
when the body was insufficiently lifted. Addition-
ally, when the tail was lifted clear of the media
in robot experiments, the posterior motor and
mounting structures intruded into and dragged
through themedia, resulting in an intrusion that
was difficult to model; therefore, we simulated
trials with the tail intruding into the media in
the same configuration as at the end of tail-
thrusting behavior, which yielded similar perform-
ance. To test these assumptions, we compared
results to a subset of robot trials, and obtained
good agreement between simulation and experi-
ment (Fig. 4C and fig. S4).
The change in the patterns of the local connec-

tion vector fields revealed how limbs and tail could
coordinate to produce movement (Fig. 4, C to E).
For example, these fields demonstrated that the
tail was not uniformly beneficial in all situations,
nor even substantially beneficial in horizontal
movement, inwhich the vertical component of the
vectors (tail contribution) was small. However,
as surface incline angle increased, the horizon-
tal magnitudes of connection vectors decreased,
indicating reduced efficacy of limb-only tail-
dragging gaits (a horizontal path across the vec-
tor field). The relatively larger vertical component
across more of the shape space indicated the in-
creased importance of the tail to forward move-
ment. The optimal gait for both inclineswas close
to the synchronous thrusting used by the robot
and mudskipper, yielding similar displacements
(Fig. 4, C to E); phase lag between initiation of
limb and tail movement was suboptimal and, in
one case per incline, yielded the worst possible
gait (Fig. 4, D and E). Improper use of the tail
resulted in substantially lower performance than
simply allowing it to drag (Fig. 4, C to E). Ad-
ditionally, the generally downward direction of
the vectors in both fields demonstrate that purely
tail-powered locomotion (a vertical path down
the right of the vector field) can produce forward
motion, as seen in some extant fish (12).
Our results from a biological analog of early

tetrapods and robophysical and mathematical
models demonstrate that the tail can play an
important role in limb-driven crutching loco-
motion on inclined granular substrates bymaking
locomotorsmore robust to suboptimal kinematics
and substrate conditions. This suggests that the
sizable,well-ossified (andpresumablywell-muscled)
tails of early tetrapods (15–17), originally used for
swimming, may have been co-opted to promote
reliable locomotion over challenging substrates,
providing an exaptation (36) that facilitated their
invasion of land. Although evidence of tail use is
absent among the few fossil trackways attributed
to early tetrapods (37, 38), tail use might be evi-
dent in trackways formed on inclined shores.
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Phototactic guidance of a
tissue-engineered soft-robotic ray
Sung-Jin Park,1 Mattia Gazzola,2* Kyung Soo Park,3,4† Shirley Park,5‡
Valentina Di Santo,6 Erin L. Blevins,6§ Johan U. Lind,1 Patrick H. Campbell,1

Stephanie Dauth,1 Andrew K. Capulli,1 Francesco S. Pasqualini,1 Seungkuk Ahn,1

Alexander Cho,1 Hongyan Yuan,1|| Ben M. Maoz,1 Ragu Vijaykumar,5

Jeong-Woo Choi,3,4 Karl Deisseroth,5,7 George V. Lauder,6

L. Mahadevan,2,8 Kevin Kit Parker1,4¶

Inspired by the relatively simple morphological blueprint provided by batoid fish such as
stingrays and skates, we created a biohybrid system that enables an artificial animal—a
tissue-engineered ray—to swim and phototactically follow a light cue. By patterning
dissociated rat cardiomyocytes on an elastomeric body enclosing a microfabricated gold
skeleton, we replicated fish morphology at 1

10= scale and captured basic fin deflection
patterns of batoid fish. Optogenetics allows for phototactic guidance, steering, and turning
maneuvers. Optical stimulation induced sequential muscle activation via serpentine-
patterned muscle circuits, leading to coordinated undulatory swimming. The speed and
direction of the ray was controlled by modulating light frequency and by independently
eliciting right and left fins, allowing the biohybrid machine to maneuver through an
obstacle course.

