrogel skeleton. These three
components with contrasting mechanical properties were designed
and optimized while physically assembling them together to result
in the integrated functional system. A range of functionalities and
capabilities can be expanded along each of the component types.
Our designs, along with 3D printing additive manufacturing,
allowed for seamless integration of on-board electronics, multiple
muscle actuators, and LEGO-like structures and attachments. The
device platform and design approach allowed for programmable
functionalities such as remote control switching, steering,
plowing, and transportation of objects, both for individual robots
and multiple robots that could be individually controlled. For
example, different muscle types could be used to expand function-
ality, as well as the use of different opsins resulting in control with
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different wavelengths (6). The onboard electronics could include
sensing, memory, storage, and closed-loop control toward autono-
mous functions. We also demonstrated precise local stimulation of
the optogenetic skeletal muscle cells using the integrated p-ILEDs as
compared with stimulation from a distance, thus allowing for
control of multiple muscle actuators on the same device and en-
abling for 2D walking and steering of the eBiobots. The speed of
the device was eventually limited by the active tension produced
by the muscle tissue and the mechanical design of the scaffold (8-
10). The iterative modeling and simulation approach was used to
optimize the physical parameters of the scaffold, resulting in a
10x increase in the speed of the robots (10, 22, 23). The operation
of the muscle tissues requires a glucose-rich fluid environment at
37°C. However, future use of cells from other organisms such as
insects could potentially enable room temperature operation. Al-
though the molecular weight of the hydrogels can be designed to
produce a specific mechanical modulus and the hydrogel can be
3D-printed to produce a desired shape, the hydrogel scaffolds re-
quired hydration to maintain their printed form and the mechanical
properties to produce the desired functional response upon the
muscle actuation.

In conclusion, the building blocks demonstrated here could be
used to design higher-order structures and systems that could
combine the advantages of living tissues, 3D-printed additive man-
ufacturing, and optoelectronics and pave the way for biohybrid
miniature robots with integrated electronics and multicellular engi-
neered living systems for a wide range of potential applications.

MATERIALS AND METHODS

Fabrication process for wireless optogenetic devices

A trilayer stack Cu (18 um)/polyimide (75 um)/Cu (18 um) (Pyralux
AP8535R, DuPont) served as the fabrication substrate for the flex-
ible printed circuit board (fPCB). Laser ablation process (ProtoLas-
er U4, LPKF Laser & Electronics) defined the layout of the device,
including receiver coil, circuits, and soldering pads. The compo-
nents were mounted and soldered on the fPCB using low-temper-
ature tin-bismuth-silver alloy solder paste (ChipQuik) and hot air
soldering processing. Last, chemical vapor deposition (Specialty
Coating Systems) formed a conformal waterproof parylene
coating (14 um) that encapsulated the devices. In this paper, we de-
signed two device configurations: one with passive operation and
the other with NFC active operation. For the passive operation,
we used either one p-ILED or five p-ILEDs electrically connected
in parallel and distributed at the center and inner corners to
satisfy the illumination requirements. For active operation, we de-
signed a device with two bilateral pads, each containing five p-
ILEDs. These active devices contained an RF-accessible memory
(M24LR04E, STMicroelectronics) and a low-power 8-bit uC
(Attiny84, Atmel) to implement remote control of the u-ILED
arrays in two modes of operation: (i) synchronous and (ii) asynchro-
nous operation, both with user-programmable frequency and
pulse widths.

Design and fabrications of 3D-printed hydrogel

A digital light processing 3D printer (PICO2, Asiga) was used to
fabricate hydrogel parts designed in SolidWorks. The printing
resin solution was composed of 20% (v/v) of polyethylene glycol di-
acrylate (molecular weight, 700 g/mol; Sigma-Aldrich) in distilled
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water containing lithium phenyl-2,4,6-trimethylbenzoylphosphi-
nate (1 mg/ml; Sigma-Aldrich) as a photoinitiator and sunset
yellow dye (0.4 mg/ml; Sigma-Aldrich) for the printing resolution
by decreasing light scattering effect (10). The fabricated structures
were soaked in 10% (v/v) of bleach for 30 min to remove the dye
from 3D-printed structures, followed by sterilization in 70% (v/v)
of isopropyl alcohol overnight and rinsing with phosphate-buffered
saline (PBS) in 4°C for at least 4 days before tissue seeding.

