
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

SCIENCE sciencemag.org 8 JULY 2016 • VOL 353 ISSUE 6295 159

1Disease Biophysics Group, Wyss Institute for Biologically
Inspired Engineering, John A. Paulson School of Engineering and
Applied Sciences, Harvard University, Cambridge, MA 02138,
USA. 2John A. Paulson School of Engineering and Applied
Sciences, Harvard University, Cambridge, MA 02138, USA.
3Department of Chemical and Biomolecular Engineering, Sogang
University, Seoul 121-742, Korea. 4Sogang-Harvard Research
Center for Disease Biophysics, Sogang University, Seoul 121-
742, Korea. 5Department of Bioengineering, Stanford University,
Stanford, CA 94305, USA. 6Museum of Comparative Zoology,
Harvard University, Cambridge, MA 02138, USA. 7Department of
Psychiatry and Behavioral Sciences and the Howard Hughes
Medical Institute, Stanford University, Stanford, CA 94305, USA.
8Department of Organismic and Evolutionary Biology,
Department of Physics, Wyss Institute for Biologically Inspired
Engineering, Kavli Institute for Nanobio Science and Technology,
Harvard University, Cambridge, MA 02138S, USA.
*Present address: Department of Mechanical Science and Engi-
neering, University of Illinois at Urbana-Champaign, Urbana, IL
61801, USA. †Present address: Department of Biomedical Engi-
neering, University of Michigan, Ann Arbor, MI 48109, USA.
‡Present address: Department of Cardiovascular Medicine, Stanford
University Medical Center, Stanford, CA 94305, USA. §Present
address: The Winsor School, Boston, MA 02215, USA. ||Present
address: Department of Mechanical, Industrial and Systems
Engineering, University of Rhode Island, Kingston, RI 02881, USA.
¶Corresponding author. Email: kkparker@seas.harvard.edu

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

SCIENCE sciencemag.org 8 JULY 2016 • VOL 353 ISSUE 6295 161

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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Materials and Methods 
Animal batoid histology preparation 

All animal procedures were done in accordance with the guidelines of Harvard 
University’s Animal Care and Use Committee. The juvenile batoid fish, Little Skates 
(Leucoraja erinacea), were purchased from a local collector as egg cases and were 
allowed to develop and hatch in the laboratory. Tissue samples were collected from those 
that died naturally, and frozen for storage. Tissue samples of L. erinacea were thawed 
and fixed in 4% Paraformaldehyde (SigmaAldrich, St. Louis, MO), which were incubated 
at 4ºC for 24 hours. The samples were decalcificated with 1.35 M HCl Cal-EX (Fisher 
scientific, Pittsburgh, PA) for 75 mins and rinsed with PBS before and after 
decalcification. Paraffin embedding, sectioning, and staining with hematoxylin and eosin 
and Mallory’s trichrome were completed by Ricasan Rowley Histology Consulting, 
Danvers, MA.  

 
Neonatal Ventricular Myocyte Harvest  

The neonatal ventricular myocyte isolation procedure was performed as previously 
described (14). Briefly, ventricles were removed from 2 day old Sprague Dawley rat pups 
(Charles River Laboratories, Wilmington, MA) and the tissue was manually minced and 
placed in a 0.1% trypsin (SigmaAldrich, St. Louis, MO) at 4ºC for approximately 12 
hours of enzymatic digestion with gentle rocker agitation. The trypsin was then removed 
and replaced with 0.1% type II collagenase (SigmaAldrich, St. Louis, MO) for a second 
stage of enzymatic digestion. After four serial digestions at 37 ºC, ventricular myocytes 
were further isolated from the resulting dissociated cell solution by two centrifugations, 
between which cells were passed through a 40 µm cell strainer and finally two 45 minute 
pre-plates at 37 ºC. Fibroblasts remaining from the pre-plates were retained and stored in 
an incubator to be used as a control for cardiac specific expression of ChR2. The 
resulting isolated ventricular myocytes were then resuspended in a supplemented M199 
cell media (Invitrogen, Carlsbad, CA) with 10% heat-activated fetal bovine serum (FBS) 
(Invitrogen, Carlsbad, CA) to create the seeding solution.  

 
Tissue-engineered ray fabrication 

The fabrication process of the tissue-engineered ray (fig. S3) was developed by 
modifying the processes to build muscular thin films (14, 33) and the tissue-engineered 
jellyfish (18). First, titanium (Ti) molds were designed by a computer-aided design tool, 
Solidworks (Waltham, MA), and fabricated by milling and polishing a 500-µm deep 
cavity in the Machine Shop / 3D prototyping Core at the Wyss Institute. The Ti molds 
were exposed to 3 mins of oxygen plasma to clean organic residue. The dextran solution 
(10% dextran in 25% isopropyl alcohol, both chemicals from SigmaAldrich, St. Louis, 
MO) was spin-coated on the Ti mold as a water-soluble sacrificial layer. Soft PDMS 
mixture was mixed in 1:10 ratio of Sylgard 184 and Sylgard 527 (both chemicals from 
Dow Corning, Midland, MI), and then was spin-coated on top of the dextran layer as the 
bottom layer of the tissue-engineered ray fin (fig. S3A). This tissue-engineered ray 
substrate was incubated at 65 ºC for 4 hours. Second, the 2:1 stiff PDMS mixture 
(Sylgard 184: 527 ratio) was filled in the cavity of the Ti mold, and the residue of the 
mixture was removed with a thin film spatula (fig. S3B). The tissue-engineered ray 
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substrate was again incubated at 65ºC for 4 hours. Third, the 9-nm Ti, 17-nm gold (Au), 
and 1-nm Ti layers were thermally evaporated on the tissue-engineered ray substrate 
through a shadow mask using an e-beam evaporator (Denton Vacuum, Moorestown, NJ) 
to form the gold skeleton of the engineered ray (fig. S3C). The shadow mask was 
designed to have the same directionality in terms of skeletal structure as the animal 
batoid, and was fabricated with a 100-µm stainless steel shim (McMaster-Carr, Elmhurst, 
IL). The skeleton pattern was engraved by a UV laser engraver (ProtoLaser U3, LPKF 
Laser & Electronics, Germany). The structures of gold skeleton and tissue-engineered ray 
body were aligned by matching the marks of the shadow mask and the Ti mold. Fourth, 
1:5 soft PDMS mixture (Sylgard 184: 527 ratio) was spin-coated on the tissue-engineered 
ray substrate to form the top layer of the ray fin, which was then incubated at 65 ºC for 4 
hours, and annealed at 190 ºC for 30 mins (fig. S3D). Fifth, the PDMS layers of the 
tissue-engineered ray substrate were laser cut with a CO2 laser engraver (VersaLaser 2.0, 
Universal Laser Systems, Scottsdale, AZ) to form the ray outline (fig. S3E). Sixth, human 
fibronectin (FN) pattern (BD Biosciences, Sparks, MD) was microcontact printed on the 
ray substrate (fig. S3F). PDMS stamps for patterning FN were designed to have 
mesoscale serpentine patterns overlaid with microscale line patterns (fig. S4). The 
mesoscale serpentine patterns were designed to have > 100 µm gap to prevent cardiac 
cells from spanning over the parallel sections. The microscale line patterns were designed 
to have 15 to 25 µm wide lines and 2 to 4 µm gaps to generate anisotropic microstructure 
of cardiac tissue with the same directionality of the pectoral fin skeletal structure. PDMS 
stamp structure was fabricated with 5 µm thick SU-8 photoresist mold (Microchem, 
Newton, MA) using soft-lithography as previously described (14). The stamps were 
incubated with fibronectin (50 µg/ml in deionized water, BE Biosciences, Sparks, MD) 
for 1 hour and dried with air. The fibronectin pattern was transferred to the tissue-
engineered ray substrate by precisely aligning and contacting the stamp to the body 
outline on the ray substrate under a stereomicroscope (MZ8, Leica, Germany). The 
isolated ventricular myocytes (fig. S3G) were seeded on the ray substrate at a density of 1 
million cells per well of a 6-well dish (fig. S3H). After 1 day, the sample was washed 
twice with phosphate buffered saline (PBS) and reincubated in culture medium with 10% 
fetal bovine serum (FBS) and lentiviral vectors encoding for ChR2-eYFP (fig. S3I). On 
day 2 (post-transduction day 1), the sample was washed twice with PBS and incubated 
with culture medium with 2% FBS (fig. S3J). On day 4 (post-transduction day 3), the 
engineered ray was gently peeled off with a tweezer (fig. S3K). The floating engineered 
ray was then turned over (fig. S3L) in Tyrode’s solution (1.192 HEPES, 0.040 NaH2PO4, 
0.901 glucose, 0.265 CaCl2, 0.203 MgCl2, 0.403 KCl, 7.889 NaCl [g/l], pH 7.4, all 
chemicals from SigmaAldrich, St. Louis, MO) (fig. S3L). 