B
ioinspired design, as applied to robotics,
aims at implementing naturally occurring
features such as soft materials, morphol-
ogies, gaits, and control mechanisms in
artificial settings in order to improve per-

formance (1–4). For example, recent soft-robotics
studies raised awareness on the importance of

material properties (3, 4), shifting the focus from
rigid elements to soft materials, whereas other
investigations report successful mimicry of gaits
ormorphological features inspired by insects (5, 6),
fish (7,8), snakes (9), salamanders (10), andcheetahs
(11). Although recent advances have the promise
of bridging the performance gap with animals,
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the current soft-robotic actuators based on, for
instance, electroactive polymers, shape memory
alloys, or pressurized fluids are yet tomature to
the point of replicating the high-resolution com-
plex movements of biological muscles (3, 4).
In this context, biosensors and bioactuators

(12) are intriguing alternatives because they can
intrinsically respond to a number of control inputs
(such as electric fields and optical stimulation).
Thanks to recent advances in genetic tools (13)
and tissue engineering (12), these responses can
be altered and tuned across a wide range of time
and length scales. Some pioneering studies have
exploited these technologies for self-propulsion,
developingminiaturizedwalkingmachines (14–16)
and flagellar (17) or jellyfish-inspired (18) swim-
ming devices. These biohybrid systems operate at
high energy efficiency and harvest power from
energy-dense, locally available nutrients, although
at present they require specialized environments
(physiological solutions) that may limit their ap-
plicability.Moreover, these biohybrid locomotors
lack the reflexive control (9, 19) necessary to enable
adaptive maneuvering and thus the ability to re-
spond to spatiotemporally varying external stimuli.
Wedesigned,built, and testeda tissue-engineered

analog of a batoid fish such as stingrays and
skates. By combining soft materials and tissue
engineering with optogenetics, we created an in-
tegrated sensory-motor system that allowed for
coordinated undulating finmovement and photo-
tactically controlled locomotion that is guided via
light stimuli. We drew from fishmorphology, neu-
romuscular dynamics, and gait control to imple-
ment a living, biohybrid system that leads to
robust and reproducible locomotion and turning
maneuvers. Batoid fish are ideal biologicalmodels
in robotics (8) because their nearly planar bau-
plan is characterized by a broaddorsoventral disk,
with a flattened body and extended pectoral fins,
that enhances stability against roll (20). They swim
with high energy efficiency (21) by generating
spanwise bending deformations and chordwise

front-to-rear undulatorymotion (Fig. 1A andmovie
S1) (20, 22) via the sequential activation of pectoral
fin muscles. This undulatory gait allows slender
aquatic animals to channel body movement into
forward motion by exchanging momentum with
the fluid (7,22) and is a convergentmodeof aquatic
propulsion (23). Moreover, batoids can use these
undulatorymodes for finemaneuvering and turn-
ing by independently and asymmetrically actuat-
ing their pectoral fins (24). Inspired by batoids, we
reverse-engineered their musculoskeletal struc-
ture (Fig. 1B and fig. S1) via a four-layered archi-
tecture (Fig. 1C): a three-dimensional elastomer
[polydimethylsiloxane (PDMS)] body, cast via a
titanium mold (fig. S2A and movie S2); a che-
mically neutral skeleton fabricated bymeans of
thermal evaporation of gold through a custom
designed shadow mask; a thin interstitial elasto-
mer layer obtained by spin-coating; and last, a
layer of aligned rat cardiomyocytes generated via
microcontact printing of fibronectin (fig. S3) (25).
This design yielded a tissue-engineered ray

with a single muscle layer capable of downward
contraction (Fig. 1, C andD). Upward contraction
would require a second layer of muscle that acts
antagonistically to the upper layer. To minimize
the complexity of our design, we instead used an
asymmetrical stiff gold skeleton that stores elastic
energy during the downstroke and rebounds dur-
ing the subsequent relaxation phase. Inspired by
histological analysis (fig. S1) as well as theoretical
considerations (26), we channeledmuscular work
and elastic energy into forward motion by break-
ing fore-aft symmetry through a varying body
rigidity along the anterior-posterior axis. This was
achieved via a thicker body and a denser and

radially further reaching skeleton pattern in the
front (Figs. 1, C and D, and 2A and fig. S2A). Like-
wise, along the proximal-distal axis, flexibility
of the fins was enhanced by gradually reducing
their thickness (fig. S2A). Last, the PDMSmixture
was adjusted (25) to provide body rigidity and fin
flexibility while conserving overall neutral buoy-
ancy (fig. S2).
The composite supporting structure described

above was coupled to a tissue-engineeredmuscle
layer, which captured the salientmusculoskeletal
features of batoid fish (Fig. 2B). At the mesoscale
(50 mm to 5 mm), batoid myofibers are tightly
bundled and are aligned in the radial direction
parallel to the rays of the skeleton (Fig. 2B). At
the microscale (1 to 10 mm), the Z-lines of the
sarcomeres (the cell force–generating units) (Fig.
2C) present strong nematic alignment perpen-
dicular to individual myofibers so as to focus con-
traction forces. Following this layout, themuscles
and sarcomeres of the tissue-engineered raywere
designed to orient radially from the body and
parallel to the gold skeleton rays (Fig. 2B and
fig. S4), and the Z-lines of the sarcomeres were
engineered to be perpendicular to the skeleton
rays through microscale patterning of fibronectin
(Fig. 2C and fig. S4).
Last, to mimic the sensory-somatic nervous

