






Fig. S3. (A) Characterization of ring thickness as a function of fibrin concentration. A concentration of 4 mg/mL was chosen for its ability to generate compact
muscle strips with high cellular density. Higher concentrations than this resulted in marginal changes in muscle strip thickness. (B) The dimensions of rings can
be readily modified to power larger-scale bio-bot structures by adjusting the volume of the cell/gel solution. This ring was formed from 240 μL cell/gel solution,
compared with those used in the study, which were formed from 120 μL cell/gel solution. (C) The modularity of the muscle ring actuator design allows for the
addition of multiple muscle rings per device, providing an added mechanism of improving functional performance of bio-integrated machines and systems in
the future. (D) The modularity of the muscle ring actuator design also enables the fabrication of multilegged bio-bot structures, such as the “four-leg” bio-bot
shown here. Because directional locomotion and 2D steering proved to be achievable even with two-leg structures, only data for two-leg structures were
presented in this study.
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Fig. S4. (A) Passive tension force produced by muscle strips and muscle rings. There is no significant difference between the passive tension forces produced by
muscle strips and rings (P < 0.05, n = 9, one-way ANOVA, post hoc Tukey test). (B) Optogenetic muscle rings produced paced contractions in response to optical
stimulus at frequencies from 1 to 4 Hz. Muscle rings tested at higher-frequency stimulations produced paced contractions until a tetanus frequency above
8–10 Hz (n = 4). (C) Effect of increasing optical intensity on the directional locomotive speed of optically stimulated asymmetric one-leg bio-bots. A maximum
energy density of 1.9 mW/mm2 was used for all experiments presented in this study. (D) Active tension force produced by muscle strips and rings in response to
electrical stimulation reveals that electrical stimulation produces comparable contractile forces for both actuator designs (P < 0.05, n = 3, one-way ANOVA, post
hoc Tukey test).
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Fig. S5. (A) Directional locomotion in response to single-leg stimulation of two-legged bio-bots. (A-1) X-Y tracking of top-view movies of bio-bots over 15 s at
2-Hz optical stimulation. Average locomotive speed for exercise group 2 bio-bots is 312 ± 63 μm/s. Devices also demonstrated small rotations under full-ring
stimulation, with an average speed of 0.24 ± 0.1°/s. (A-2) Comparison of directional locomotive speed in response to optical stimulation at 2 Hz for exercise
group 2 bio-bots (labeled E) (n = 6) and control group 2 bio-bots (labeled C) (n = 3). Exercised bio-bots demonstrate significantly higher locomotive speeds than
control bio-bots (P < 0.05, one-way ANOVA, post hoc Tukey test). (B) Rotational locomotion in response to half-leg stimulation of two-legged bio-bots. (B-1)
X-Y tracking of top-view movies of the same bio-bots presented in A-1 over 15 s at 2-Hz optical stimulation. Average rotational speed for exercise group 2 bio-
bots is 2.1 ± 0.5°/s. Devices also small translocations under full-ring stimulation, with an average speed of 33 ± 10 μm/s. (B-2) Comparison of rotational lo-
comotive speed in response to optical stimulation at 2 Hz for exercise group 2 bio-bots (labeled E) (n = 6) and control group 2 bio-bots (labeled C) (n = 3).
Exercised bio-bots demonstrate significantly higher locomotive speeds than control bio-bots (P < 0.05, one-way ANOVA, post hoc Tukey test).

Movie S1. Manual transfer of muscle ring from injection mold to bio-bot skeleton. Muscle rings are lifted from the injection mold using sterile tweezers and
transferred to another dish containing the bio-bot skeletons (chemically bonded to an underlying glass slide). The muscle ring is tethered around the bio-bot
skeleton on day 1 after seeding.

Movie S1
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Movie S2. Optical stimulation of muscle rings in exercise study. Active tension force output in response to optical stimulation is calculated using a Kelvin-Voigt
viscoelasticity model that relates bio-bot skeleton deformation to muscle force produced. Numerical results are presented in Fig. 4B.

Movie S2

Movie S3. Directional locomotion of muscle ring-powered bio-bot with asymmetric geometry. Optical stimulation (at 2 Hz) of a muscle ring tethered to a bio-
bot with asymmetric geometry leads to directional locomotion in the direction of the longer pillar. Numerical results and speed-frequency response are
presented in Fig. 5.

Movie S3

Movie S4. Zero net locomotion in muscle ring-powered bio-bot with symmetric geometry (FEA). FEA simulation of electrically stimulated actuation of both
muscle rings in a bio-bot with symmetric geometry. Due to overall symmetry of both geometry and force production, the bio-bot demonstrates zero net
locomotion.

Movie S4
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Movie S5. Zero net locomotion in muscle ring-powered bio-bot with symmetric geometry (electrical stimulation). Electrically stimulated actuation (at 2 Hz) of
both muscle rings in a bio-bot with symmetric geometry. Due to overall symmetry of both geometry and force production, the bio-bot demonstrates zero net
locomotion.

Movie S5

Movie S6. Directional locomotion in muscle ring-powered bio-bot with symmetric geometry (FEA). FEA simulation of targeted optically stimulated actuation
of one muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes greater contractile
displacement in the stimulated leg (right leg), driving locomotion toward the right.

Movie S6

Movie S7. Directional locomotion in muscle ring-powered bio-bot with symmetric geometry (optical stimulation). Targeted optically stimulated actuation (at
2 Hz) of one muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes greater
contractile displacement in the stimulated leg (right leg), driving locomotion toward the right.

Movie S7
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Movie S8. Rotational locomotion in muscle ring-powered bio-bot with symmetric geometry (FEA). FEA simulation of targeted optically stimulated actuation
of one half of a muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes greater
contractile displacement in one part of the partially stimulated leg (bottom right leg), driving clockwise rotational locomotion in the direction of the stim-
ulated leg.

Movie S8

Movie S9. Rotational locomotion in muscle ring-powered bio-bot with symmetric geometry (optical stimulation). Targeted optically stimulated actuation (at
2 Hz) of one half of a muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes
greater contractile displacement in one part of the partially stimulated leg, driving clockwise rotational locomotion in the direction of the stimulated leg. The
focal spot of the LED was precisely positioned on the right half of the muscle ring furthest away from the camera, which saturates the light signal due to the
high intensity of the light stimulus.

Movie S9
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Movie S10. Electrical stimulation of untethered muscle ring actuator. Muscle rings produce significant contractile force even when untethered to a me-
chanical skeleton, as demonstrated here in response to electrical stimulation (2 Hz) on day 12 after seeding. These muscle rings were maintained in the in-
jection mold throughout the growth and differentiation processes. In this movie, some net locomotion of the ring is observed, but directionality is not
controlled. Coupling the modular ring to a forward-engineered 3D printed skeleton would enable controllable directional locomotion.

Movie S10
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