 
Immunofluorescent staining of the muscle structure of the tissue-engineered ray 

The tissue structure of the tissue-engineered ray was visualized with 
immunofluorescence. The harvested cardiomyocytes were cultured on PDMS-coated 
glass coverslips with FN patterns for 4 days and transduced with lentivirus containing 
ChR2-eYFP for 3 days. The samples were washed with PBS at 37ºC, fixed in PBS with 
4% paraformaldehyde and 2.5% TritonX-100 for 12 mins at 37ºC and rinsed with PBS 3 
times. Staining with mouse anti-sarcomeric α-actinin monoclonal primary antibody 
(Sigma-Aldrich, St. Louis, MO) was conducted for 1 hour at room temperature, and an 
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additional staining with secondary antibody against mouse IgG conjugated to Alexa-
Fluor 546 (Invitrogen, Carlsbad, CA), DAPI (Invitrogen, Carlsbad, CA), and anti-GFP 
antibody conjugated to FITC (Abcam, UK) was conducted for 1 hour at room 
temperature. The samples were rinsed with PBS 3 times before and after primary and 
secondary staining. The samples were mounted on glass slides with ProLong Gold 
antifade mountant (Invitrogen, Carlsbad, CA).  

 
Imaging and analysis of the structure of the batoid and the tissue-engineered ray 

Histology sections and fluorescently labelled tissue-engineered rays were imaged 
with a VS120 Olympus Slide Scanner and an Olympus confocal microscope (Olympus, 
Center Valley, PA) with appropriate filter cubes. Images were taken with 10x, 20x, or 
40x objective lenses. The angle distribution of sarcomeric α-actinin was analyzed using a 
MATLAB code based on fingerprint detection as previously reported (34). 

Digital radiographs of batoid P. orbignyi and the tissue-engineered ray were taken 
with a digital x-ray machine at the Digital Imaging Facility of the Harvard Museum of 
Comparative Zoology and with a micro-computed tomography system (X-Tek MicroCT 
system, NiKon, Japan) at the Center for Nanoscale Systems at Harvard University, 
respectively. Planar x-ray images of the tissue-engineered ray were constituted using 
software (VGStudio MAX, Volume Graphics GmbH, Germany). 

 
Fabrication parameter calibration for spin-coating PDMS mixtures 

Sylgard 184 and Sylgard 527 elastomers (Dow Corning, Midland, MI) were mixed 
at 10:1 and 1:1 base to curing agent ratios, respectively. The PDMS mixtures were mixed 
in 1:10 and 1:5 ratios of Sylgard 184 and 527, spin-coated on glass coverslips with 
varying spin speed, and cured at 65 ºC oven for 4 hours. The film thickness was 
measured with a stylus profilometer (P-16+, KLA-Tencor, Milpitas, CA). 

 
Elastic modulus measurement of PDMS mixtures 

Modulus measurements on PDMS preparations were conducted on a biaxial 
mechanical tester (BioTester, CellScale Inc., Waterloo, ON). 5x5mm PDMS samples of 
approximately 2.5 mm thickness were subjected to 15% strain at 1%/s using 2.5mN load 
cells. Force and displacement measurements and corresponding images were recorded at 
15 Hz. PDMS moduli were measured from the slope to the linear stress vs strain curve. 

 
Optogenetics: plasmid constructs and viral transduction 

A lentiviral vector containing EF1α-ChR2-eYFP was based on the FCK(1.3)GW 
plasmid. To drive cardiac-specific expression, the cardiac troponin T (cTnT) promoter 
was PCR amplified (-493 to +192, provided as a gift by Dr. Jim Lin, U. Iowa) and ligated 
into the vector via PacI and AgeI restriction enzyme sites. The plasmid was amplified and 
purified using the endotoxin-free plasmid preparation kit (Qiagen, Netherlands). The 
recombinant lentiviruses were produced by transfecting 293FT cells (Invitrogen, 
Carlsbad, CA) with cTnT-ChR2-eYFP, pMD2.G, and pCMVdeltaR8.74 in the Vector 
Core facility at University of North Carolina at Chapel Hill, as previously described (35). 
The viral titer after harvest was between 7 × 106 and 4 × 107 infectious units (IU) per ml. 

Harvested cardiomyocytes and non-cardiomyocytes were cultured in an FN coated 
6-well plate and in a T-75 culture flask for 24 hours, respectively. Both cardiomyocytes 
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and non-cardiomyocytes were infected in vitro with lentivirus (3-5 × 106 IU/ml), and 
incubated at 37ºC for 2 to 5 days before flow cytometry. Sham-treated cardiomycoytes 
were incubated with culture media. Flow cytometry was conducted using a BD LSRII 
analyzer in the Bauer Core Facility at Harvard University. Signals of side scatter, forward 
scatter, and eYFP were monitored to determine positive (ChR2-eYFP) and negative 
transfection for infected cardiomyocytes, infected non-cardiomyocytes, and naïve 
cardiomyocytes.  

 
Electrophysiological recording of photosensitive activity in cardiac cells with patch-
clamp 

Photosensitive electrophysiological activities of ChR2 expressing cardiomyocytes 
were recorded with a planar patch-clamp system (Port-a-Patch, Nanion Technologies 
GmbH, Germany) and an amplifier (EPC-10 Double, HEKA Instruments Inc, Holliston, 
MA) using planar borosilicate glass chips with 2-3.5MOhm pipette resistance (NPC-1, 
Nanion Technologies GmbH, Germany). Solid-state light sources (Spectra X, Lumencor, 
Beaverton, OR) were implemented to generate optical pulses with six wavelength bands 
(390/18, 438/24, 470/22, 542/27, 593/40, and 632/22 nm, Semrock, Rochester, NY). The 
light sources were connected to the EPC-10 amplifier through digital input into a data 
board system (USB-6501, National Instruments, Austin, TX), so a delay time between the 
patch-clamp system and light sources was minimized to less than 1 ms. Light was 
delivered to the cardiomyocytes through the optical fiber (400 µm diameter, NA 0.48, 
Doric lens, Canada) that was located 500 µm above the patch-clamp chip using fine 
control of a 3-axis manipulator (Zaber, Canada). All experiments were performed at 
37ºC. 

The ChR2-expressing cells cultured on 6-well plates were isolated with 0.5% trypsin 
(Invitrogen, Carlsbad, CA) and resuspended in extracellular buffer solution (140 NaCl, 4 
KCl, 1 MgCl2, 2 CaCl2, 5D-glucose monohydrate, 10 HEPES [mM], pH 7.4). As soon as 
extracellular buffer solution and intracellular buffer solution (50 KCl, 10 NaCl, 60 KF, 20 
EGTA, 10 HEPES [mM], pH 7.2) were introduced into the chip, cell-suspended solution 
(0.5µL with 1M cells /ml) was flown into the chip. The pressure inside the chip was 
adjusted automatically to establish greater than 1 GOhm sealing resistance.  

Photocurrents of the ChR2-expressing cells were measured in voltage-clamp at -70 
mV, while 300-ms duration light pulses were applied on the cells with varying 
wavelength and intensities. Action potentials of the ChR2-expressing cells were recorded 
in the current clamp, while 10-ms duration light pulses were applied to the cells with 
varying pacing frequencies. 

 
Optical mapping of muscle circuit 

Calcium activities of the muscle circuit were monitored with a calcium indicator, X-
Rhod-1 (Invitrogen, Carlsbad, CA), using a modified tandem-lens macroscope (fig 
S14A). The tandem-lens macroscope (Scimedia, Costa Mesa, CA) was equipped with a 
high speed camera (MiCAM Ultima, Scimedia, Costa Mesa, CA), a plan APO 0.63× 
objective, a collimator (Lumencor, Beaverton, OR) and a 200 mW mercury lamp for 
epifluorescence illumination (X-Cite exacte, Lumen Dynamics, Canada). To prevent 
overlay of the excitation light wavelength of calcium transients measurement with the 
excitation of light sensitive ion channels, we used a filter set with longer wavelengths 
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than the ChR2 excitation wavelength (excitation filter: 580/14 nm, dichroic mirror: 593 
nm cut-off, emission filter: 641/75, Semrock, Rochester, NY). 

The muscle circuit at post-transduction day 3 was incubated with 2 µM X-Rhod-1 
for 30 min at 37 ºC, rinsed with culture medium with 2% FBS to remove nonspecifically 
associated dye, and incubated again for 30 mins to complete de-esterification of the dye. 
The muscle circuit was rinsed with Tyrode’s solution and mounted on a heating stage 
(Warner Instruments, Hamden, CT) of the tandem-lens macroscope. The temperature of 
the solution was maintained at approximately 37 ºC. The calcium images were acquired 
at a frame rate of 200 Hz with a field of view of 16 by 16 mm. Optical stimulation was 
applied to the anterior part of the muscle circuit through the optical fiber (400 µm 
diameter, NA 0.48, Doric lens, Canada), located 500 µm above the patch-clamp chip, 
using fine control of a 3-axis manipulator (Zaber, Canada). 

