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S O F T  R O B O T S

Bioinspired photoresponsive soft robotic lens
Corey Zheng1,2 and Shu Jia1,2,3*

Vision is a critical sensory function for humans, animals, and engineered systems, enabling environmental percep-
tion essential for imaging and autonomous operation. Although bioinspired, tunable optical systems have ad-
vanced adaptability and performance, challenges remain in achieving biocompatibility, robust yet flexible 
construction, and specialized multifunctionality. Here, we present a photoresponsive hydrogel soft lens (PHySL) 
that combines optical tunability, an all-solid configuration, and high resolution. PHySL leverages a dynamic hy-
drogel actuator that autonomously harnesses optical energy, enabling substantial focal tuning through all-optical 
control. Beyond mimicking biological vision, the system achieves advanced functionalities, including focus con-
trol, wavefront engineering, and optical steering by responding to spatiotemporal light stimuli. PHySL highlights 
the potential of optically powered soft robotics applied in soft vision systems, autonomous soft robots, adaptive 
medical devices, and next-generation wearable systems.

INTRODUCTION
Living organisms have evolved into highly sophisticated systems ca-
pable of performing dynamic feats, including complex navigation, 
nimble flight, and self-sustenance. Consequently, their forms and 
functions have long served as inspiration for artificial designs, rang-
ing from behavior-based algorithms and animal-inspired kinemat-
ics to soft robotics using materials with tissue-like compliance (1–8). 
Central to the capabilities of animals are complex sensory systems 
that enable them to effectively perceive and interpret their surround-
ings. Vision, in particular, stands out as one of the most critical senses, 
and adaptation to various ecological niches has yielded a remarkable 
array of biological optical architectures. Animal eyes reflexively re-
spond to changing environmental conditions and combine robust, 
soft, lightweight, and compact designs with functionalities including 
improved light efficiency (9), panoramic vision (10), aberration-
based chromatic vision (11), specialized pupil deformations (12), and 
adjustable focus (13).

These features have prompted substantial efforts in bioinspired 
optics, aiming to replicate the advantages of biological eyes to meet 
growing demands across robotics (14–16), mobile devices (17, 18), 
medical and health tools (19–22), biological imaging (23–25), and 
environmental surveillance (26), among others. For example, the 
compound-eye structure of insects has led to the development of 
artificial vision systems with ultrawide fields of view (FOVs) (27). 
Moth-inspired photonic architectures have been adopted as a basis 
for antireflective coatings (28). The elongated pupils of felines have 
informed hardware-based camouflage-breaking techniques (29). 
Notably, the camera eye, shared by humans, vertebrates, and several 
invertebrates, can dynamically modify its focal length by altering 
lens curvature (30), and this ability has inspired a variety of tunable 
lens designs (31, 32). For example, fluid-based approaches can ma-
nipulate liquid volume, modify the curvature of a fluid meniscus or 
encapsulating membrane, and change the focal length (33–45). All-
solid tunable optics similarly mimic the camera eye by deforming 
a central polymer lens with radial actuators, analogous to natural 
accommodation (46). These systems can be driven by conventional 

mechanical actuators, including an array of motors or mechanical 
irises (47, 48) or soft muscle–like dielectric elastomer actuators 
(49–54).

Despite these advances, current camera eye–style tunable optics 
still face several challenges that limit their capabilities for support-
ing autonomy and vision in diverse, unstructured environments 
akin to those encountered in nature. Prominently, natural eyes are 
highly capable in these environments owing to their focal tuning 
capabilities, a soft and robust structure, and capacity for advanced 
optical adaptations, all of which are achieved in a self-powered 
organism. In many cases, tunable lenses require electronic power 
sources and control signals, which may not be practical in energy-
limited or flexible systems incompatible with rigid electronics. Like-
wise, fluid-based methods are vulnerable to mechanical shock and 
require proper sealing (55). Motorized solid tunable lenses use rigid 
actuators, reducing compactness and flexibility, whereas dielectric 
elastomer actuator devices are inherently soft but require high driv-
ing voltages (>1 kV for millimeter-scale thicknesses) (56–58), com-
plicating power demands. In contrast, biological eyes combine 
tunability, robustness, and flexibility in a self-sustaining organism 
powered by energy harnessed from the environment.

Hydrogels, with their biocompatible nature and tissue-like softness, 
hold substantial promise for soft vision systems. They have already 
been used in biocompatible optical applications such as hydrogel 
optical fibers and commercial contact lenses (59–62). Furthermore, 
they are multifunctional materials that can combine both actuation 
and sensing into a single platform, achieving an automatic response to 
external stimuli while harvesting energy from their surroundings (63–
66). They are thus widely used in soft robotics, where they function as 
actuators, sensors, and wearable interfaces (67, 68). Current stimulus-
responsive hydrogel tunable optics designs have considerable room 
for growth. Although focal tuning has been demonstrated (41, 42, 69), 
they are generally overshadowed by other powerful tunable optics 
technologies. Leveraging the soft and continuum actuation capa-
bilities of these materials could yield biomimetic capabilities com-
bining all-solid and soft biocompatible construction, untethered or 
passive operation, and advanced optical capabilities.