system that controls the sequential activation of
fin muscles in the batoid fish, we recast the neuro-
control problem as a design problem. A possible
solution is given by serpentine-patterned muscle
circuits that physically determine the propaga-
tion of muscle contraction in space and time
(Figs. 1D and 2, D and E), leading to hardwired
coordination that could be triggered with external
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Fig. 1. Bioinspired concept design of the tissue-engineered ray. (A) A live Little skate, Leucoraja
erinacea, swimming and (B) its musculoskeletal structure. (C to E) Tissue-engineered ray with (C) four
layers of body architecture, (D) concept, and (E) phototactic control. Upon optical stimulation, the tissue-
engineered ray induces sequential muscle activation via serpentine-patterned muscle tissues, generates
undulatory locomotion, and sustains steady forward swimming. It changes direction by generating
asymmetric undulating motion between left and right fins, modulated by light pulse frequency.
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stimuli. This design was implemented by over-
laying onto anisotropic tissue a layer of car-
diomyocytes that were electrically coupled with
gap junctions (fig. S4H). These myocytes were
engineered to respond to optical stimuli (Fig.
1D) by expressing a light-sensitive ion channel
[channelrhodopsin-2 (ChR2)] (27). Thus, a point
light stimulus directed at the front of the ray trig-
gers the propagation of an action potential that
is spatially and temporally modulated by the gap
junctions between muscle cells without the need
for neural coupling and coordination (Fig. 2, D
and E). The expression of ChR2 was obtained via
lentiviral transduction mediated by the truncated
cardiac troponin T promoter cTnT (fig. S5) (25, 28).
This approach led to an 88% transduction rate
of cardiomyocytes and maximized the sensitivity
to blue light at powers of ~10 mW (fig. S5).

Optical stimulation of the circuits initiated se-
quential activation waves that propagated along
the anterior-posterior axis as revealed by means
of calcium imaging (25) for three different circuit
designs (Fig. 2D, fig. S6, and movies S3 and S4).
Dense serpentine patterns enhanced activation
localization, whereas rarefied ones increased prop-
agation speed (figs. S7 and S8). To allow for ma-
neuverability, we ensured that each pectoral fin
could be independently actuated by pacing left
and right optical stimuli at different frequencies
(fig. S6 andmovie S5). Among the various designs
considered, the circuit of choicewas characterized
by the intermediate serpentine pattern density
(Fig. 2E). This circuit represented the best tradeoff
between overlap with batoids’ operating range
and contraction time reproducibility (low standard
error) in order tominimize desynchronization and

undesired turning (Fig. 2E). The final overall de-
sign of our ray consists of ~200,000 live cardio-
myocytes in an elastomeric body of 16.3 mm
length and 10.18 ± 0.43 mg mass.
When immersed in a 37°C Tyrode’s physio-

logical salt solution containing glucose as energy
reservoir, and upon optical stimulation, the fab-
ricated ray was propelled by producing forward
thrust via the undulatorymotion of its fins (Fig. 3
andmovie S6). Video-tracking analysis (25) showed
that during each swimming cycle, as the calcium
signal propagated (fig. S9), the anterior region bent
downward, while the posterior one lifted upward
(Fig. 3, A and B), conferring a small downward
orientation (–10°) to the ray’s longitudinal axis
(fig. S9). Both regions reached their maximum
displacement around ~200 ms (Fig. 3B), when
their motion gradually inverted until ~340 ms
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Fig. 2. Engineering solutions. (A) System-level design for skate (top) and
tissue-engineered ray (bottom left) comparable with one penny and a two
Euros coin (bottom middle and right). (B and C) Musculoskeletal (B) meso-
and (C)micro-architecture of a skate, L. erinacea (top), is replicated in a tissue-
engineered ray (bottom). Horizontal sections of the skate were stained with
hematoxylin and eosin (top), and the engineered tissuewas immunostainedwith
a light-sensitivemembrane protein,ChR2 (red, bottom left), sarcomeric a-actinin
[red, (B), bottom right, and (C)], and nuclei (blue, (B), bottom right). (C) Orien-
tation of the Z-lines (skate, black arrow and black triangles, top; and tissue-
engineered ray, black arrow with gray distribution and white triangles, bottom). In