Post-processing of the raw calcium data was conducted with custom software 
written in MATLAB (MathWorks, Natick, MA). A spatial filter with 3 × 3 pixels was 
applied to improve the signal-noise ratio. Activation time and 30, 60, and 80% 
repolarization times were calculated at the average maximum upstroke slope, as well as 
the average recovery time at 30, 60, and 80% of multiple pulses over a 5 second 
recording window. The total activation time was determined as the difference between 
activation times at the last and the first activation sites along the single fin. Activation 
area was calculated as the area of the active tissue on the repolarizing phase, of which 
calcium signal was under 80% of peak amplitude, when the single calcium wave 
propagated through the muscle circuit. 

 
Particle imaging velocimetry (PIV) of the tissue-engineered ray  

Flow field generated by the tissue-engineered ray was monitored using PIV. In PIV, 
the fluid motion was determined by visualizing the movement of reflective and neutrally 
buoyant particles over a thin sheet of light illuminated by a laser (fig. S14B). We seeded 
silver coated particles with 5-15 µm diameter and neutral buoyancy (1.08 g/mm density, 
Cospheric LLC, Santa Barbara, CA) in Tyrode’s solution in a water chamber. The 
temperature of Tyrode’s solution in the water chamber was maintained by a hot plate 
(VWR International, Radnor, PA) at 37 ºC. The tissue-engineered ray was located in a 
water chamber with a minimum distance (> the body length of the ray) away from the 
walls as well as the air-liquid interface to minimize the boundary effect from the walls of 
the chamber and the air-liquid interface. 470-nm light pulses were applied to the anterior 
part of the tissue-engineered ray through the optical fiber (400 µm diameter, NA 0.48, 
Doric lens, Canada). While the particles were illuminated by the thin sheet of light made 
by the light from a 5mW 650-nm laser pointer (Staples, MA) through a concave 
cylindrical lens (Thorlabs, Newton, NJ), the motions of the particles were recorded at 100 
frames per second with a sCMOS camera (Pco.edge, PCO AG, Germany) that was 
installed perpendicular to the illuminated sheet. Movie S10 is an example of PIV 
recording. Velocity field was calculated by performing correlation analysis on the 
positions of seeded beads between successive video frames using an open-source 
software (PIVlab, (36)) written in MATLAB (MathWorks, Natick, MA).  
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3D kinematics and flow visualization in free swimming in the Little skate  
All experimental studies of Little Skates (Leucoraja erinacea) were conducted in 

accordance with the guidelines of Harvard University’s Animal Care and Use Committee. 
Animals averaged 7.3 cm disc length and 23.7 grams. For analysis of swimming 
kinematics, individual Little Skates swam in a recirculating flow tank at speeds of 0.5 to 
2.0 body lengths per second. Two synchronized Photron PCI-2014 high-speed video 
cameras recorded dorsal and lateral images of wing motion at 250 Hz, and videos were 
calibrated in three dimensions using the standard DLT protocol as in our previous 
research on fish swimming kinematics (37-39). Movie S1 provides an example of lateral 
view kinematic video data. Quantification of the motion of 8 points on the wing in three 
dimensions through time allowed reconstruction of the amplitude of wing motion in 
comparison to the synthetic batoid fish. 

Particle image velocimetry of the body and wake of freely-swimming Little Skates 
was conducted as in our previous research on the fluid dynamics of freely- swimming 
fishes and robotic systems (40-43). To analyze the effect of wing and body motion on 
fluid flow patterns, individual Little skates swam in a recirculating flow tank at speeds of 
0.5 to 2.0 body lengths per second. A Photron PCI-2014 high-speed video camera 
recorded lateral-view images at 1000 Hz. A 5W continuous wave Coherent argon-ion 
laser provided illumination of the water movement. We generated a vertical light sheet 
that illuminated the body and wing from below, although the thin and translucent 
character of the Skate wing allowed laser light to pass through and illuminate particles 
passing above the wing. Seeding with 50 um plastic spheres provided reflective elements 
that tracked fluid motion. Video images were imported into DaVis software (v. 8.2, 
LaVision Inc., Goettingen, Germany), where they were calibrated and processed via an 
FFT-based cross-correlation routine (two-pass, 16 x 16 pixel interrogation area with 50% 
overlap) that analyzed particle movement to produce a two-dimensional array of fluid 
velocity vectors. Movie S11 provides an example of the lateral view flow visualization 
data. 

 
 Optical stimulation for locomotion control of the tissue-engineered ray 

To pace the tissue-engineered ray, two light emitting diode (LED) sources (465-nm, 
Doric Lenses Inc, Canada) were used. Light pulses for pacing individual fins were 
delivered through mono fiber optic cannulas (flat end, 400 µm diameter, NA 0.48, Doric 
Lenses Inc, Canada) mounted 5-7 mm apart, so as to minimize signal crosstalk, while 
ensuring direct shining over the anterior part of the ray. To generate synchronous and 
asynchronous pacing pulses for controlling the locomotion of the tissue-engineered ray, 
the LED sources were independently controlled by analog signals that were synthesized 
with an analog output module (NI 9264, National Instruments, Austin, TX) by a custom 
software written in LabVIEW (National Instruments, Austin, TX). In addition, the analog 
output module was triggered by digital trigger signals that were generated by two push 
button switches through a digital board (USB-6501, National Instruments, Austin, TX), 
shown in fig. S14C, allowing the digital signals to switch from synchronous to 
asynchronous pacing protocol or vice versa without time-delay.  
Electrical field stimulation for locomotion control of tissue-engineered ray 

A voltage pulse generator (MyoPacer Cell Stimulator, IonOptix, Milton, MA) was 
used to deliver the electrical field through two U-shaped platinum electrodes (Sigma-
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Aldrich, St. Louis, MO) to induce the global contraction of the entire fin of the tissue-
engineered ray. Two U-shaped platinum electrodes measuring 8 cm long generated 
monophasic square pulses at 1.5Hz, 2.5 V/cm and 10-ms duration for pacing the tissue-
engineered ray. 

 
Locomotion performance testing of the tissue-engineered ray 

To test the locomotion performance of the tissue-engineered rays, they were placed 
in Tyrode’s solution in 22 cm by 22 cm water chamber of which temperature was 
maintained at 35 ºC to 37 ºC by a hotplate (VWR International, Radnor, PA). The digital 
recordings of the swimming tissue-engineered rays were accomplished with a sCMOS 
camera (Pco.edge, PCO AG, Germany) coupled with a zoom camera lens (Thorlabs Inc, 
Newton, NJ) at 100 frames per second, and a digital single-lens reflex camera (D5200, 
Nikon, Japan) with a zoom camera lens (AF-S DX NIKKOR, Nikon, Japan) at 30 frames 
per second. The tissue-engineered ray was paced with optical point stimulation or 
electrical field stimulation at various pacing frequencies (1 to 3 Hz).  

To conduct phototactic steering test of the tissue-engineered rays, they were placed 
in the water chamber, where multiple obstacles were placed with distance greater than the 
average turning radius of the tissue-engineered ray (4.5 cm). Locomotion of the tissue-
engineered rays was controlled by frequency modulation of light pulses, which were 
switched independently from low to high frequencies or vice versa by two push-buttons 
operation. The temperature of Tyrode’s solution was controlled at 35 to 37 ºC by a 
hotplate (VWR International, Radnor, PA). The digital videos were acquired with a 
digital single-lens reflex camera (D5200, Nikon, Japan) with a zoom camera lens (AF-S 
DX NIKKOR, Nikon, Japan) at 30 frames per second. 

 
Video-tracking of the tissue-engineered ray 

The digital videos recorded during locomotion experiments were converted to image 
stacks using a custom-made Matlab program (Mathworks, Natick, MA). The head and 
tail positions of the tissue-engineered rays were tracked by image processing software 
(ImageJ, NIH, Bethesda, MD). The linear and angular distances of the tissue-engineered 
ray were measured during each stroke generated by optical pulse, and the linear and 
angular speeds of the tissue-engineered ray were calculated by multiplying the measured 
distances by the given stimulation frequency.  

The Student’s t-test was applied to compare the swimming performance of various 
groups of tissue-engineered rays using a custom-made Matlab program (Mathworks, 
Natick, MA), and statistical software JMP (SAS, Cary, NC). In particular, an unpaired t-
test was conducted for comparison of performance in tissue-engineered rays fabricated 
with various designs (fin thickness and body shape), while a paired t-test was used for 
comparison of performance in the same tissue-engineered ray stimulated with different 
methods (electrical field stimulation vs. optical point stimulation). Lower p-value than 
significance level, 0.05, was applied to conclude that the difference of the performance 
was statistically significant.  

 
Durability measurement of the tissue-engineered ray  

The tissue-engineered ray was released after 5 days in culture. We conducted 
measurements of locomotion speed in a 37ºC Tyrode’s physiological salt solution for 15 
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minutes once a day. After each measurement the ray was transferred and incubated in a 
supplemented M199 cell media (Invitrogen, Carlsbad, CA) with 2% heat-activated fetal 
bovine serum (FBS) (Invitrogen, Carlsbad, CA) at 37ºC. The locomotion speed was 
measured with a digital single-lens reflex camera (D5200, Nikon, Japan) and zoom 
camera lens (AF-S DX NIKKOR, Nikon, Japan) at 60 frames per second, while 
synchronous optical point stimulation was applied to the anterior part of both fins at the 
light pulse frequency of 1.5 Hz. 