Here, we present the bioinspired photoresponsive hydrogel soft 
lens (PHySL) that achieves optical tunability and an all-solid 
configuration with resolution and focal modulation comparable 
to the human eye. We developed a soft device fabrication process, 
realizing an integrated high-quality elastomer optic and hydrogel 
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actuator system. PHySL leverages a photoresponsive hydrogel as a 
continuum actuator that autonomously responds to incoming light, 
stably deforming a central lens via radial stretching. This mecha-
nism harnesses optical energy directly from the environment, driv-
ing substantial focal variations through all-optical control. PHySL 
exhibits high sensitivity to ambient lighting conditions, providing 
considerable freedom beyond previous soft tunable lenses for com-
plex functionalities, including open-loop focus control, wavefront 
engineering, and optical steering in response to spatiotemporal il-
lumination patterns. We further demonstrate the potential of PHySL 
by integrating it into a fiber-optic imager, multiplexing imaging and 
control, and developing a proof-of-concept electronics-free fluidic 
soft imager. Positioned at the intersection of soft robotics, materials, 
and optics, PHySL represents an advance toward enhancing flexible 
systems with visual capabilities, promising applications in autonomous 
soft robots, medical devices, wearable technologies, and beyond.

RESULTS
PHySL principle, fabrication, and 
mechanical characterization
Conventional tunable optics approaches often rely on electronic 
control schemes, fluidic interfaces, or rigid materials that require 
large footprints, thereby hindering their integration into a variety of 
soft systems (table S1). In this work, PHySL leverages responsive 
hydrogels to effectively combine optical control, energy harvesting, 

and robust all-soft construction, thus advancing the development of 
flexible, autonomous, and efficient vision systems. PHySL comprises 
a soft polydimethylsiloxane (PDMS) lens that is deformed by radial 
forces from a poly(N-isopropylacrylamide) (PNIPAM) hydrogel 
embedded with broadband light–absorbing reduced graphene oxide 
(rGO) (Fig. 1A). Under illumination, PHySL increases in focal 
length and pupil size, akin to human vision reflexes (13, 46). The 
photothermal heating effect of rGO drives PNIPAM above its lower 
critical solution temperature (~32°C) (70), leading to a phase change 
that deswells the gel via expulsion of water from the gel and contrac-
tion of the gel matrix (71–73). As the gel shrinks, it applies radial 
tension to the central lens (Fig. 1B and fig. S1). This process flattens 
the lens via radial stretching and increases pupil size, extending the 
focal length in a process analogous to the human far-vision reflex in 
which the lens flattens to elongate focal length while the pupil con-
currently dilates (74). Once the exposure ceases, the gel cools, re-
turns to its original phase, and reswells, returning the system to its 
baseline state. Our device’s pupil behavior is the inverse of the bio-
logical pupillary reflex, which would typically constrict the pupil in 
response to increased light without changing the lens curvature (75) 
(Supplementary Text). This design ensures superior mechanical sta-
bility, because the photoresponsive shrinkage of the gel actuator 
places the lens into tension, eliminating vulnerabilities to undesired 
lens buckling compared with compressive designs required for a 
normal pupillary reflex or with other hydrogel-based actuators us-
ing bending or buckling for motion (76).

Fig. 1. Principle of PHySL. (A) PHySL transitions between near-focus (i) and far-focus (ii) states under exposure to an optical stimulus. Insets: Corresponding states of the bio-
logical counterpart, a human lens and pupil, under near-vision and far-vision conditions. (B) Structure of the baseline hydrated state of PNIPAM-rGO gel, corresponding to the 
near-vision state, and structure of the irradiated PNIPAM-rGO gel, exhibiting light-activated gel actuation, which manifests as gel deswelling.
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To characterize the technique, we first measured its photores-
ponsive behavior, where we placed fully hydrated PNIPAM-GO and 
PNIPAM-rGO samples with a GO concentration of 2.5 mg/ml in a 
custom immersion chamber on a tensile testing machine (detailed in 
Materials and Methods). With both ends of each sample fixed, the 
gels were exposed to 350 mW/cm2 of 850-nm near-infrared (NIR) 
illumination in air, revealing a notable two-step actuation process. 
Upon initial illumination, a rapid increase in tension was observed, 
peaking at ~73.0 kPa for PNIPAM-rGO and 52.0 kPa for PNIPAM-GO, 
consistent with the expected higher absorption efficiency of rGO 
(Fig. 2, A and B). Given that rGO is nearly uniformly absorbing across 
a broad light spectrum, the gel response was independent of the 
illumination wavelength (fig.  S2). Once NIR was switched off 
(Fig.  2A, black tabs), the gels exhibited an immediate surge in 
force, reaching peak nominal stresses of 128.3 kPa for PNIPAM-rGO 
and 76.7 kPa for PNIPAM-GO within seconds. As the gel cooled, it 
gradually relaxed, overshooting its initial tension before returning 
close to the baseline only after reimmersion in water (Fig. 2A and 
movie S1). Notably, this second-stage increase in force after NIR 
removal has not been previously reported in PNIPAM-rGO/GO 
systems, suggesting that the incorporation of GO may unlock addi-
tional actuation pathways (Supplementary Text and fig. S3).

