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 um between
parallel sections, while the microscale line patterns are designed to have 15 to 25 um
wide lines with a 2 to 4 um gap. In the mesoscale serpentine patterns, a gap wider than
100 um 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 a-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 um (B and E), 50 um (C, F,
LJ,KN,O,P, S, T, and U), 20 um (H), and 5 um (L, Q, and V).
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Fig. SS. 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 ¢TnT promoter in neonatal rat ventricular myocytes (red,
88%, n=0) 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, | 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 (7. 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 1* 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 um) 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 pm)
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 37°C in a supplemented
M199 cell media with 2% FBS and transferred in a 37°C 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 (#/L), the angle of the arc (6 = 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 @ = 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 (6 =0) is calculated from z/L =
r/L(1-cos(L/r)) if € <2.331, but it is 0.725 if § >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 (=1 to m) connected in parallel with length, L;, 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 um evenly
until the blue outline, after which the thickness dramatically increases up to 500 pm
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 um (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 um has one order of magnitude higher bending modulus than the
12.8 um thick fin region. Thus, the length, L;, of each thin film is calculated from the
distance between the fin outline (black) and the outline with 27.6 um thickness (green).
The angle of the arc of jth thin film, ®;, is calculated with L/R; where R; 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 0;; = (i/n) ®;and /;; = (i/n) L;, 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 z;; = R;(1- cos ((i/n)®))), if 0;;
<2.331 and z;; =0.725(i/n)L;, if 6;;>2.331. Using this structural analysis, we calculated
the maximum deflection pattern of the tissue-engineered ray (Fig. 31) 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 um 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 5x 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-um 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, IHz 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 pm) 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 um 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 5x 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 5x 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 2x 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 2x 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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