 
Structural analysis of fin deflection amplitude of the tissue-engineered ray  

The maximum amplitude of the fin deflection was calculated by modifying the 
previously reported method (44). First, we developed a method to obtain the z-projection 
length from x-projection length of the thin film by considering the geometric relation of 
the radius of curvature (r/L), the angle of the arc (θ = L/r), the x-projection length (x/L), 
and the z-projection length (z/L) of the thin film subject to bending (fig. S15A). When the 
film lies flat on glass, the initial radius of curvature (r/L) and the angle of the arc (θ = 
L/r) are infinite and 0, respectively. As the film is deflected, the radius of curvature 
decreases and the angle of the arc increases. As reported previously, the x-projection 
length (x/L) decreases as x/L = r/L sin(L/r) at θ < π/2 and decreases as x/L = r/L at θ > π/2 
(fig. S15B). But because the relation of the z-projection length and the angle of arc is z/L 
= r/L (1-cos(L/r)) at θ < π, the z-projection length increases until it reaches the maximum, 
0.725, at θ = 2.331, after which it decreases (fig S15B). At θ > π, the z-projection length 
continuously decreases as z/L = 2r/L. From these geometric relations, we calculated the 
z-projection length directly from the x-projection length (fig. S15C) and the maximum z-
projection length (zmax/L) to achieve while the thin film is deflected from straight line (θ 
=0),  

𝑧𝑧max
𝐿𝐿

= 𝑟𝑟
𝐿𝐿
�1 − cos 𝐿𝐿

𝑟𝑟
�, if θ ≤ 2.331 or x/L ≤ 0.429, 

𝑧𝑧max
𝐿𝐿

= 0.725, if θ > 2.331 or x/L > 0.429. 
We calculated the maximum fin deflection from the outline of minimum x-

projection length, which was acquired by image-processing the overlaid frames from 
movie S6 (fig. S15D). We assumed that the tissue-engineered ray fin consisted of 
multiple thin films (j=1 to m) connected in parallel with length, Lj, and oriented in a 
radial direction of the outline of minimum x-projection length (purple in fig. S15E). In 
addition, we assumed that the deflection of the tissue-engineered ray body and fin, which 
are thicker than 27.6 µm (green in fig. S15E), is negligible, because the bending modulus 
of thin film is proportional to the cube of the thickness, and the fin region thicker than 
27.6 µm has one order of magnitude higher bending modulus than the 12.8 µm thick fin 
region. We calculated the length, Lj, of each thin film as the distance between the fin 
outline (black) and the outline with 27.6 µm thickness (green in fig. S15E). We 
calculated the angle of the arc of jth thin film, Θj, as Lj/Rj, where Rj, radius of curvature 
of jth thin film, was calculated from the outline of the minimum x-projection length using 
the relation between the radius of curvature and the x-projection length of the thin film 
(fig. S15F). Then we calculated the maximum deflection at multiple points (i=1 to n) on 
the thin film (fig. S15G). The angle of the arc and the length of the thin film at ith point 
on jth thin film was calculated with θi,j = (i/n) Θj and li,j = (i/n) Lj, respectively. By 
considering the relation of x-projection length and the maximum deflection, the 
maximum deflection at ith point on jth thin film was calculated with  
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𝑍𝑍𝑖𝑖,𝑗𝑗 = 𝑅𝑅𝑗𝑗 �1 − cos �𝑖𝑖
𝑛𝑛
𝛩𝛩𝑗𝑗��, if θi,j ≤ 2.331, 

𝑍𝑍𝑖𝑖,𝑗𝑗 = 0.725 𝑖𝑖
𝑛𝑛
𝐿𝐿𝑗𝑗 , if θi,j > 2.331. 

Using this structural analysis, we calculated the maximum deflection pattern of the 
tissue-engineered ray (Fig. 3I) from the outline of the minimum x-projection length (fig. 
S15D). 

Supplementary Text 
Calcium activities in muscle circuits  

Calcium traces extracted from calcium imaging confirmed that (i) calcium waves 
initiated by optical stimulation at the anterior part, propagated through patterned circuit 
from the anterior to posterior fins (fig. S6, A and B), (ii) the muscle circuit can be 
operated by light pulses with a wide dynamic range of pacing frequency (fig. S6C), and 
(iii) each muscle circuit of fins can be independently controllable (fig. S6D).  

The muscle circuit was optimized such that the number of traveling waves present in 
the muscle circuits of the synthetic ray were similar to the operating range of batoids 
(Taeniura lymma: 0.87 to 1.93 (20) and Potamotrygon orbignyi : 1.10 to 1.65 (22)) (Fig. 
2E). The number of waves can be tuned by controlling the pacing frequency or serpentine 
pattern density (number of parallel section serpentine patterns per given fin area) of a 
serpentine muscle circuit (Fig. 2E). As pacing frequency increases, the number of waves, 
calculated by multiplying the pacing frequency with the total activation time, increases 
parabolically rather than linearly (Fig. 2E), because calcium wave propagation speed 
decreases and total activation time increases (fig. S7E) due to shortening of the 
repolarization time at high pacing frequency. We compared muscle circuits without 
serpentine pattern (fig. S7A and movie S4), with intermediate (fig. S7B and movie S3) 
and dense serpentine patterns (fig. S7C and movie S4), and determined that both the total 
activation time (fig. S7E) and the number of traveling waves (Fig. 2E) increase with 
increasing density of the serpentine pattern, because of the increasing length of the circuit 
pathway. Additionally, serpentine pattern density decreases the number of cells 
(activation area) associated with wave propagation (fig. S7D) and reproducibility 
(standard error) of the number of traveling waves (Fig. 2E), which decreases the 
possibility of synchronization between two muscle circuits in fins. Thus, there is a 
tradeoff between contraction time reproducibility (low standard error) and overlap with 
batoids’ operating range to optimize the muscle circuit design (Fig. 2E). 

In order to evaluate the reliability of muscle circuits in activating the tissue to 
produce sustainable muscle contraction, we measured calcium transient durations 
(CaTD30, CaTD60, and CaTD80) as the time from the upstroke to 30, 60, and 80% of 
recovery, respectively (fig. S8, A to C), and amplitude of calcium signals in the various 
muscle circuit designs (fig. S8D). The durations were uniformly distributed over the 
muscle circuit (fig. S8B), and CaTD80 values and amplitudes were statistically 
independent with serpentine pattern shape (fig. S8, C and D), which demonstrates that the 
serpentine pattern does not affect the homogeneity of calcium handling.  

 
Control of locomotion speed and direction by frequency modulation  

To control undulatory locomotion of the tissue-engineered ray, we implemented a 
frequency modulation strategy. Upon synchronous optical stimulation, the previously 
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spontaneous uncoordinated motions became coordinated within 5 strokes (fig. S11A and 
movie S12). As soon as the stimulation was terminated, the tissue-engineered rays 
reverted to spontaneous uncoordinated fin motions (fig. S11B and movie S12). 
Synchronous pacing on both fins resulted in straight, forward travel (movie S13). The 
tissue-engineered ray maintained a stable cruising speed over a distance of 99.5 mm 
(more than 6 times the body length) with more than 80 strokes (fig. S12, A and D). The 
swimming speed of the tissue-engineered ray can be controlled by modulation of pacing 
frequency: 1.5-2Hz pacing maximized the speed, while 1 or 3Hz minimized the speed 
(fig. S12E and movie S14 to S16).  