both cases, Z-lines are perpendicular to the skeleton rays (pink arrows). (D)Muscle
circuits with preprogrammed activation pattern. A point light stimulus directed at
the front of the fins with 1.5 Hz frequency triggers the calcium wave that pro-
pagates along the predefined serpentine patterns. (E) Operating range of the
muscle circuits. The circuit with intermediate serpentine pattern density repre-
sents the best tradeoff between contraction time reproducibility (SEM) and
overlap with batoids’ operating range [Taeniura lymma (20) and Potamotrygon
orbignyi (22), black symbols]. Black, red, and blue indicates muscle circuit with-
out serpentine patterns and with intermediate and dense serpentine patterns,
respectively. Each colored band indicates SEM of number of traveling waves.
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(Fig. 3, C and D). At this point, the calcium wave
had traveled ~70%of the ray body and approached
the flexible tail region (Fig. 3E and fig. S9). This
signal caused a rapid, strong downward contrac-
tion of the rear of the body, a quick upward recoil
of the head region (presumably mediated by the
stiff skeleton) (Fig. 3), a 30° upward reorientation
of the longitudinal axis (fig. S9), and a spike in
forward swimming speed (Fig. 3E). After 340ms,

the calcium wave vanishes, and the ray relaxes
(Fig. 3E and fig. S9), gliding until its forward
momentum dissipates.
A periodical optical stimulation leads to a

rhythmically sustained forward displacement
(Fig. 3F). To test the benefits of spatiotemporally
modulated undulatory locomotion relative to pul-
satile locomotion (typical of jellyfish),we stimulated
our design of choice via a global electrical field

(25). The latter, unlike optical point stimulation,
induces a global, synchronized contraction of the
entire muscle layer, leading to jet-like propulsion
(movie S7). Although pulsatile actuation also pro-
duced forward motion, undulatory gaits were
found to be twice as fast at 1.5 Hz pacing (Fig. 3G).
We compared the kinematics (Fig. 3, H and I)

and hydrodynamics (Fig. 3, J to M) of bioinspired
and live rays. Both rays exhibit asymmetric de-
formation patterns in which the deflection am-
plitude progressively increases in the radially
outward and anterior-posterior directions. This
similarity shows that our asymmetric composite
structure compensates for the lack of the upper
muscle layer (Fig. 3, B and D), leading to the
coordinated undulatory locomotion. Our design
of choice was found to outperform a symmetric
design (by 5.7×, as measured by distance traveled
per unit time) as well as asymmetric designs
without gold skeleton (2.7×), with denser gold
skeleton (8.2×), andwith thinner (1.5×) and thicker
fins (3.3×) (fig. S10 andmovie S8 and S9). Particle
image velocimetry (PIV) (25) images of the hy-
drodynamic footprint of the tissue-engineered
ray (Fig. 3, A to D) show that body contractions
generate vortices of alternating sign that are
sequentially shed downstream in the wake (Fig.
3, A to D, and movie S10), which is the hallmark
of inertial undulatory swimming (29). Indeed, PIV
of live skates (Fig. 3, K toM, and fig. S11) reveals a
qualitatively similar alternation of positive and
negative vortices, respectively generated in concave
and convex regions of the body.
We emphasize here that our ray is a 10-fold

scaled-down version of a live skate and moves in
a laminar flow regime, as opposed to batoid fish
that operate in turbulent conditions. Thus, a di-
rect performance comparison is not meaningful,
but it is instructive to contextualize artificial and
natural solutions in terms of a recent scaling
framework (23, 30). All inertial undulatory swim-
mers hew to two scaling laws, Re = Sw4/3 in the
laminar regime and Re = Sw in the turbulent re-
gime, where the Swimming number Sw = 2pfAL/u
(L is the characteristic length of the swimmer, f is
the undulation frequency, A is the amplitude, and
u is the fluid viscosity) captures input kinematics,
and the Reynolds number Re = UL/u (where U is
the forward speed) captures output speed. By
fitting extant biological data (23), the average
swimming “roofline” was determined, thus pro-
viding an objective way to assess swimming per-
formance. In this analysis, our tissue-engineered
rays reached up to 63% of the Re of comparable
natural solutions at the given Sw (Fig. 3J).
For gait control, we first determined a set of

