
 
 

 
 

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.  
 

38 
 



References and Notes 
1. W. G. Bearcroft, Zika virus infection experimentally induced in a human volunteer. Trans. R. 

Soc. Trop. Med. Hyg. 50, 442–448 (1956). Medline doi:10.1016/0035-9203(56)90090-6 

2. V. M. Cao-Lormeau, A. Blake, S. Mons, S. Lastère, C. Roche, J. Vanhomwegen, T. Dub, L. 
Baudouin, A. Teissier, P. Larre, A. L. Vial, C. Decam, V. Choumet, S. K. Halstead, H. J. 
Willison, L. Musset, J. C. Manuguerra, P. Despres, E. Fournier, H. P. Mallet, D. Musso, 
A. Fontanet, J. Neil, F. Ghawché, Guillain-Barré Syndrome outbreak associated with 
Zika virus infection in French Polynesia: A case-control study. Lancet 387, 1531–1539 
(2016). Medline doi:10.1016/S0140-6736(16)00562-6 

3. S. A. Rasmussen, D. J. Jamieson, M. A. Honein, L. R. Petersen, Zika virus and birth defects—
Reviewing the evidence for causality. N. Engl. J. Med. 374, 1981–1987 (2016). Medline 
doi:10.1056/NEJMsr1604338 

4. D. L. Heymann, A. Hodgson, A. A. Sall, D. O. Freedman, J. E. Staples, F. Althabe, K. Baruah, 
G. Mahmud, N. Kandun, P. F. Vasconcelos, S. Bino, K. U. Menon, Zika virus and 
microcephaly: Why is this situation a PHEIC? Lancet 387, 719–721 (2016). Medline 
doi:10.1016/S0140-6736(16)00320-2 

5. D. Leung, K. Schroder, H. White, N. X. Fang, M. J. Stoermer, G. Abbenante, J. L. Martin, P. 
R. Young, D. P. Fairlie, Activity of recombinant dengue 2 virus NS3 protease in the 
presence of a truncated NS2B co-factor, small peptide substrates, and inhibitors. J. Biol. 
Chem. 276, 45762–45771 (2001). Medline doi:10.1074/jbc.M107360200 

6. P. Erbel, N. Schiering, A. D’Arcy, M. Renatus, M. Kroemer, S. P. Lim, Z. Yin, T. H. Keller, 
S. G. Vasudevan, U. Hommel, Structural basis for the activation of flaviviral NS3 
proteases from dengue and West Nile virus. Nat. Struct. Mol. Biol. 13, 372–373 (2006). 
Medline doi:10.1038/nsmb1073 

7. D. Luo, S. G. Vasudevan, J. Lescar, The flavivirus NS2B-NS3 protease-helicase as a target for 
antiviral drug development. Antiviral Res. 118, 148–158 (2015). Medline 
doi:10.1016/j.antiviral.2015.03.014 

8. N. R. Faria, R. S. Azevedo, M. U. Kraemer, R. Souza, M. S. Cunha, S. C. Hill, J. Thézé, M. B. 
Bonsall, T. A. Bowden, I. Rissanen, I. M. Rocco, J. S. Nogueira, A. Y. Maeda, F. G. 
Vasami, F. L. Macedo, A. Suzuki, S. G. Rodrigues, A. C. Cruz, B. T. Nunes, D. B. 
Medeiros, D. S. Rodrigues, A. L. Nunes Queiroz, E. V. da Silva, D. F. Henriques, E. S. 
Travassos da Rosa, C. S. de Oliveira, L. C. Martins, H. B. Vasconcelos, L. M. Casseb, D. 
B. Simith, J. P. Messina, L. Abade, J. Lourenço, L. Carlos Junior Alcantara, M. M. de 
Lima, M. Giovanetti, S. I. Hay, R. S. de Oliveira, P. S. Lemos, L. F. de Oliveira, C. P. de 
Lima, S. P. da Silva, J. M. de Vasconcelos, L. Franco, J. F. Cardoso, J. L. Vianez-Júnior, 
D. Mir, G. Bello, E. Delatorre, K. Khan, M. Creatore, G. E. Coelho, W. K. de Oliveira, R. 
Tesh, O. G. Pybus, M. R. Nunes, P. F. Vasconcelos, Zika virus in the Americas: Early 
epidemiological and genetic findings. Science 352, 345–349 (2016). Medline 
doi:10.1126/science.aaf5036 