Asynchronous pacing resulted in directional turns (fig. S12, B, C, and F). For an 
effective directional turn, we paired pacing frequencies in right and left fins respectively, 
to maximize the difference of individual fin speed. Paired pacing frequencies of 1 
and1.5Hz (movie S17) and 3 and1.5Hz (movie S18) were used because these produced 
minimum and maximum straight line swimming speed with the synchronous pacing. The 
tissue-engineered ray, stimulated by asynchronous pacing, was able to change direction, 
both clockwise (CW) and counter-clockwise (CCW), by generating an asymmetric 
undulating motion between left and right fins, as utilized by batoid fishes. For both CCW 
and CW turns, the tissue-engineered ray changed body direction up to 90 degrees (fig. 
S12F). When applying asynchronous pacing, it increased angular speed until reaching the 
stable speed (fig. S12F). In addition, both angular speed and turning radius are 
statistically independent of turning direction (fig. S12G). 
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Fig. S1. Musculoskeletal structure of batoid fish, Leucoraja erinacea. (A) Histological 
coronal cross section of the skate’s fin, indicated by red rectangle on inset. The inset is 
the radiography of a L. erinacea. Scale bars, 1 mm and 2 cm (inset).  (B to D) Sagittal 
cross-sections at section B, C, and D along the long axis of a fin ray. Scale bars, 200 µm. 
Sections were stained with Mallory’s trichrome: red and blue indicates muscle tissue and 
collagen, respectively. The pectoral fins increase flexibility along proximal-distal, by 
decreasing thickness of fin and rays and by branching and segmenting rays closer to the 
distal end.  
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Fig. S2. Fabrication process optimization of elastomer body of the tissue-engineered 
ray. (A) The micro-computed tomography (micro-CT) scan images of the three 
dimensional structure of the tissue-engineered ray, which were reconstructed along 
horizontal (Middle), sagittal (Right) and coronal (Top) planes. The tissue-engineered ray 
has a three-dimensional structure of the dorsoventral disk, decreasing in thicknesses from 
proximal to distal and from anterior to posterior. Red and blue lines indicate the locations 
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of displayed sagittal and coronal planes, respectively, among the horizontal plane. Scale 
bars, 0.5 mm. (B) Scanning electron microscopy images of a sagittal cross-section of the 
tissue-engineered ray fin fabricated with three PDMS mixtures. Scale bar, 2 µm. (C) 
Thickness of three PDMS mixture layers in the final fin design of the tissue-engineered 
ray (n=11 fin patches with 3 tissue-engineered rays). (D) Spin coating speed calibration 
for thin film thickness of PDMS mixtures with various Sylgard 184 and Sylgard 527 
ratios (n = 3 films). Desired PDMS thickness can be tuned by controlling the spin speed 
for desired deflection of fin rays. (E) Elastic modulus of PDMS mixture with various 
Sylgard 184 and Sylgard 527 ratios (n = 3 films). Elastic modulus can be tuned by 
controlling the mixture ratio for desired deflection of fin rays. (F) The comparison of 
densities of Tyrode’s solution and the PDMS mixtures with various Sylgard 184 and 
Sylgard 527 ratios. To make the tissue-engineered ray with neutral buoyancy, we used 
dense PDMS mixtures (Sylgard 184:527 = 2:1) for the body to compensate for the light 
density of the ray fin made with light PDMS mixtures (1:5 and 1: 10). The density band 
of Tyrode’s solution indicates upper and lower limits of measurement at 37ºC. (n = 5 
Tyrode’s solution). (E and F) The final composition of PDMS mixtures for body and fins 
was determined by trial and error: we created several batches of tissue-engineered rays 
with various compositions of PDMS mixture and tested their neutral buoyancy and 
swimming speed. All error bars indicate standard error of the mean.  
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Fig. S3. Seven day fabrication process for the tissue-engineered ray. (A) The dextran 
solution (10% dextran in 25% isopropyl alcohol) and 1:10 soft PDMS mixture (Sylgard 
184: 527 ratio) were sequentially spin-coated on a titanium (Ti) mold as a water-soluble 
sacrificial layer and bottom layer of the ray fin, respectively. This tissue-engineered ray 
substrate was incubated at 65ºC for 4 hours. (B) The 2:1 stiff PDMS mixture was filled in 
the cavity of the Ti mold that defined the body shape of the tissue-engineered ray, and the 
residue of the mixture was removed with a thin film spatula. The tissue-engineered ray 
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substrate was incubated at 65ºC for 4 hours again. (C) Ti, gold (Au) and Ti layers were 
thermally evaporated on the tissue-engineered ray substrate through a shadow mask to 
form the gold ray. (D) 1:5 soft PDMS mixture was spin-coated on the tissue-engineered 
ray substrate to form the top layer of the ray fin, incubated at 65 ºC for 4 hours, and 
annealed at 190 ºC for 30 mins. (E) The PDMS layers of the tissue-engineered ray 
substrate were laser cut to form the outline of the tissue-engineered ray. (F) Human 
fibronectin was patterned by microcontact printing. (G) Cardiac cells were isolated from 
ventricles of two day old neonatal Sprague-Dawley rats. (H) The tissue-engineered ray 
substrate was seeded in 6-well plates with 1 million cells. (I) After 1 day, the sample was 
washed twice with phosphate buffered saline (PBS) and reincubated in culture medium 
with 10% fetal bovine serum (FBS) and lentiviral vectors encoding for ChR2-eYFP. (J) 
On day 2 (post-transduction day 1), the sample was washed twice with PBS and 
incubated with culture medium with 2% FBS. (K) On day 4 (post-transduction day 3), the 
tissue-engineered ray was gently peeled off with tweezers. (L) The floating tissue-
engineered ray was then turned over in Tyrode’s solution.
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Fig. S4. Muscular structure design of the tissue-engineered ray. (A to C) Micro-
contact printing mask design for patterning fibronectin (FN). Mask design consists of 
mesoscale serpentine patterns (B) overlaid with microscale line patterns (C). The 
mesoscale serpentine patterns are designed to have a gap wider than 100 µm between 
parallel sections, while the microscale line patterns are designed to have 15 to 25 µm 
wide lines with a 2 to 4 µm gap. In the mesoscale serpentine patterns, a gap wider than 
100 µm is required to prevent cardiac cells from spanning over the parallel sections. The 
mesoscale serpentine patterns guide propagation of the action potential wave front 
through the tissue, and the microscale line patterns are used to generate laminar, 
anisotropic tissue. (D) The pectoral fin skeletal structure of P. orbignyi, having radially 
emanating rays. The image is a radiography of the anterior part of the fin in the horizontal 
plane. In order to align cardiac tissue with the skeleton rays of the tissue-engineered ray, 
we designed the microscale line patterns of FN aligned with the pectoral fin skeletal 
structure of P. orbignyi. (E and F) Optical microscope images of a PDMS stamp 
containing mesoscale serpentine patterns (E) and microscale line patterns (F). (G to W) 
Immunofluorescence images show that the muscular structure of the tissue-engineered 
ray ge 
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nerated by micro-contact printing matched the FN mask pattern (A). (G) The mesoscale 
pattern of FN induced clear serpentine tissue formation, and the microscale line pattern of 
FN generated radially oriented anisotropic tissue. Close-up images of three areas in (G) 
with immunofluorescence of Connexin 43 (red in H), ChR2 (green in I, N, and S), FN 
(magenta in J, O, and T), and sarcomeric α-actinin (white in K, P, and U). Blue indicates 
nuclei. (H) The engineered muscle cells are electrophysiologically linked with gap 
junctions (Connexin 43). (I, N, and S) ChR2 is expressed prominently and uniformly 
over the tissue. The microscale line patterns (J, O, and T) of FN guide orientation of 
cardiac cells in the tissue (K, P, and U). The white arrows (J, O, and T) indicate the local 
orientation of the FN patterns. (L, Q, and V) Close-up images of K, P, and U, 
respectively. The sarcomere structures (Z-lines – red arrows – and associated 
distributions - gray regions) were aligned perpendicularly to the skeleton rays (purple 
arrows, M, R, and W). Scale bars, 1 mm (A, D and G), 200 µm (B and E), 50 µm (C, F, 
I, J, K, N, O, P, S, T, and U), 20 µm (H), and 5 µm (L, Q, and V).
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Fig. S5. Optogenetic cardiac tissue engineering. (A) Construct design of lentiviral 
vector for cardiac-specific transduction of channelrhodopsin-2 (ChR2). The lentiviral 
vectors for ChR2 transduction were constructed with a cardiac-specific promotor, cTnT 
promoter, and a fluorescence tag, eYFP. ChR2 is a light sensitive cation channel, opening 
the channel upon blue light and allowing the flow of cations (B). (C) Cardiomyocyte-
specific gene expression with cTnT promoter. The transduction efficiency of lentiviral 
vector containing ChR2 and cTnT promoter in neonatal rat ventricular myocytes (red, 
88%, n=6) is significantly greater than in non-cardiomyocytes (green, 7.0%, n=2) or in 
sham-transduced neonatal rat ventricular myocytes (blue, 6.8%, n=5) on day 4 or 5 after 
virus injection. (D) Transduction efficiency at different post-transduction days (n=6 
tissues with 3 harvests). Analysis for ChR2-eYFP expression shows that expression of 
ChR2 in cardiac cells significantly increased at post-transduction day 3 (Student’s t-test 
p<0.017). (E) Photosensitive inward currents at a holding potential of -70 mV with 300 
ms blue light (0, 0.3, 0.7, 1.7, 3.2, 5.7, and 12 mW intensities, from top to bottom). In 
particular, a 470 nm light elicited a strong ChR2-mediated inward current (1060 ± 94 
pA). (F) ChR2 activation with 10-ms 470 nm light pulses of different frequencies elicits 
action potentials. We gained optical control of the membrane potential at a single cell 
level. (G and H) The dependence of the photocurrent on light wavelength and power. (G) 
Action spectra of ChR2 measured by patch-clamp. (n=5 cells with 3 harvests) (H) 
Photocurrents of ChR2 across light intensities. (n=5 cells with 3 harvests). Lentiviral 
transduction period (post-transduction day 3, D), light wavelength (470 nm, G), and light 
power (11.6 mW, H) were optimized. Error bars indicate standard error of the mean.
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Fig. S6. Traces of calcium transients in muscle circuit of choice. (A) Muscle circuit 
with serpentine pattern of choice, scale bar, 1 mm. ChR2-eYFP (color: green) is 
expressed prominently and uniformly. Blue circles indicate optical stimulation sites. (B) 
Traces of calcium transients at different locations highlighted with red squares in (A) 
along anterior-posterior axis (0.1, 0.3, 0.5, 0.7, and 0.9 of body length from the front end 
of fins). Calcium waves initiated by local optical stimulation at the anterior part, 
propagated through serpentine pattern along anterior-posterior axis. Because action 
potentials trigger calcium-induced calcium release for excitation-contraction coupling, 
the propagation of calcium demonstrates sequential muscle activation in the muscle 
circuit. (C) Traces of calcium transients elicited with different pacing frequencies. 
Muscle circuit operates at a wide pacing range (1 to 3 Hz), which is similar with the wave 
frequency of batoids (T. lymma: 1.7 to 3 Hz (20) and P. orbignyi : 2.5 to 3.8 Hz (22)). (D) 
Independent activation of two muscle circuits by asynchronous pacing.
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Fig. S7. Activation area and total activation time of muscle circuits. (A to C) 
Immunofluorescence and calcium imaging of muscle circuits expressing ChR2-eYFP 
(green) without serpentine pattern (A) and with intermediate (design of choice, serpentine 
pattern density: 10 parallel sections of serpentine patterns per fin, B) and dense serpentine 
pattern (serpentine pattern density: 20, C). The calcium imaging of the muscle circuit 
when the 1st calcium wave reaches the posterior part of the fin with 3 Hz optical pacing. 
The activation area is defined as the area of active tissue on the repolarizing phase, of 
which the calcium signal was under 80% of peak amplitude, when the single calcium 
wave propagated through muscle circuit. Dense serpentine patterns enhanced activation 
localization: a muscle circuit without serpentine pattern exhibits a 70% activation area, 
while the use of a serpentine circuit decreases the activation area (therefore improving 
localization) to 51% and 33%, depending on the serpentine density. (D) Activation area 
decreases with both pacing frequency and serpentine pattern density. Muscle circuits with 
serpentine patterns localize tissue activation, but produce weak contraction and increase 
the variation of the number of traveling waves (Fig. 2E), because the number of cells 
associated with muscle contraction and calcium propagation are reduced. (E) Total 
activation time as a function of the pacing frequency of muscle circuits with three 
different designs. The total activation time was determined as the difference between 
activation times at the last and the first activation sites along the single fin. Total 
activation time increases with pacing frequency. Lengthening propagation pathway of 
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action potential by adding more parallel sections in the muscle circuit increases total 
activation time. Black, red and blue indicate muscle circuits without serpentine, with 
intermediate and dense serpentines, respectively. Scale bars, 1 mm. Error bars indicate 
standard error of the mean (n=7 circuits). 