Next, we fabricated a soft, tissue-like PDMS lens via a specialized 
molding process (detailed in Materials and Methods). Considering 
the measured actuation capabilities of PNIPAM-rGO, we selected 
Sylgard 527 PDMS, which has a tissue-like modulus of elasticity as 
low as 5 kPa (77). This softness accommodates large deformations 
and reduces mechanical mismatch with biological tissues, typically 
characterized by stiffness below 100 kPa (78). We refined multiple 
Sylgard 527 mixtures and identified an optimal 1:1.3 base–to–cross-
linker ratio, producing the lens with an elastic modulus of 9.5 kPa 

(Fig. 2C) and transparency > 90%. In practice, because soft materi-
als are difficult to release from rigid templates, we used supersoft 
lithography (79). A hard template was created by shaping Sylgard 
184 PDMS droplets into gravity-driven lens surfaces (80) and 
then transferring them onto a dissolvable mold. We cast Sylgard 
527 PDMS into this mold and dissolved it afterward, allowing for 
easy demolding of the lens with minimal surface damage (Fig. 2D-i).

The PNIPAM-GO hydrogel containing GO (2.5 mg/ml) was ro-
bustly cross-linked to the lens using benzophenone treatment (81), 
forming a flexible yet strong interface that remained intact even un-
der high strain (Fig. 2D-ii, fig. S4A, and Supplementary Text). Sub-
sequently, the PNIPAM-GO hydrogel was chemically reduced to 
PNIPAM-rGO through hydrazine immersion, after which the entire 
device was then mounted (Fig. 2D-iii). The resulting hydrogel was 
highly absorptive over broad wavelengths, with a transmission of 
only ~0.7%. Here, we used a rigid 3D-printed mount for ease of in-
tegration with microscope components. However, it should be not-
ed that PHySL does not inherently require rigid supports and can be 
readily adapted to soft elastomers to form a robust all-soft system 
capable of retaining the same optical performance even after sustain-
ing stress and deformations (Mechanical durability in Supplementary 
Text, figs. S4B and S5, and movie S2). Detailed fabrication proce-
dures are provided in Materials and Methods and fig. S6. With this 
design, PHySL can achieve more than 20% expansion of the lens 
diameter (movie S3).

Tunability and optical capabilities of PHySL
Next, we evaluated performance by incorporating PHySL into a 
standard bright-field microscope setup (Fig. 3A and fig. S7). The de-
vice was positioned in a shallow tray of water, ensuring that its 
upper surface was exposed to air. This arrangement increased the 

Fig. 2. Key mechanical characteristics and fabrication process of PHySL. (A) Nominal stress exerted by gels in response to NIR exposure. Black pointers indicate when 
NIR illumination was turned off. Black arrows indicate when additional water was added to the hydrogel chamber. (B) Absorptance of a 1-mm-thick hydrogel sample be-
fore and after reduction of GO. (C) Elastic curves for PNIPAM-GO, PNIPAM-rGO, and three supersoft PDMS recipes. (D) Three key steps toward PHySL fabrication: (i) super-
soft lithography, (ii) robust hydrogel grafting, and (iii) device assembly. Scale bars, 10 μm.
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refractive power of the system and facilitated water reabsorption 
into the gel. An 850-nm light-emitting diode (LED) provided radi-
ally isotropic illumination across the lens, with irradiance ranging 
from ~260 mW/cm2 at the center to 150 mW/cm2 at the periphery. 
The photoresponsive properties of PHySL were initially character-
ized by repeated optical stimulation cycles. In practice, the lens un-
derwent multiple 24-hour on-off cycles, each comprising 4 hours of 

irradiation at the maximum intensity, followed by 20 hours off. Dis-
tinct physical changes, including visual indications of gel phase 
transition and an increase in lens diameter, were observed in re-
sponse to the stimulation (fig. S1). We measured the corresponding 
focusing ability of the lens by monitoring the effective focal dis-
tance (EFD), i.e., the distance between stimulus-induced focal 
planes from the reference, throughout each cycle. In the first 10 min 

Fig. 3. Characterization of PHySL. (A) Schematic of the microscope setup that integrates PHySL. CAM, camera; TL, tube lens; IR-F, infrared filter; DM, dichroic mirror. Ac-
tuation cycles: A three-cycle on-off experiment determines the optical properties of PHySL. Control intensity or duration: PHySL’s response to varying energies is deter-
mined. (B) Relative focal shift during three exemplary on-off NIR illumination cycles and the corresponding temperatures of the PHySL gel and environment. Transparent 
red zones indicate when NIR illumination is on. Pointers indicate selected experimental time points at the baseline state before illumination (i), after 4 hours of NIR expo-
sure in the first cycle (ii), and at the maximum focal shift achieved during the first cycle (iii). hrs, hours. (C) PHySL’s magnification and focal shift properties. Magnification 
calculated from in-focus images during the three-cycle PHySL actuation is overlaid with the calculated true focal length of PHySL. The corresponding overall focal shift 
(ΔEFD) is decomposed into contributions from axial translation of principal planes (Δd) and photoresponsive focal length shift (ΔfPHySL). (D) MTF of PHySL calculated on 
the basis of in-focus images at each time point specified in (B). The horizontal dashed line represents the 10% contrast limit, which was used as the resolvability limit in 
this work. (E) Tracking of lateral image motion during the three-cycle PHySL actuation. Pointers indicate the central locations of the Siemens star at the corresponding 
time points specified in (B), showing the lateral motion in one on-off cycle and its similarity to subsequent cycles. (F) Image snapshots extracted from three depths at each time 
point specified in (B), identifying varying focal planes with ΔEFD values of 0.0 mm (i), 1.4 mm (ii), and 3.9 mm (iii), along with a thermal image corresponding to each time 
point. (G) Focal shifts in PHySL in response to five levels of illumination intensity and the corresponding gel temperatures. (H) Focal shifts in PHySL in response to five 
levels of illumination duration at 100% intensity and the corresponding gel temperatures. (I and J) Maximum focal shift achieved after turning off NIR illumination versus 
illumination power (I) and the maximum focal shift achieved after turning off NIR illumination versus illumination duration (J). All scale bars, 200 μm.
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of illumination, the EFD increased by 11.6% (1.35 mm) of the base-
line focal distance as the gel reached 40°C within 5 min (Fig. 3B). 
Notably, we observed the two-step EFD variation in line with 
the PNIPAM-rGO actuation dynamics (Fig. 2D), which exhibited 
the initial stage where under continued NIR exposure, the EFD 
peaked at 13.8% (1.6 mm) greater than the baseline after 20 min and 
then stabilized with only a minor 2.2% (0.25 mm) decrease. Subse-
quently, after switching off NIR, the EFD rose by an additional 21.9% 
(2.55 mm) over 50 min, obtaining a total change of 33.6% (3.9 mm) 
(movie S4). To ensure reliable performance, we then characterized 
the focal response for five sequential 1-hour illuminations, finding 
that the variability was less than 250 μm (<2%) across cycles (Supple-
mentary Text and fig. S5).