9. C. G. Noble, C. C. Seh, A. T. Chao, P. Y. Shi, Ligand-bound structures of the dengue virus 
protease reveal the active conformation. J. Virol. 86, 438–446 (2012). Medline 
doi:10.1128/JVI.06225-11 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=13380987&dopt=Abstract
http://dx.doi.org/10.1016/0035-9203(56)90090-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26948433&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(16)00562-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27074377&dopt=Abstract
http://dx.doi.org/10.1056/NEJMsr1604338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26876373&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(16)00320-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11581268&dopt=Abstract
http://dx.doi.org/10.1074/jbc.M107360200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16532006&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16532006&dopt=Abstract
http://dx.doi.org/10.1038/nsmb1073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25842996&dopt=Abstract
http://dx.doi.org/10.1016/j.antiviral.2015.03.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27013429&dopt=Abstract
http://dx.doi.org/10.1126/science.aaf5036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22031935&dopt=Abstract
http://dx.doi.org/10.1128/JVI.06225-11


10. L. Türker, Some boric acid esters of glycerol – An ab initio treatment. Indian J. Chem. 45A, 
1339–1344 (2006). 

11. S. Aguirre, A. M. Maestre, S. Pagni, J. R. Patel, T. Savage, D. Gutman, K. Maringer, D. 
Bernal-Rubio, R. S. Shabman, V. Simon, J. R. Rodriguez-Madoz, L. C. Mulder, G. N. 
Barber, A. Fernandez-Sesma, DENV inhibits type I IFN production in infected cells by 
cleaving human STING. PLOS Pathog. 8, e1002934 (2012). Medline 
doi:10.1371/journal.ppat.1002934 

12. R. Hamel, O. Dejarnac, S. Wichit, P. Ekchariyawat, A. Neyret, N. Luplertlop, M. Perera-
Lecoin, P. Surasombatpattana, L. Talignani, F. Thomas, V. M. Cao-Lormeau, V. 
Choumet, L. Briant, P. Desprès, A. Amara, H. Yssel, D. Missé, Biology of Zika virus 
infection in human skin cells. J. Virol. 89, 8880–8896 (2015). Medline 
doi:10.1128/JVI.00354-15 

13. M. C. Lawrence, P. M. Colman, Shape complementarity at protein/protein interfaces. J. Mol. 
Biol. 234, 946–950 (1993). Medline doi:10.1006/jmbi.1993.1648 

14. D. Kuroda, J. J. Gray, Shape complementarity and hydrogen bond preferences in protein-
protein interfaces: Implications for antibody modeling and protein-protein docking. 
Bioinformatics btw197 (2016). 10.1093/bioinformatics/btw197 Medline 
doi:10.1093/bioinformatics/btw197 

15. P. G. Richardson, P. Sonneveld, M. W. Schuster, D. Irwin, E. A. Stadtmauer, T. Facon, J. L. 
Harousseau, D. Ben-Yehuda, S. Lonial, H. Goldschmidt, D. Reece, J. F. San-Miguel, J. 
Bladé, M. Boccadoro, J. Cavenagh, W. S. Dalton, A. L. Boral, D. L. Esseltine, J. B. 
Porter, D. Schenkein, K. C. Anderson; Assessment of Proteasome Inhibition for 
Extending Remissions (APEX) Investigators, Bortezomib or high-dose dexamethasone 
for relapsed multiple myeloma. N. Engl. J. Med. 352, 2487–2498 (2005). Medline 
doi:10.1056/NEJMoa043445 

16. Z. Yin, S. J. Patel, W. L. Wang, G. Wang, W. L. Chan, K. R. R. Rao, J. Alam, D. A. Jeyaraj, 
X. Ngew, V. Patel, D. Beer, S. P. Lim, S. G. Vasudevan, T. H. Keller, Peptide inhibitors 
of Dengue virus NS3 protease. Part 1: Warhead. Bioorg. Med. Chem. Lett. 16, 36–39 
(2006). Medline doi:10.1016/j.bmcl.2005.09.062 

17. M. Z. Hammamy, C. Haase, M. Hammami, R. Hilgenfeld, T. Steinmetzer, Development and 
characterization of new peptidomimetic inhibitors of the West Nile virus NS2B-NS3 
protease. ChemMedChem 8, 231–241 (2013). Medline doi:10.1002/cmdc.201200497 