gait protocols for speed and direction control
by modulating light frequency and by synchro-
nously or asynchronously triggering the right and
left serpentine circuits (figs. S11 andS12 andmovies
S12 to S18). Synchronous pacing on both fins re-
sulted in straight, forward displacement (figs. S11
and S12 andmovies S12 and S13), whereas stimu-
lation frequency determined the swimming speed
range (maximumat 1.5 to 2Hz,minimumat 1 or
3 Hz) (fig. S10E and movies S14 to S16). Asyn-
chronous pacing instead resulted in directional
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Fig. 3. Kinematics and hydrodynamics. (A to D) PIV flow measurements highlight the production
of alternated positive and negative vortices by the tissue-engineered ray.The viscosity associated with the
relatively small Re is responsible for the dissipation of the vortex street in the wake. (E) Correlation
between calcium activity and undulatory locomotion. (F) The moving distance during four strokes.
(G) Comparison of swimming speed between the tissue-engineered rays stimulated by point and
field stimulations. Undulatory locomotion produced by sequential muscle activation (point, 1.85 mm/s)
improved swimming speed significantly compared with pulsatile propulsion generated by global
muscle activation (field, 1.03 mm/s; matched pairs test, P = 0.014, n = 3 rays). Gray and red lines
indicate the speed of individual rays and their average, respectively. (H and I) Out-of-plane fin deflec-
tion in both (H) a live stingray, P. orbignyi, and (I) a tissue-engineered ray (maximum amplitude, 2.54 ±
0.02mm). (J) Comparison of swimming performance between tissue-engineered rays (n = 7 rays) and
aquatic swimmers [batoid fish (20) and larval zebrafish (32)] following the scaling analysis (23).
[Figure adapted from (23).] (K to N) PIV analysis of live Little skate, L. erinacea.
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turns (fig. S12, B, C, and F). In order to minimize
the turning radius, we paired stimulation frequen-
cies (1/1.5Hz inmovie S17, or 3/1.5Hz inmovie S18)
tomaximize the actuation difference between fins.
Our ray turned in either clockwise or counter-
clockwise directions by generating asymmetric
undulatingmotion between left and right fins, as
in batoid fishes (24).
Last, we challenged the tissue-engineered ray

to swim through an obstacle course. Using the
above gait and turning protocols, we guided the
ray along a curved path by alternating forward
motion and turning maneuvers, at an average
speed of ~1.5 mm/s over a distance of ~250 mm,
15 times longer than its body length (Fig. 4 and
movie S19). Furthermore, the ray was found able
to maintain 80% of its initial speed for up to 6
consecutive days (fig. S13 andmovie S20). There-
fore, our ray outperformed existing locomotive
biohybrid systems in terms of speed [3.2mm/s in
movie S16, 1.3× over jellyfish (18)], distance trav-
eled [~250 mm, 35× over cantilever-like walkers
(15)], and durability (6 days), demonstrating the
potential of self-propelled, phototactically acti-
vated tissue-engineered robots.
With dissociated cells, naturally equippedwith

biosensors and bioactuators, as a programmable,
actuating buildingmaterial, we used optogenetics
and tissue engineering to build an adaptive swim-
ming animal. Our study is but a first step in
engineering multilevel systems that link neuro-
dynamics, mechanics, and complex controllable
gaits—coupling sensory information to motor co-
ordination and movement that leads to behavior.
This work paves the way for the development of
autonomous and adaptive artificial creatures able
to process multiple sensory inputs and produce
complex behaviors in distributed systems andmay

represent a path toward soft-robotic “embodied
cognition” (4, 31).
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Fig. 4. Phototactic steering of the tissue-engineered ray through an obstacle course. (A) The ray completed a course that required complex
coordination and maneuvering. Motion began with a forward protocol (at 0 s) to gain acceleration. A following left turn protocol allowed the ray to overcome
forward momentum, making a left turn (at ~50 s). Next, another forward protocol was used to dissipate counterclockwise angular momentum and regain
directionality (at ~100 s).While the ray made its way back to the other side of the obstacles, a final right turn protocol was given to make a right turn, winding the
last obstacle. Grids, 1 cm. (B) Corresponding kinematic analysis relative to light frequency modulation protocols used for guidance.
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robot through water would follow a light source.
cardiomyocytes were genetically engineered to respond to light cues, so that the undulatory movements propelling the
of a ray fish with a microfabricated gold skeleton and a rubber body powered by rat heart muscle cells. The 

 built a 1/10th-scale versionet al.A bio-inspired swimming robot that mimics a ray fish can be guided by light. Park 
Swim into the light
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