We then evaluated the underlying mechanisms governing the 
observed change in EFD, ΔEFD, whose variations were primarily 
induced by two main factors, i.e., the focal change resulting from the 
photoresponsive deformation of the lens curvature (ΔfPHySL) and 
the axial movement of the lens principal planes during deformation 
(Δd). With the 4f imaging system, we tracked system magnification 
to determine the focal length of PHySL (fPHySL) and then decom-
posed ΔEFD into its two components (Fig. 3C and Materials and 
Methods). During the initial optical stimulation, the axial movement 
accounted for up to 46.9% of the EFD variation, whereas upon 
turning off the NIR light, it contributed only 13.4%. As a result, the 
maximal focal length change due solely to the photoresponsive de-
formation of lens curvature was about 3.3 mm or 29% of the base-
line focal length of 11.6 mm, comparable to the accommodation 
of the human eye (~25%) (46, 82). Notably, to evaluate imaging 
capacity during actuation, we calculated the associated modulation 
transfer function (MTF), revealing a resolution ranging between 50 
and 120 line pairs (lp)/mm, comparable to that of the human eye 
(83), and enhanced lens transparency as the photoresponsive tem-
perature increased (Fig. 3D and fig. S8). Furthermore, PHySL exhib-
ited cyclical lateral translation, demonstrating repeatable actuation 
that can be further optimized through an improved fabrication 
process or environmental control (Fig. 3E). Moreover, minimal dis-
tortion was observed across different stages, indicating isotropic 
deformation in actuation cycles (Fig. 3F).

Furthermore, we characterized the responsiveness of PHySL 
with respect to ambient conditions, illumination duration, and power 
(movie S5). Governed by a photothermal process, the focus-changing 
behavior of PHySL also depends on the environmental temperature. 
We found that under elevated temperatures, the baseline focal 
length of PHySL increased but resulted in similar second-stage EFD 
shifts (fig. S9 and Supplementary Text). Furthermore, the recovery 
speed was slowed, indicating the reduced capability of PHySL to 
reabsorb water under elevated temperature. Testing PHySL’s behavior 
in response to various illumination intensities, we found an increase 
in EFD variations with higher exposure times and intensities (Fig. 3, 
G and H). Specifically, at lower irradiances (~25% power; 37.5 to 
65.0 mW/cm2) or shorter durations (~15 min), a noticeable change 
in focal length occurred without the two-step actuation. At even 
lower light levels comparable to diffuse reflections from objects in a 
daylight scene (5 mW/cm2), the focus was minimally changed, sta-
bilizing at only a 200-μm increase or <2% more than the baseline 
focal length (fig. S9 and Supplementary Text). By contrast, higher 
exposures produced two-step actuation, and especially the second-
stage EFD shift, triggered after turning off the illumination, was pro-
portionally scaled with the total energy absorbed (Fig. 3, I and J). 

These results indicated that PHySL can harvest and store optical 
energy from its surrounding environment. Notably, although PHySL’s 
total energy consumption was higher than some electronic tunable 
lens technologies (table S1), it could still be actuated at irradiances 
near 60 mW/cm2, comparable to that of direct sunlight at Earth’s 
surface (84–86), suggesting its potential usability under passive 
stimulation without needing photovoltaics or other components. 
Moreover, within the range of energy levels tested, no saturation of the 
focal shift was observed, which implies that the tuning range could 
be further extended.

