SCIENCE ROBOTICS

the structural colors and characteristic
reflection peak positions, as shown in
Fig. 4 (D and E). For each position at dif-
ferent bending angles, the bionic butterfly
therefore had a corresponding and specific
structural color fingerprint, which could be
valuable in the design of intelligent robotic
actuators with self-reporting features.
Many intelligent robotic actuators may be
achieved if living structural color systems
can integrate with optogenetic control strat-
egies 35, which may also enable real-time
closed-loop modulation of cardiomyocyte
contraction.

To implement this concept, we in-
tegrated biohybrid structural color hydro-
gels with parallel microgrooves into a
microfluidic system to form a heart-on-
a-chip system (Fig. 5). Organ-on-a-chip
systems, including the heart-on-a-chip
physiological devices that contain contin-
uously perfused microfluidic chambers
inhabited by living cells arranged to re-
produce key features of specific human
tissues and organ8&-41). This technol-
ogy may bring benefits to biomedical
areas, such as developing human in vitro ¢
models for healthy or diseased organs,®
enabling the investigation of fundamental
mechanisms in disease etiology and or- 3
ganogenesis, benefiting drug developmenl‘g

in toxicity screening and target discovery, €
Fig. 5. The applications of the biohybrid structural color hydrogels in a heart-on-a-chip system.  (A) Schemat- gnd potentially serving as a replacementg

ic.of the_c_onstruction of the heart-on-a_—chip t_)y integrating the biohybrid _structural color hydrogel _into a bifurcgted for animal testing 35—38 42_47). In this
microfluidic system. B) Image of the bI.OhybI’Id structural color hydrqgel integrated heart—on—a—ghlpt)(Schematlf: heart-on—a—chip system, the microfluidics
of the bent-up process of the biohybrid structural color hydrogels in heart-on-a-chif®) (Dynamically optical mi- . . L
croscope images of biohybrid structural color hydrogels during one myocardial cycle in a heart-on-a-chip systenhr.]vowed blfgmated m!eCtlon channels,
Scale bar, 1 mm.H) Relationship between the reflection peak shift values and the beating velocity of the biohybridthereby prowdlng a_unlform CUItu_re me-
structural color hydrogels treated with different concentrations of isoproterenol at the position noted with dotted dium or a drug solution to the engineered
line in (D) (distance from the bottom/the total parallel microgroove-patterned hydrogel, 2/3F) Relationships of cardiac muscle tissue on the biohybrid
the average peak shift values (left) and the beating frequency (right) to the bent-up process of the biohybrid strucstructural color hydrogel (Fig. 5, A and
tural color hydrogels treated with different concentrations of isoproterenol. Error bars represent SD. B). With its flexible characteristics and
parallel microgroove structure, the semi-
for cardiomyocyte assembly (Fig. 4, A and B). The cardiomyocyfiged biohybrid structural color hydrogel could be bended along the di-
formed an anisotropic laminar ongation in the direction of the mi- rection of the anisotropic organiza of the laminar cardiomyocytes
crogrooves and provided corresponding anisotropic and synchron@kig). 5C). This process was self-reported by the hydrogels via structural
contractions and relaxations to the substrate. As a result, the butterjoration and theeflection peak blue shift, as caused by the decrease
morphology free-standing hydrogel film appeared to swing its winigghe Bragg glancing angle (demoastd in fig. S5B). Because the spe-
with high-energy efficiency in the medium, like a real butterfly flyingjfic structural color or reflection pé fingerprint at each different po-
in air (movie S3). During this process, the structural color of the buttesition corresponded to the contramtiforce of the anisotropic laminar
fly morphology free-standing hydredilm was also changed reversiblgardiomyocytes (demonstrated in Fig. 4, D and E), the integrated system
from a fixed observation position (Fig. 4C). This can be ascribed maiotyld act as a functional platform fetudying the cellular behavior of
to the changes in the Bragg glancing angle, which is induced by ¢aadiomyocytes and their assembled tissues under different conditions.
bending of the bionic butterfly wings (demonstrated in fig. S5B). At To demonstrate the effectiveness of the heart-on-a-chip system, we
the same time as the bending occurred, the structural color red-to-grpamped various concentrations of isoproterenol into the microfluidics
transition occurred first at the wirggouter edge and spread gradually tand used to stimulate the cardiomytes; Under normal conditions, the
the inside of the wings. To investigate the relationship between #teictural colors at the annotatedsuion of the biohybrid hydrogels
shifted structural colors and the bending angles, we used differelminged from red to green (Fig. 5D and first half of movie S4), and their
positions from the bionic butterfly center to record the variations ireflection peak was blue-shiftedrin 608 to 556 nm, whereas the colors
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