Cell culture and tissue fabrications

Optogenetic C2C12 myoblasts (catalog no. CRL-1772, American
Type Culture Collection) transfected with blue light—sensitive ion
channel channelrhodopsin-2 tagged with tdTomato, namely,
ChR2 (H134R), were cultured in the growth medium composed
of Dulbecco’s modified Eagle medium (DMEM) (Corning) with
10% (v/v) of fetal bovine serum (Lonza), 1% (v/v) of L-glutamine
(Corning), and 1% (v/v) of penicillin-streptomycin (Lonza). Five
million cells/ml of ChR2 C2C12s were seeded in a 3D-printed
mold after mixing with 30% (v/v) of Matrigel (Corning), fibrinogen
(4 mg/ml; Sigma-Aldrich), and thrombin (Sigma-Aldrich) with fi-
brinogen (0.5 U/mg of fibrinogen) (28). In the first and second gen-
erations of eBiobots, the cell/gel solution was seeded on 3D-printed
mold in fig. S12C. In the third and fourth generations of eBiobots
and bipedal eBiobots, it was seeded on an assembled structure with
skeleton and mold shown in Fig. 1Ci and figs. S7 and S20. The
growth medium containing aminocaproic acid (1 mg/ml; Sigma-
Aldrich) was added to the seeded tissues with 3D-printed structures
after 90 min of seeding, followed by 3 days of incubation for the
compaction of cell/gel mixture with the same medium in 37°C.
Three days after seeding, the medium was switched into the differ-
entiation medium, DMEM containing 10% (v/v) of horse serum
(Thermo Fisher Scientific), 1% (v/v) of penicillin/streptomycin,
1% (v/v) of L-glutamine, aminocaproic acid (1 mg/ml), and
insulin-like growth factor-1 (1 ng/ml; Sigma-Aldrich) to differenti-
ate myoblasts to myotubes in muscle actuator.

Integration of battery-free wireless optogenetic devices
with eBiobot

In the first and second generations of eBiobots, the wireless optoge-
netic device with p-ILEDs as localized stimulators was attached on
the 3D-printed stage inside of the skeleton beam as indicated by the
red arrows in fig. S12 (A and B). Kwik-Sil Adhesive (World Preci-
sion Instruments) was applied on the stage to glue with the backside
of the wireless optogenetic device. Then, the muscle actuator was
transferred from the mold in fig. S12C on day 9 after differentiation
using tweezers. Figure S12 (D and E) shows the wireless optogenetic
device on the stage of the beam located between the muscle actuator
and skeleton beam. In the third and fourth generations, the wireless
optogenetic devices were attached to a circular shape of polydime-
thylsiloxane (PDMS) (8 mm in diameter) using Kwik-Sil Adhesive
before assembling the device/PDMS on the hole of skeleton beam as
indicated by the red arrows in fig. S12 (F and G). Stoppers were
added on the skeleton in the fourth generation to fit with and
hold the device/PDMS stably. A wireless optogenetic device with
two separate pads of p-ILEDs was plugged in and out of the 3D-
printed central stage of the bipedal skeleton structure without
using adhesive. All electronics and PDMS parts were sterilized
with ultraviolet for at least 30 min before and after integrating
with eBiobots.
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Experimental implementation for wireless communication
with the optogenetic devices

The power distribution box (PDB; Neurolux), in conjunction with
an RF impedance matching for efficient power transmission and
communication (Neurolux), drove a double parallel loop antenna
with a 4.8-cm vertical distance that wrapped around the 15-cm—di-
ameter circular container for wireless power transmission to the
battery-free wireless optogenetic devices at 13.56 MHz. To
operate passive devices (single eBiobot device), we configured the
PDB with an RF switch to deliver target operational pulses (for
example, 1-Hz pulses for 200-ms pulse widths) to the devices
within the experimental arena. To operate active devices (bipedal
eBiobot device), we used a customized graphic user interface
(GUI) implemented in MATLAB (MathWorks Inc.) to establish
communication with the devices via ISO (International Organiza-
tion for Standardization) 15693 NFC protocol supported by the
PDB. This implementation together with the specialized firmware
in the pC allowed us to control the operation modality of each in-
dividual device such as on/off, synchronous/asynchronous opera-
tion, and frequency/pulse width reconfiguration in real time. For
the measurement of eBiobots, DMEM without phenol red
(Corning) was used to prevent light absorption induced by
phenol red.