Multiscale PHySL imaging of biological specimens and 
natural scenes
Using the same 4f microscope configuration, we first examined 
a range of biological specimens with PHySL (Fig. 4, A to F). In a 
Dictydium fungus sample, PHySL resolved two parallel fibers sepa-
rated by ~5 μm (Fig. 4A). It also distinguished microscopic hairs on 
an ant leg at 9-μm spacing (Fig. 4B) and measured the 4-μm gap 
between the claws of a tick leg (Fig. 4C). Furthermore, to illustrate 
volumetric sectioning capabilities, we imaged three stacked micro-
scope slides, containing ocean diatoms, paramecia, and various pol-
lens, which formed a total thickness of 2.9 mm. Driving PHySL with 
NIR light, we conducted depth scans throughout the entire volume 
(Fig. 4D and movie S5). Notably, PHySL consistently captured fine 
details across its full tuning range (figs. S10 and S11), including the 
gap between a cell nucleus (Fig. 4E) and the lobes of a pollen grain 
(Fig. 4F).

Last, we evaluated PHySL as a single-lens imager under general-
purpose conditions (Fig. 4G). This configuration yielded an FOV of 
~30°. To drive PHySL, an angled NIR illumination source produced 
an irradiance of 140 to 230 mW/cm2 from the lens edge to its center. 
PHySL sequentially scanned the full depth range, imaging objects 
located 7.5 to 203 cm away under ambient lighting (Fig. 4H and 
movie S6). For example, at 10 cm, PHySL resolved <200-μm gaps in 
a circuit connector, and at 50.5 cm, it distinguished converging lines 
on a playing card down to 2.0 mm (Fig. 4, I and J). Although the cur-
rent images appear blurry, we can enhance the image quality through 
several strategies, including alternate lens materials, additional ap-
ertures, or different illumination schemes (Supplementary Text and 
fig. S12). In the single-lens configuration, we also tested PHySL’s im-
aging capabilities when positioned at different orientations and 
found minimal variations in imaging performance even when invert-
ed or held sideways (Supplementary Text and fig. S13). These results 
underscore the potential of PHySL for integration into vision systems 
for tunable imaging across multiple spatial scales and conditions.

Wavefront manipulation using spatiotemporally 
patterned illumination
Furthermore, we demonstrated extended degrees of optical manip-
ulation in PHySL when subjected to patterned or sequenced illumi-
nation. Specifically, besides continuous scanning, we assessed the 
ability of the tunable lens to curate a desired focal set point with tem-
porally modulated illumination. As shown, under an open-loop con-
trol scheme that adjusts illumination power and timing, PHySL 
maintained focus within 100 μm (2.5% of its maximum range) 
(Fig. 5A), stabilizing at the target for more than 2 hours and mini-
mizing lateral motion (Fig.  5B and movie S7). Furthermore, we 
show that PHySL can be controlled in a feedback-based manner us-
ing an autofocus algorithm and even controlled in a remote-viewing 
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Fig. 4. Imaging biological samples and natural scenes with PHySL. (A to C) Comparing microscope objective– and PHySL-acquired single images. (A) Parallel fibers of 
a Dictydium fungus. Insets: Magnified views of the region in the blue box and intensity profile across the blue dashed line. Scale bars, 50 μm. (B) Ant leg hairs. Blue box 
inset: Close-up of hairs in blue box region. The image is divided into two depths (solid black line) to focus on two hairs in different planes (arrows). Graph inset: Intensity 
profile across the blue dashed line. (C) Tick claws. Inset: Intensity profile across the blue dashed lines, showing a gap in claws. (D) PHySL photoresponsive volumetric scan 
of a layered three-dimensional (3D) microscope sample in comparison with ground truth images at specific depths acquired using a 10× objective lens. (E) Comparison 
of ground truth and PHySL images across a gap feature in a paramecium nucleus. (F) Comparison of ground truth and PHySL images across a division in pollen grain lobes. 
For both images, only the blue color channel was used. (G) Single-lens PHySL imaging a room-scale scene. RL, relay lens; CL, condenser lens; FL, focusing lens; WI, water 
infusion. (H) Tunable focusing across several objects in ambient room lighting. Reference images are shown in the top row. From left to right, an integrated circuit chip, 
flex cable connector, king of hearts playing card, ace of spades playing card, and the Georgia Tech mascot Buzz were placed at varying distances from the imager. Arrows 
indicate features shifting in and out of focus during scanning. (I) PHySL image of the fine gaps in the flex cable terminals. The measured profile (black) and Gaussian-fitted 
profile (dotted red) resolved a separation distance of 160 μm (arrows). (J) PHySL image of the gap between converging lines in the character “A.” The measured profile 
(black) and Gaussian-fitted profile (dotted red) resolved a separation of 2 mm (arrows). Scale bars, 50 μm [(A), (B), and (E)], 10 μm (C), 60 μm (D), and 25 μm (F). From left to 
right (H), 1, 1, 10, 20, and 40 mm.
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application through a fiber-optic image relay (Supplementary Text 
and fig. S14). Future refinements, such as calibrating open-loop re-
sponses or implementing closed-loop feedback, may enhance the 
controllability of these modes. Next, we used quadrant-patterned 
illumination, selectively activating opposing regions of the lens 
(Fig. 5C). By applying tension along a single axis, this scheme in-
duced abnormal deformation and astigmatism corresponding to the 
chosen orthogonal orientations of illumination (Fig. 5D), achieving 
a maximum EFD difference of 2.7 mm between the x and y foci. 
Notably, PHySL recovered to an isotropic state in the absence of 
illumination (Fig. 5E and movie S8), showing the reversible nature 
of this astigmatic control. Last, we demonstrated controlled image 

translation with minimal distortion using an off-centered circular 
illumination pattern (Fig. 5F). Under these conditions, translation 
along the primary offset of illumination (i.e., the y axis) increased 
by more than threefold relative to uniform illumination, whereas 
displacement along the orthogonal dimension (i.e., the x axis) re-
mained comparatively suppressed (Fig.  5G and movie S9). An 
overall focal shift was also observed (Fig. 5H). Collectively, these 
findings illustrate that the spatiotemporal control of illumination 
enables PHySL to exhibit a diverse array of lens functionalities. Inte-
grating specialized control schemes or masks may further confer 
biomimetic attributes such as camouflage disruption or chromatic 
vision. As a dynamic and multifunctional lens, PHySL thus holds 