18. T. G. Battye, L. Kontogiannis, O. Johnson, H. R. Powell, A. G. Leslie, iMOSFLM: A new 
graphical interface for diffraction-image processing with MOSFLM. Acta Crystallogr. D 
Biol. Crystallogr. 67, 271–281 (2011). Medline doi:10.1107/S0907444910048675 

19. P. R. Evans, An introduction to data reduction: Space-group determination, scaling and 
intensity statistics. Acta Crystallogr. D Biol. Crystallogr. 67, 282–292 (2011). Medline 
doi:10.1107/S090744491003982X 

20. P. D. Adams, P. V. Afonine, G. Bunkóczi, V. B. Chen, I. W. Davis, N. Echols, J. J. Headd, 
L. W. Hung, G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy, N. W. Moriarty, R. 
Oeffner, R. J. Read, D. C. Richardson, J. S. Richardson, T. C. Terwilliger, P. H. Zwart, 
PHENIX: A comprehensive Python-based system for macromolecular structure solution. 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23055924&dopt=Abstract
http://dx.doi.org/10.1371/journal.ppat.1002934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26085147&dopt=Abstract
http://dx.doi.org/10.1128/JVI.00354-15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8263940&dopt=Abstract
http://dx.doi.org/10.1006/jmbi.1993.1648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27153634&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btw197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15958804&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa043445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16246553&dopt=Abstract
http://dx.doi.org/10.1016/j.bmcl.2005.09.062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23307694&dopt=Abstract
http://dx.doi.org/10.1002/cmdc.201200497
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21460445&dopt=Abstract
http://dx.doi.org/10.1107/S0907444910048675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21460446&dopt=Abstract
http://dx.doi.org/10.1107/S090744491003982X


Acta Crystallogr. D Biol. Crystallogr. 66, 213–221 (2010). Medline 
doi:10.1107/S0907444909052925 

21. L. Jaroszewski, Z. Li, X. H. Cai, C. Weber, A. Godzik, FFAS server: Novel features and 
applications. Nucleic Acids Res. 39 (suppl), W38–W44 (2011). Medline 
doi:10.1093/nar/gkr441 

22. G. N. Murshudov, A. A. Vagin, E. J. Dodson, Refinement of macromolecular structures by 
the maximum-likelihood method. Acta Crystallogr. D Biol. Crystallogr. 53, 240–255 
(1997). Medline doi:10.1107/S0907444996012255 

23. P. Emsley, B. Lohkamp, W. G. Scott, K. Cowtan, Features and development of Coot. Acta 
Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010). Medline 
doi:10.1107/S0907444910007493 

24. P. Gouet, E. Courcelle, D. I. Stuart, F. Métoz, ESPript: Analysis of multiple sequence 
alignments in PostScript. Bioinformatics 15, 305–308 (1999). Medline 
doi:10.1093/bioinformatics/15.4.305 

25. U. W. Arndt, R. A. Crowther, J. F. Mallett, A computer-linked cathode-ray tube 
microdensitometer for x-ray crystallography. J. Sci. Instrum. 1, 510–516 (1968). Medline 
doi:10.1088/0022-3735/1/5/303 

26. M. S. Weiss, R. Hilgenfeld, On the use of the merging R factor as a quality indicator for X-
ray data. J. Appl. Cryst. 30, 203–205 (1997). doi:10.1107/S0021889897003907 

27. P. A. Karplus, K. Diederichs, Linking crystallographic model and data quality. Science 336, 
1030–1033 (2012). Medline doi:10.1126/science.1218231 

28. V. B. Chen, W. B. Arendall 3rd, J. J. Headd, D. A. Keedy, R. M. Immormino, G. J. Kapral, 
L. W. Murray, J. S. Richardson, D. C. Richardson, MolProbity: All-atom structure 
validation for macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 
12–21 (2010). Medline doi:10.1107/S0907444909042073 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20124702&dopt=Abstract
http://dx.doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21715387&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkr441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15299926&dopt=Abstract
http://dx.doi.org/10.1107/S0907444996012255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20383002&dopt=Abstract
http://dx.doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10320398&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/15.4.305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=5317723&dopt=Abstract
http://dx.doi.org/10.1088/0022-3735/1/5/303
http://dx.doi.org/10.1107/S0021889897003907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22628654&dopt=Abstract
http://dx.doi.org/10.1126/science.1218231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20057044&dopt=Abstract
http://dx.doi.org/10.1107/S0907444909042073