Immunostaining and fluorescence imaging

Muscle tissues (see “Cell culture and tissue fabrications” section)
were removed from the skeletons, rinsed with PBS, and fixed in
4% (v/v) of paraformaldehyde (Electron Microscopy Sciences) for
20 min at room temperature. For cryosectioning of tissues, fixed
samples were treated sequentially with sucrose solutions [10, 20,
and 30% (w/v)] for 30 min at room temperature. After an overnight
incubation with 30% (w/v) of sucrose solution in 4°C and washing
with PBS, tissues were embedded in optimal cutting temperature
(OCT) resin solution (Tissue-Tek) and snap-frozen on dry ice
before storage at —80°C. Frozen tissue molds were sectioned with
50 um in thickness onto silane-treated glass slides (Electron Micros-
copy Sciences) using the cryostat (CM3050S, Leica). Sectioned
tissue slices were rinsed with PBS to wash out OCT after 1-hour
thawing of OCT at room temperature. Samples were bordered
with water repellent barrier using Pap pen (Abcam) and blocked
with 1% (w/v) of bovine serum albumin (Sigma-Aldrich) in PBS
containing 0.1% of Tween 20 detergent (PBST) at 4°C overnight.
The primary antibodies, mouse anti-myosin heavy chain, MF-20
(catalog no. 14-6503-82, Thermo Fisher Scientific), and rabbit
anti a-actinin (catalog no. ab137346, Abcam) were diluted with a
1:400 ratio in PBST and incubated with tissue samples overnight
at 4°C. After washing with PBS three times, the secondary antibod-
ies, Alexa Fluor 488 anti-mouse and Alexa Four 647 anti-rabbit
(Thermo Fisher Scientific) with a 1:500 dilution ratio in PBST,
were added to stain MF-20 and a-actinin antibodies, respectively,
followed by incubation overnight with a 1:5000 dilution ratio of
4',6-diamidino-2-phenylindole (DAPI) to stain the nucleus at
4°C. After washing with PBS three times for at least 5 min,
samples were mounted after adding the VECTASHIELD Antifade
Mounting Medium (Vector Laboratories) under a sealed coverslip.
The Multiphoton Confocal Microscope Zeiss 710 was used for con-
focal fluorescence imaging.
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Muscle force characterizations and locomotion analysis
Muscle actuation was recorded by the Dino-lite digital microscope
camera (Dino-Lite) after flipping the eBiobot over to make the
pillars face the camera. Images were acquired at a rate of 20
frames/s. Muscle forces were calculated using the Euler-Bernoulli
beam-bending theory (8-10, 28, 29)

P 8EIS§
]

where I is the moment of inertia, § is the deflection on beam, L is the
length of the skeleton beam, and [ is the moment arm from the point
of applied force of the actuator to the beam. E represents the
Young's modulus of skeleton beam, which was measured to be
270 kPa. The Cannon EOS Rebel T5i was used for recording of
walking and turning for bipedal eBiobots at a rate of 29.87
frames/s. The movement of pillars and locomotion of eBiobots
were tracked using the software Tracker (https://physlets.org/
tracker). The white circles on the electronics in Fig. 7 (A and C)
are the tracking points for the trajectory color map. The angular dis-
placements and speed in Fig. 7 (B and D) were analyzed on the basis
of the orientations of the device arm in Fig. 7 (A and C). The linear
and angular displacements in fig. S30 were analyzed on the basis of
the tracking points in circles for eBiobot 1, 2, and 3 in Fig. 7H.
Samples were measured between days 15 and 21 after differentiation
for force characterizations and locomotion analysis.

Computational modeling of eBiobot

The eBiobot was computationally modeled using solver Elastica,
following a similar approach that has been developed and leveraged
for modeling biohybrid robots (7, 9, 10, 23). Elastica is an open-
source software package for simulating assemblies of soft slender
bodies using Cosserat rod theory. Cosserat rod is a mathematical
description that captures the 3D dynamics of 1D slender bodies
while accounting for all modes of deformation (bending, twisting,
stretching, and shearing; fig. S6, A to C). The eBiobot was then
modeled as an assembly of Cosserat rods specialized to represent
the muscle tissues and the scaffold (fig. S6D). This assembly of
rods was constructed via appropriate boundary conditions to
account for structural connectivity and dynamic interactions
among rods. We also took into account the dynamic effects
induced by the on-board microelectronics by combining their
masses into the rod representing the scaffold. Furthermore, envi-
ronmental effects such as gravity, buoyancy, surface friction, and
hydrodynamics were also characterized and implemented in simu-
lation. Further details relative to our computational approach can be
found in Supplementary Methods. The numerical solver Elastica is
publicly available at www.cosseratrods.org.