Fig. 5. Spatiotemporal patterned illumination control of PHySL to achieve versatile functions. (A) Temporal illumination modulation at different intensities gener-
ates a stable focus and lateral position even over hours. (B) Responses of PHySL during open-loop control, exhibiting the changes in EFD, gel and environmental tem-
peratures, and lateral shift of the lens. The red zone indicates NIR illumination at full power, whereas the green zone indicates NIR illumination of 35% to maintain focus 
via open-loop control. Inset: Open-loop control region demonstrating stabilized focus within a 2.5% (100 μm) range for >2 hours. (C) Diagram of the astigmatic patterned 
illumination scheme consisting of a quadrant mask. (D) Measured ΔEFD of the x and y focal planes measured for orthogonal astigmatic patterned illuminations. Number 
labels indicate key time points extracted for visualization. Red zones indicate NIR illumination at full power. (E) Visualization of the x and y focal planes at each labeled time 
point in (D). (i) Initial state demonstrating isotropic visualization. (ii) Induced astigmatism from x-oriented patterned illumination, demonstrating a relatively increased 
ΔEFD along the x axis compared with the y axis. (iii) Recovery of the lens to an isotropic state. (iv) Induced astigmatism from y-oriented patterned illumination, demon-
strating a relatively increased ΔEFD along the y axis compared with the x axis (F) Diagram of offset aperture illumination pattern with a time lapse of lateral translation 
during illumination (0 to 3.8 hours) followed by recovery in the opposite direction with no illumination (5.5 and 12.5 hours). (G) Comparison of lateral translation for ac-
tuations with offset illumination (patterned) and without patterned illumination, i.e., illuminating the entire PHySL surface (unpatterned). The red zone indicates NIR il-
lumination at full power. (H) Overall measured change in EFD during translation. The red zone indicates NIR illumination at full power.
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promise for soft robotic vision systems requiring high-resolution 
imaging and versatile sensing capabilities.

DISCUSSION
Vision represents one of the most critical sensory functions for ver-
tebrates, offering high imaging performance, tunability, robust yet 
flexible construction, and specialized adaptations. In this work, we 
reported a bioinspired PHySL. Notably, PHySL achieves a synergis-
tic combination of functionalities that make it uniquely suitable for 
soft systems. We achieved robust, all-optical focal tunability (~30%) 
and high resolution (50 to 120 lp/mm), both comparable to those of 
the human eye. Simultaneously, PHySL exploits ambient stimuli of 
diverse spatiotemporal patterns to generate complex lensing effects 
and functionalities, such as open-loop focus control, wavefront 
engineering, and optical steering. The results validated PHySL 
in remote all-optical control and maneuverability, and we further 
demonstrated manipulation of PHySL under irradiances compara-
ble to sunlight at Earth’s surface, highlighting the energy harvesting 
capabilities of the device.

PHySL represents a promising approach in areas where tradi-
tional optics face limitations, including in soft robotics and medi-
cal devices. Optical control of the lens reduces reliance on electrical 
connections and complexity, suitable for remote imaging systems 
(Supplementary Text). Moreover, PHySL supports the development 
of vision sensors highly compatible with soft systems. By fusing 
photoresponsive microfluidic computation and PHySL, we created 
the prototype of an electronics-free fluidic imager (termed PHySL-
EYE; Supplementary Text and fig. S15). Such a design holds poten-
tial for improved integration into soft robots, compatibility with 
alternative power or control schemes, and decreased reliance on 
rigid traditional imaging arrays. Thus, the versatile capabilities of 
PHySL, coupled with its potential to passively function untethered 
and battery-free, may lead to enhanced autonomy and sensing in 
soft systems across various settings by equipping them with compat-
ible vision systems.

Prominently, PHySL opens multiple avenues for future develop-
ment (Supplementary Text). For example, integrating additional optical 
components such as independent apertures and lensing components, 
changing lens materials, or modifying the design structure enables 
customization of the feedback behavior, focal length, imaging quality, 
and incident light (figs. S8 and S12). Incorporating advanced mate-
rials with improved response speed and mechanical strength could 
mitigate its relatively long actuation times and broaden its range of 
lens deformation (87–91). In addition, a key consideration is PHySL’s 
operating environment. PHySL’s environmental sensitivity may re-
sult in difficulty operating under fluctuating thermal conditions. Po-
tentially, chemical modifications could be performed to better target 
specific temperature ranges (92) or compensated by active closed-
loop schemes. Refined designs or alternative materials could further 
expand its applicability in various environments (figs. S8, S12, and 
S16) (93, 94). Integration with flexible curved sensor arrays could 
yield biomimetic chambered eye designs, potentially encapsulating 
the system with an internal water reservoir and improving image qual-
ity and FOV in a single-lens design (Supplementary Methods and 
fig. S17). Moreover, ongoing advances in stretchable metaoptics, 
electronics, and fluidic circuitry (95–105) may enable further capa-
bilities of soft vision systems. These could integrate PHySL for en-
hanced response complexity and environmental awareness, enabling 

image feedback capabilities in passively powered soft robotics. Posi-
tioned at the interface of soft robotics, functional materials, and optics, 
PHySL, therefore, offers opportunities for applications in autono-
mous, environment-aware vision systems.