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Fig. S8. Duration and amplitude of calcium transient in muscle circuits. (A) Calcium 
transient durations at 30, 60, and 80% repolarization (CaTD30, CaTD60, and CaTD80) 
were measured as the time from the upstroke to 30, 60, and 80% of recovery, 
respectively. (B) Spatial dispersion of CaTD30, CaTD60, and CaTD80 over the muscle 
circuit of choice. The durations were uniformly distributed over the muscle circuit with 
intermediate serpentine pattern. (C) CaTD80 decreases with pacing frequency, but it is 
statistically independent from muscle circuit design (analysis of covariance, ANCOVA, 
p>0.05). (D) The amplitude of calcium signals decrease with pacing frequency, but are 
statistically independent from muscle circuit design (ANCOVA, p>0.05). The duration 
and amplitude of muscle circuits demonstrate that the serpentine pattern does not affect 
the homogeneity of calcium handling. The amplitudes in each muscle circuit were 
normalized by the amplitude of calcium signal stimulated at 1.5 Hz. Calcium signal 
analysis was conducted from movie S3 and S4. Error bars indicate standard error of the 
mean (n=7 circuits).
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Fig. S9. Correlation between calcium activity (top) and undulating fin motion 
(bottom). Frames from movie S3 and S6 at various times during single stroke generated 
with 1.5 Hz optical stimulation. (Top) The calcium wave initiated by local optical 
stimulation at the anterior part, propagated through the pectoral fins. (Bottom) The tissue-
engineered ray produced an undulatory wave that traveled along the fin in accordance 
with the calcium propagation, by changing the principal bending axis angle of the 
pectoral fin (dashed line). The undulatory locomotion speed of the tissue-engineered ray 
was minimal when the calcium wave was propagating, but the locomotion speed was 
increased after the calcium wave arrived at the posterior part of the fins. Its swimming 
speed was 1.72 mm/s. The time indicated in the figure corresponds to the time passed 
after a light pulse. The red line indicates the initial location of the tissue-engineered ray. 
Scale bars, 5 mm. 
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Fig. S10. The effect of fin structure on swimming performance. (A and B) Effect of 
body shape on swimming speed. (A) The tissue-engineered ray with the asymmetrical 
body improved swimming speed significantly, compared to one with a symmetrical body 
(Student’s t-test, p<0.0001, asymmetry: n=237 strokes, and symmetry: n=19 strokes). 
The speed is calculated by video tracking the tissue-engineered ray’s locomotion in 
movie S8. (B) Titanium mold designs to define an asymmetrical body (top) and a 
symmetrical body (bottom): The tissue-engineered ray characterized by an asymmetrical 
body (wider anterior and narrower posterior body) presents shorter anterior fins (denoted 
in pink) and wider posterior ones. The tissue-engineered ray with a symmetrical body 
(similar anterior and posterior widths) features fins with similar width along anterior-
posterior axis. The tissue-engineered ray with the asymmetrical body has a dorsoventral 
disk with greater flexibility from anterior to posterior, while one with the symmetrical 
body has a disk with similar flexibility in the both anterior and posterior parts. The tissue-
engineered ray with the asymmetrical body produced the asymmetric deflection pattern to 
minimize the drag at the front fin by increasing gradually the amplitude of contraction 
along the anterior-posterior axis, as the batoid fishes do (Fig. 3, H and I). (C and D) 
Effect of gold skeleton on swimming speed. The speed is calculated by video tracking the 
tissue-engineered ray’s locomotion in movie S9. The tissue-engineered rays without a 
gold ray (C) and with a denser gold ray (D) decreased swimming speed significantly 
(Student’s t-test, p<0.0001, design of choice: n=119, and no gold ray: n=20 strokes at 1 
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Hz pacing, and Student’s t-test, p<0.0001, design of choice: n=137, and denser ray: n=7 
strokes at 2 Hz pacing). The stresses generated by the cardiac muscle were insufficient 
for deflecting the fins embedding a skeleton characterized dense ray patterns, due to the 
increased stiffness of the substrate. (E to G) Effect of fin thickness on swimming speed. 
The speed is calculated by video tracking the tissue-engineered ray’s locomotion in 
movie S9. (E) The tissue-engineered ray with thicker fins (21.5 µm) decreased swimming 
speed significantly (Student’s t-test, p<0.0001, design of choice: n=137, and thick fin: 
n=39 strokes), because its cardiac muscle could not generate enough deflection due to 
increased stiffness of the substrate. (F) The tissue-engineered ray with thin fins (9.18 µm) 
reduced swimming speed significantly (Student’s t-test, p<0.0001, design of choice: 
n=119, and thin fin: n=26 strokes). Due to the decreased stiffness of the substrate, the fin 
deflected with large amplitude. When the deflection amplitude exceeds a critical value, 
the benefit of the displacing larger masses of fluid is counterbalanced and dominated by 
the increased drag associated with a larger effective frontal area, thus impairing forward 
speed (G). Error bars indicate standard error of the mean.  
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Fig. S11. Acceleration and deceleration when initiating and seizing optical pacing. In 
less than 5 strokes, tissue-engineered rays reached a stable speed after the initiation of 
optical pacing (A) and tissue-engineered rays decreased the speed by half as soon as the 
optical pacing was seized (B). The speed is calculated by video tracking of the tissue-
engineered ray’s locomotion in Movie S12. Gray dotted lines and black and red solid 
lines indicate the individual speed of five tissue-engineered rays, the average speed, and 
the estimate speed from linear fitting, respectively. Acceleration and deceleration are 
determined from the slopes of linear fitting of the average speed traces in (A) and (B), 
respectively. Error bars indicate standard error of the mean (n=5 rays).  
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Fig. S12. Frequency-modulated control on swimming speed and direction of tissue-
engineered rays. (A) Straight, forward locomotion of the tissue-engineered ray by 
synchronous pacing (1.5 Hz pulses on both fins). Frames from movie S13 at various 
times showing sustainable and reproducible undulatory locomotion. (B and C) Counter-
clockwise (CCW) and clockwise (CW) turns of the tissue-engineered ray by 
asynchronous pacing (1.0/1.5 Hz paired pulses). Frames from movie S17 at various times 
showing that the asynchronous pacing enabled the tissue-engineered ray to change 
swimming direction by inducing asymmetrical fin motion. (D) The undulating motion of 
fins induced by synchronous pacing enabled the tissue-engineered ray to swim forward 
over a distance of 99.5 mm with uniform speed. (E) Frequency-modulated speed control. 
Gray and green color indicates the average speed of each tissue-engineered ray during 
more than 5 strokes, and the average speed of seven tissue-engineered rays, respectively. 
Tissue-engineered rays had a maximum speed of 1.5-2Hz pacing, and a minimum speed 
of 1 and 3 Hz. The linear speed at 1.5-2Hz is significantly different from that at 1 and 3 
Hz (student t-test: p=0.002, 0.014, and 0.002, respectively). Representative movies are 
movie S14 to S16. (F) For both CCW and CW turns induced by asynchronous pacing, the 
tissue-engineered ray changed direction up to 90 degrees with increasing angular speed. 
(G) Angular speed and turning radius of the three tissue-engineered rays pacing with 
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1.0/1.5 or 3.0/1.5 Hz asynchronous pacing. The turning performances are independent of 
turning direction (For CCW and CW, p=0.231 in angular speed p=0.227 in turning 
radius, student t-test, N = 17 turns with 3 tissue-engineered rays).  
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Fig. S13. Durability of a tissue-engineerd ray. The tissue-engineered ray maintained at 
least 80% of its initial linear speed for up to six days after release, equivalent to a total of 
11 days in culture. The tissue-engineered ray was incubated at 37ºC in a supplemented 
M199 cell media with 2% FBS and transferred in a 37ºC Tyrode’s physiological salt 
solution. Measurements were performed once a day after 5 days in culture. Forward 
speed was measured while synchronous optical pacing was applied to the anterior part of 
both fins with 470nm wavelength light and 1.5 Hz frequency, and calculated by 
video tracking as detailed in the Methods section (sample recordings are reported in 
Movie S20). Error bars indicate standard error of the mean (n=8-32 strokes). 
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Fig. S14. Experimental setups. (A) Optical mapping system for calcium imaging of 
muscle circuit. To prevent overlay of the excitation light wavelength of calcium transient 
measurement with excitation of light sensitive ion channels (ChR2 has 380 to 580 nm 
excitation wavelength in fig. S5G), we used a long wavelength intracellular calcium 
indicator, X-Rhod-1 (excitation: 574 nm) and a filter set with a wavelength longer than 
the ChR2 excitation wavelength. We also used a low magnification lens (0.63x, Leica) to 
expand the field of view to 16 by 16 mm square, which is large enough to see calcium 
activity over the muscle circuit of the tissue-engineered ray. (B) Particle image 
velocimetry (PIV) setup for imaging fluid movement that the tissue-engineered ray 
generated with undulatory locomotion. A 635-nm laser was used to prevent overlay of the 
excitation light wavelength of PIV measurement with excitation of light sensitive ion 
channels. To minimize the boundary effect from the walls of the chamber and air-liquid 
interface, we located the tissue-engineered ray in a water chamber with a minimum 
distance (> the body length of the ray) away from the walls as well as an air-liquid 
interface to minimize the boundary effect from the walls of the chamber and air-liquid 
interface. Scale bar, 5 mm. (C) Setup for phototactic guidance test. The movement of the 
tissue-engineered ray was controlled by optical frequency modulation protocols, which 
were rapidly switched by two push-button operations: the buttons generated digital 
signals to trigger an LED light controller to switch from synchronous to asynchronous 
pacing protocols or vice versa through the custom LabVIEW program (National 
instruments, Austin, TX).
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Fig. S15. Structural analysis of fin deflection. (A to C) Geometric relation of the radius 
of the curvature (r/L), the angle of the arc (θ = L/r), the x-projection length (x/L), and the 
z-projection length (z/L) of thin film subject to bending. (A and B) As thin film is 
deflected, the radius of the curvature decreases, the angle of the arc increases, the x-
projection length decreases, and the z-projection length increases until it reaches the 
maximum, 0.725, at θ = 2.331, after which it decreases. (C) Calculation of the z-
projection length from the x-projection length. The maximum z-projection length to 
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achieve while thin film is deflected from a straight line (θ =0) is calculated from z/L = 
r/L(1-cos(L/r)) if θ ≤2.331, but it is 0.725 if θ >2.331. (D to G) Calculation of the 
maximum fin deflection from the outline of minimum x-projection length. (D) Overlaid 
frames from Movie S6 to find the outline of minimum x-projection length (purple line). 
Scale bar, 2 mm. (E) The tissue-engineered ray fin is assumed to consist of multiple thin 
films (j=1 to m) connected in parallel with length, Lj, and oriented in the radial direction 
of the outline of minimum x-projection length (purple). Scale bar, 2 mm. (F) The 
schematics of a transverse section from the mid-disc region of the tissue-engineered ray 
fin (dashed box in E). From distal to proximal, the thickness of the fin is 12.8 µm evenly 
until the blue outline, after which the thickness dramatically increases up to 500 µm 
following the height of the body portion of the tissue-engineered ray. The deflection of 
the body and fin, which are thicker than 27.6 µm (green), is negligible, because the 
bending modulus of thin film is proportional to the cube of the thickness, and the fin 
region thicker than 27.6 µm has one order of magnitude higher bending modulus than the 
12.8 µm thick fin region. Thus, the length, Lj, of each thin film is calculated from the 
distance between the fin outline (black) and the outline with 27.6 µm thickness (green). 
The angle of the arc of jth thin film, Θj, is calculated with Lj/Rj where Rj is radius of 
curvature of jth thin film. (G) Calculation of maximum deflection at multiple points (i=1 
to n) on thin film. The angle of the arc and the length of the thin film at ith point on jth 
thin film is calculated with θi,j = (i/n) Θj and li,j = (i/n) Lj, respectively. By considering the 
relation of the x-projection length and the maximum fin deflection (C), the maximum 
deflection at ith point on jth thin film is calculated with zi,j = Rj(1- cos ((i/n)Θj)), if θi,j 
≤2.331 and zi,j =0.725(i/n)Lj, if θi,j >2.331. Using this structural analysis, we calculated 
the maximum deflection pattern of the tissue-engineered ray (Fig. 3I) from the outline of 
the minimum x-projection length (D). 
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Movie S1: Undulatory locomotion of a Little skate 
Lateral view movie of a Little skate, L. erinacea, swimming freely in a recirculating flow 
tank at a speed of 2.0 body lengths per second (~ 15 cm/s). High-speed video at 250 Hz 
revealed the motion of the wing and lateral view videos like this one are synchronized 
with dorsal view videos to allow three-dimensional reconstruction of wing motion. Scale 
bar, 2 cm. 
 