Evolutionary design optimizations
With a computational eBiobot model in hand, we then tackled the
problem of optimizing the scaffold to maximize its forward walking
speed. To do this, we coupled Elastica with the Covariance Matrix
Adaptation Evolution Strategy algorithm (CMA-ES) (24), a method
specialized for dealing with nonlinear, nonconvex continuous opti-
mization problems. Coupled with Elastica, CMA-ES was demon-
strated as an efficient design tool for a range of engineering and
biohybrid applications (22, 23).

A critical aspect of designing biohybrid systems in particular was
that the characteristics of the biological actuator cannot always be
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precisely predicated and controlled. Therefore, an optimal solution
obtained by assuming a specified actuation may fail when the actu-
ator performs differently. Here, to overcome this issue, our optimi-
zation process of the eBiobot took into account the uncertainties
due to the biological muscle variations. The process flow of the op-
timization course is presented in fig. S11A. We first identified three
key scaffold parameters (beam thickness, front leg length, and leg
length mismatch) that are most influential on the walking speed
and manually picked initial values of these parameters as the
input of CMA-ES. For instance, the leg length mismatch for the
final eBiobot design was 0.93 mm (long leg length, 3.74 mm;
short leg length, 2.81 mm; fig. S7). Then, the CMA-ES evolved
these parameters over a number of generations to improve the
speed of the bot. In each generation, CMA-ES deploys N (N = 50
to 80) parallel Elastica simulations, with each simulation taking a
unique design parameter triple-sampled from a multivariate Gauss-
ian distribution. To evaluate the robustness of each scaffold design,
every Elastica simulation created eight exact eBiobots and simulated
each one with a different muscle force sampled from the experimen-
tally characterized range. The resulting speeds (defined as the
fitness) of these eight bots were then averaged and fed back into
CMA-ES to inform the parameter selection of the next generation.
An optimal solution was obtained when both the design parameters
and the fitness started to converge. As shown in fig. S11B, three
design iterations were conducted with three different input
muscle force ranges. The optimization process led to different
final designs for each case, demonstrating a consistently improving
speed.

Efficiency analysis through COT
The walking efficiency of the eBiobot was evaluated using COT, a
dimensionless number that quantifies the energy consumption of
transporting an object over a certain distance. Because it is nondi-
mensional, this number enables a meaningful comparison against
previously demonstrated biohybrid walking machines with differ-
ent body scales. The COT is generally defined as

cor =~

mgd

where E is the overall energy spent to transport a body of weight mg
over the distance d. Here, we approximated the total mass of the bot
as the mass of the skeleton because the masses of the muscle and
electronic device (for controlling a single actuator eBiobot) are neg-
ligible. We also noted that the overall energy, including metabolic
and electrical energy expenditure of the system, is hard to quantify
in the case of eBiobots. We instead estimated E = E_N, where E_ is
the muscle energy output provided during each contraction and N is
the number of contractions stimulated over a certain period. For
consistency, the distance d is also measured over the same period
of time. E_ is then quantified through the work

Ec = Fact act/2

where F,, is the measured active force of the muscle and C,, is the
active muscle contraction estimated from the leg deflection data re-
corded experimentally. We assumed that the muscle force increases
linearly from rest before reaching its maximum value, hence the
factor 1/2. This definition of COT did not reflect the overall
energy efficiency of our system. Instead, this metric compared the
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efficiency of structural designs across different generations of walker
bots that ultimately adopt the same walking mechanism.

Wireless control of eBiobots with console system

The multiunit dynamic control of individual eBiobots was imple-
mented with an application-specific hardware console equipped
with an Arduino Uno board. This console interfaced asynchronous-
ly via USB (universal serial bus) to the host computer that runs the
GUI that communicates with the devices via NFC as described pre-
viously. Six independent controllers, which paired with six different
eBiobots, produced four command events triggered by two push
buttons (on+synchronous mode, on+asynchronous-left mode,
on-+asynchronous-right mode, and off command), which were reg-
istered with the Arduino Uno board at a refresh rate of 50 ms. These
events were stored in memory until retrieved by the GUI The GUI,
at a rate of 5 s, retrieved the collection of cumulative command
events from the console and stacked them in a dynamic queue for
relaying them into action commands to the corresponding eBiobot
on an individual basis. To account for communication errors with
the eBiobots, the GUI implemented a persistent communication
strategy that assured the commands were received and
implemented.
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