MATERIALS AND METHODS
PHySL fabrication
Chemical preparation
A 50-ml stock of PNIPAM-GO solution was created by adding 15 ml 
of deionized (DI) water and 15 ml of GO [highly concentrated GO 
(5 g/liter), Graphene Supermarket] to a 50-ml centrifuge tube; 8.49 g 
of PNIPAM (415324, Sigma-Aldrich) was added, and the mixture 
was vortexed (Analog Vortex Mixer, VWR) for 10 s. Afterward, equal 
parts of DI water and GO were added until the mixture totaled 50 ml, 
resulting in a final PNIPAM concentration of 1.5 M. The mixture 
was vortexed again until the PNIPAM grains were completely 
dissolved. The stock solution was stored at room temperature. Be-
fore usage, the stock was ultrasonicated in a water bath (CPX1800, 
Fisherbrand) for 15 min to dissolve any precipitate.

The N,N′-methylenebisacrylamide (MBAA) stock solution was 
created by adding 0.1 g of MBAA (146072, Sigma-Aldrich) to 10 ml 
of water. The mixture was vortexed for 60 s to ensure complete 
dissolution of MBAA and then stored at 4°C. Before usage, the stock 
was vortexed for 10 s.

The benzophenone solution was created by adding reagent alco-
hol (12R1001, Decon Labs) to 1 g of benzophenone until the mix-
ture volume totaled 10 ml. The mixture was vortexed until the 
benzophenone crystals completely dissolved.
Hanging droplet lens master mold
First, positive lens molds were created using the hanging droplet 
technique (100). An array of cylinders 8 mm in diameter and 2 mm 
in height was created by molding hard PDMS (Sylgard 184, Dow 
Silicone Corporation) in a 1:10 cross-linker–to–base ratio to a 3D-
printed negative mold (Form 2, Formlabs) as shown in fig. S6A-i. 
The cylinders were used as the hanging platform, constraining the 
diameter of the PDMS lens to the diameter of the cylinder. Drops of 
Sylgard 184 PDMS in a 1:10 cross-linker–to–base ratio were deposit-
ed onto each cylinder via a syringe with a 25-gauge needle (fig. S6A-
ii). The cylinder array was then inverted and positioned above a hot 
plate at 60°C for 24 hours to cure the PDMS lens (fig. S6A-iii), re-
sulting in the positive lens mold. The positive lens mold was then 
fixed to the bottom of a 100-ml silicone beaker using additional 
Sylgard 184 PDMS (fig. S6A-iv) and cured for 4 hours at 120°C, re-
sulting in the final master mold (fig. S6A-v).
Supersoft lithography
PHySL has a low modulus of <10 kPa and thus is difficult to peel 
from conventional molds without damage. Instead, a dissolvable 
sugar mold was created following a supersoft lithography process 
(78); 10 ml of light corn syrup (Karo) and 20 ml of table sugar (pure 
granulated sugar extra fine, Publix) were mixed thoroughly and 
then poured onto the positive lens mold (fig. S6B-i). The container 
was then sequentially microwaved (The Genius Sensor 1250W, Pan-
asonic) and degassed in a vacuum desiccator (Bel-Art) for several 
cycles (fig.  S6B-ii) to achieve a bubble-free negative dissolvable 
mold of the lens array (fig. S6B-iii,iv). The parameters of each cycle 
are listed in table S2.

Soft PDMS (Sylgard 527, Dow Silicone Corporation) was mixed 
in a 1:1.3 part A–to–part B ratio and then deposited into each lens 
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cavity using a syringe (fig. S6C-i). The entire mold was enclosed in a 
petri dish and heated at 50°C for 24 hours (fig. S6C-ii), after which 
it was allowed to cool to room temperature. Individual lenses were 
released by submerging the mold in water for 1 hour, dissolving the 
sugar (fig. S6C-iii). Lenses were rinsed with water and then metha-
nol and blown dry with air. After cleaning, lenses were placed sus-
pended from a metal platform and further cured at 120°C for another 
24 hours (fig. S6C-iv).
PHySL assembly
The PNIPAM-GO stock solution was chilled in an ice bath while 
simultaneously bubbled with nitrogen gas for 5 min. Then, the hy-
drogel precursor solution was formed by combining 1 ml of PNIP
AM-GO stock solution, 60 μl of MBAA stock, and 3 mg of potassium 
persulfate (216224, Sigma-Aldrich) in a 2-ml centrifuge tube. Nitro-
gen was gently blown into the top of the tube, which was quickly 
sealed, vortexed for 10 s, and then placed in an ice bath.