Movie S2: Micro-CT scan of three dimensional structure of the tissue-engineered 
ray 
The micro-CT scan data was reconstructed along horizontal (middle), sagittal (right) and 
coronal (top) planes. The tissue-engineered ray has a three-dimensional structure of the 
dorsoventral disk, showing decreasing thicknesses from proximal to distal and from 
anterior to posterior. Red and blue lines indicate the locations of displayed sagittal and 
coronal planes, respectively, among the horizontal plane. Scale bars, 2 mm (horizontal 
plane) and 0.5 mm (sagittal and coronal plane). 
 
Movie S3: Calcium propagation in muscle circuit with the serpentine pattern of 
choice 
The muscle circuit was fabricated by culturing rat cardiac cells on the fibronection (FN)-
patterned elastomer substrate. The calcium propagation in the muscle circuit was 
monitored with a calcium indicator, X-Rhod-1. The synchronous optical pacing was 
applied at the anterior part of muscle circuits in both fins using a light source of 470nm 
wavelength with frequencies of 1, 1.5, 2, 2.5, and 3 Hz. The muscle circuit with the 
serpentine pattern of choice was designed to have 10 parallel sections of serpentine 
patterns on each fin. Parallel sections were separated by gaps at least 100 µm wide in 
order to prevent cardiac cells from spanning over the adjacent parallel sections. Calcium 
waves initiated by local optical stimulation at the anterior part propagated through the 
serpentine pattern along anterior-posterior axis. The movie is playing 5× slower. Scale 
bar, 2 mm. 
 
Movie S4: Calcium propagation of the muscle circuits without serpentine pattern 
and with a dense serpentine pattern 
Muscle circuits with different serpentine patterns were designed to compare calcium 
propagation with the serpentine pattern of choice (10 parallel sections, movie S3); one 
without the serpentine pattern (top) and the other with a dense serpentine pattern having 
20 parallel sections (bottom). The calcium propagation of both muscle circuits was 
monitored with a calcium indicator, X-Rhod-1, and the synchronous optical pacing was 
applied at the anterior part of both fins with 470nm wavelength light and 1.5, 2, and 3 Hz 
frequencies. The calcium imaging shows that the number of waves present in the fins is 
controllable by varying pacing frequency or serpentine pattern density (number of 
parallel section serpentine patterns per given fin area). The movie is playing 5× slower. 
Scale bar, 2 mm. 
 
Movie S5: Asynchronous optical pacing for muscle circuit 
The muscle circuit with the serpentine pattern of choice was calcium-imaged with a 
calcium indicator, X-Rhod-1, while the anterior part of the muscle circuits on both sides 
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were paced asynchronously with paired frequencies of 1/1.5 Hz (top) and 3/1.5 (bottom). 
The individual muscle circuits can be controlled independently by asynchronous pacing. 
The movie is playing 5× slower. Scale bar, 2 mm.  
 
Movie S6: Undulatory locomotion of the tissue-engineered ray paced at 1.5 Hz 
The undulatory locomotion of the tissue-engineered ray in Tyrode’s solution was 
recorded at 100 frames per second. The synchronous optical pacing at 1.5 Hz frequency 
was applied at the anterior part of both fins. The tissue-engineered ray swims with 
undulating motion of both fins in a rhythmic fashion following the optical pacing. The 
muscle contraction was initiated at the anterior of both fins and the muscular wave 
propagated from anterior to posterior. The tissue-engineered ray showed slower forward 
locomotion when the wave was propagating, after which it moved at its maximum speed 
when the wave reached the posterior part of the fin. In addition, the tissue-engineered ray 
displayed an asymmetric deflection pattern as the batoid fish show: deflection amplitude 
of fins increased until mid-disc and then remained constant through anterior-posterior 
axis, while amplitude increases across mediolateral fin axes. The movie is playing 5× 
slower. Scale bar, 2 mm. 
 
Movie S7: Comparison between undulation by point pacing and pulsatile propulsion 
by field pacing 
The locomotion of the same tissue-engineered ray was compared when two different 
stimulation methods were applied: the optical point stimulation was applied at the 
anterior part of both fins with 400-µm optical fibers, while the electrical field stimulation 
was applied to the entire muscle tissue of both fins by placing the ray between two 8 cm 
separated platinum electrodes. Both optical stimulation frequencies are 1.5 Hz. The 
optical point stimulation induced sequential muscle activation, generating undulation, 
while the electrical field stimulation induced global contraction of both fins, generating 
pulsatile propulsion. The optical point stimulation improved the swimming speed 
compared with the electrical field stimulation. The movie is playing in real-time. Grid, 1 
cm. 
 
Movie S8: Locomotion of the tissue-engineered ray with symmetrical body 
To evaluate the effect of an asymmetrical body shape on swimming efficiency, the tissue-
engineered ray with the symmetrical body was designed as a control. The fin deflection 
of the tissue-engineered ray with the symmetrical body was significantly greater than that 
of the ray with the asymmetrical body (movie S6). As a consequence, the symmetrical 
tissue-engineered ray’s speed was reduced, compared to the asymmetrical tissue-
engineered ray (movie S6). The optical stimulation frequency was 1.5 Hz. The movie is 
playing in real-time. Scale bar, 1 cm. 
 
Movie S9: Locomotion of the tissue-engineered ray with various structural designs  
To evaluate the effect of gold skeleton and fin structures on swimming efficiency, the 
tissue-engineered rays without a gold skeleton (top left, 1Hz pacing), with a denser gold 
skeleton (top right, 2Hz pacing), and with thicker (bottom left, 2Hz pacing) and thinner 
(bottom right, 1Hz pacing) fins were designed as controls. The swimming speed of these 
tissue-engineered rays decreased dramatically. The thinner fins (9.18 µm) deflected with 
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large amplitude because of the decreased stiffness of the substrate. When the deflection 
amplitude exceeds a critical value, the benefit of the displacing larger masses of fluid is 
counterbalanced and dominated by the increased drag associated with a larger effective 
frontal area, thus impairing forward speed. The movie is playing in real-time. Scale bar 
and grid, 1 cm.  
 
Movie S10: Fluid motion of the tissue-engineered ray generated by undulatory 
locomotion 
The fluid motion generated by undulatory locomotion of the tissue-engineered ray was 
recorded with a particle image velocimetry (PIV) method at 100 frames per second. The 
synchronous optical pacing at 1.5 Hz frequency is applied at the anterior part of both fins. 
Silver coated hollow glass microspheres with 5-15 µm diameters and neutral buoyancy 
(1.08 g/mm density) were used to enhance the intensity of reflected light, but affected the 
viability of cardiac cells showing weak contraction. The PIV data shows that the 
undulating motion of the fins produced alternated positive and negative vortices. The 
movie is playing 5× slower. Scale bar, 2 mm. 
 
Movie S11: Fluid motion of the Little skate generated by undulatory locomotion  
Lateral view movie of a Little skate, L. erinacea, swimming freely in a laser light sheet 
within a recirculating flow tank at a speed of 2.0 body lengths per second (~ 15 cm/s). A 
continuous wave laser was used to illuminate particles in the flow and reveal body and 
wake flow patterns during locomotion. Scale bar, 2 cm. 
 
Movie S12: Acceleration and deceleration of the tissue-engineered ray induced by 
optical stimulation 
The change in thrust was monitored when initiating (right) and seizing (left) the 
synchronous pacing with 1.5 Hz frequency. As soon as we optically stimulated the tissue-
engineered rays that were initially moving in uncoordinated spontaneous motions, they 
reached a stable swimming speed with coordinated motion within 5 strokes. As soon as 
the stimulation was seized, the tissue-engineered rays stopped or decreased their speed 
with uncoordinated spontaneous motions. The movie is playing in real-time. Grid, 1 cm. 
 
Movie S13: Sustainable directional locomotion with synchronous pacing 
The directional locomotion of the tissue-engineered ray was monitored while 
synchronous optical pacing was applied at the anterior part of both fins. The synchronous 
pacing induced a coordinated undulating motion of the fins and generated unidirectional 
locomotion (99.5 mm moving distance) with stable cruising speed. The movie is playing 
in real-time. Grid, 1 cm. 
 
Movie S14: Undulation with various pacing frequency (slow motion video) 
The tissue-engineered ray was stimulated with synchronous optical pacing with varying 
pacing frequencies (1, 1.5, 2, 2.5 and 3 Hz). The locomotion of the tissue-engineered ray 
was recorded at 100 frames per second. The swimming speed of the tissue-engineered ray 
reached the maximum and minimum at the frequencies of 2 Hz and 1 Hz, respectively. 
The red line indicates the initial position of the tissue-engineered ray. The movie is 
playing 5× slower. Scale bar, 2 mm. 
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Movie S15: Undulation with various pacing frequencies (video from a 45 degree 
angle view toward the dorsal of the fins) 
The tissue-engineered ray was stimulated with synchronous optical pacing with varying 
pacing frequencies (1.5, 2 and 3 Hz). The locomotion of the ray was recorded from a 45-
degree angle view toward the dorsal of the fins, to monitor the propagation of wave best. 
The swimming speed of this tissue-engineered ray reached the minimum and maximum 
speed at frequencies of 3 Hz and 2 Hz, respectively. The movie is playing in real-time. 
Grid, 1 cm. 
 
Movie S16: Undulation with various pacing frequencies (video from dorsal view) 
The tissue-engineered ray was stimulated with synchronous optical pacing with varying 
pacing frequencies (1, 1.5, 2 and 3 Hz). The locomotion of the ray was recorded from the 
dorsal view. This tissue-engineered ray reached the minimum and maximum speed at 
frequencies of 1 Hz and 1.5 Hz, respectively. The maximum speed is 3.2 mm/s. The 
movie is playing in real-time. Grid, 1 cm. 
 
Movie S17: Counterclockwise and clockwise turns with asynchronous pacing (1.5/1 
Hz) 
The counterclockwise and clockwise turns of the tissue-engineered ray were monitored 
while it was asynchronously paced with pairing frequencies (1.5 Hz and 1 Hz). The 1.5 
Hz pacing generated faster locomotion than the 1Hz pacing, so the ray turned to 1Hz 
pacing direction. The movie is playing 2× faster. Grid, 1 cm. 
 
Movie S18: Counterclockwise turn with asynchronous pacing (1.5/3 Hz) 
The counterclockwise turn of the tissue-engineered ray was monitored while it was 
asynchronously paced with pairing frequencies (1.5 Hz and 3 Hz). The 1.5 Hz pacing 
applied on the left fin generated faster locomotion than the 3Hz pacing applied on the 
right fin, so the ray turned counterclockwise. The movie is playing 2× faster. Grid, 1 cm. 
 
Movie S19: Phototactic guidance of tissue-engineered ray  
The obstacle course was designed to challenge maneuverability of the tissue-engineered 
ray. The three obstacles were placed with 7.5 cm distance which was longer than the 
average turning radius of the tissue-engineered ray, 4.5 cm. The direction of the tissue-
engineered ray was controlled by combinational pacing protocols (synchronous: 1.5 Hz 
on both fins and asynchronous pacing: paired 1.5 and 3 Hz), which were rapidly 
manipulated by digital trigger signals to an LED light controller through the custom 
LabVIEW program (fig. S14C). The tissue-engineered ray completed the obstacle course 
by generating counterclockwise and clockwise turns as well as directional locomotion. 
The movie is playing 5× faster. Grid, 1 cm. 
 
Movie S20: Durability measurements of a tissue-engineered ray 
The locomotion of the tissue-engineered ray was monitored for 8 days. After 5 days in 
culture, the ray was released (top left). The swimming speed was found to increase during 
two days (a total of 7 days in culture, top right), to then stabilize within 80% of initial 
speed for up to six days (a total of 11 days in culture, bottom left). After this time, 
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substantial performance degradation was observed (a total of 13 days in culture, bottom 
right). The locomotion of the tissue-engineered ray was recorded at 60 frames per second 
while the ray was stimulated with synchronous optical pacing at 1.5 Hz frequency. The 
movie plays in real-time. Grid, 1 cm.  
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