Next, the fabricated supersoft lens was prepared for hydrogel 
bonding. A benzophenone stock solution was poured into a plastic 
tray. The lens was immersed in the solution for 1 min (fig. S6D-i) 
and then removed. Afterward, the lens was cleaned three times by 
rinsing with methanol (MX0475, Supelco) and blown dry with ni-
trogen each time. The treated lens was placed on a clean silicon wa-
fer inside a petri dish. A PDMS ring mold was then centered around 
the lens. The assembly was placed on top of a chilling platform con-
sisting of a heat sink submerged in ice (fig. S6D-ii).

Five microliters of N,N,N′,N′-tetramethylethylenediamine (T9281, 
Sigma-Aldrich) was added to the previously prepared hydrogel pre-
cursor solution to initiate cross-linking. Nitrogen was then blown 
into the top of the tube, which was quickly sealed and vortexed for 
10 s; 900 ml of the hydrogel precursor was pipetted around the lens. 
The entire mold was sealed inside a petri dish using Parafilm 
(Parafilm “M,” Bemis) and purged with nitrogen. A 365-nm UV 
(ultraviolet) LED assembly (LZ1-10UV0R-0000, ams OSRAM) with 
a heat sink (PINLED-4830, Wakefield Thermal) was focused to an 
~15-mm spot using a condenser lens (ACL25416U-A, Thorlabs) 
onto the PDMS lens (fig. S6D-iii). After 1 hour, UV exposure was 
stopped, and the sealed mold was removed from ice and allowed to 
rest and continue to polymerize for 23 hours (fig. S6D-iv).

PHySL was then peeled from the silicon wafer and rinsed with 
DI water to remove dust and unpolymerized precursor solution 
(fig. S6D-v). The system was then submerged in a 0.33 M hydrazine 
monohydrate (207942, Sigma-Aldrich) solution for 48 hours to re-
duce GO into rGO (fig. S6E-i), resulting in a noticeably darker color 
because of increased photoabsorption (fig. S6E-ii). PHySL was then 
washed with DI water and submerged in DI water for an additional 
24 hours. Last, PHySL was fixed to a 3D-printed or PDMS mount 
using superglue (fig. S6E-iii,iv).

Mechanical testing
Sample preparation
Sylgard 527 PDMS mixtures in three ratios of part A to part B (1:1, 
1:1.3, and 1:1.5) were prepared and then pipetted between two square 
acrylic sheets separated by 1 mm. The molds were then cured on a 
warm hot plate (50°C) for 24 hours.

Rectangular samples of PNIPAM-GO and PNIPAM-rGO gels 
were fabricated in the same fashion as PHySL. Hydrogel precursor 
solutions were prepared using the same recipe (1 ml of PNIPAM-
GO, 60 μl of MBAA stock, 3 mg of potassium persulfate, and 5 μl of 
N,N,N′,N′-tetramethylethylenediamine) and then pipetted between 

two glass slides separated by 1 mm. The molds were cooled on a 
chilling platform for 1 hour, then removed, and allowed to continue 
cross-linking at room temperature for another 23 hours. The re-
sulting gel sheet was submerged in DI water for at least 24 hours to 
fully swell.

After swelling, the thickness of the gel sheet increased to ~1.5 mm. 
Rectangular samples 10 mm wide and 50 mm long were cut from 
the bulk material. To fabricate PNIPAM-rGO samples, PNIPAM-GO 
samples were submerged in a 0.33 M hydrazine monohydrate solu-
tion for 48 hours. In addition, for the NIR actuation experiment, ad-
ditional samples of PNIPAM-GO and PNIPAM-rGO, 1.5 mm thick, 
10 mm wide, and 20 mm long, were cut from the bulk material. The 
exact dimensions of the materials were measured using calipers.

Samples were then glued to a holding rig using superglue (Loctite 
406, Loctite). An overview of the sample preparation process is 
shown in fig. S18A. The true free length of each individual sample 
was measured using digital calipers. True stress calculations were 
performed as detailed in Supplementary Methods.
Frequency sweep
Samples were loaded into a tensile testing device (TA3200-ES, TA 
Instruments) with a 5-N load cell (SMT1-1.1, Interface Force Mea-
surement Solutions) as shown in fig. S18B. Readings from the load 
cell were filtered with a 40-Hz low-pass filter. Each sample was subject 
to 10% strain oscillations with frequencies of 0.1 rad/s up to 100 rad/s 
to calculate storage and loss modulus (fig.  S19A-J). The 10% 
strain threshold was determined by performing a strain sweep at 
a fixed frequency of 10 rad/s to determine the linear loading region 
(fig. S19K). Hydrogel samples were loaded immediately after being 
removed from a water bath. No additional forms of hydration or 
environmental modification were provided during the experiment. 
Specific details about the calculation of elastic modulus, storage mod-
ulus, and loss modulus are detailed in Supplementary Methods.
Strain loading
Samples were subject to four levels of strain (25, 50, 75, and 100%) in 
a linear loading-unloading cyclic test. The strain rate was set to 
10 mm/min, and a 5-s dwell was set between loading and unload-
ing. Subsequently, if the sample had not already failed during the 
loading-unloading process, it was subjected to a 10 mm/s strain 
until failure.
NIR actuation
A custom water immersion chamber clamp and NIR illumination 
system were added to the tensile testing setup, as shown in fig. S18 
(C and D). NIR light was focused to an ~25-mm spot, with a central 
radiant flux of 350 mW/cm2. One sample of each PNIPAM-GO and 
PNIPAM-rGO was loaded into the tensile testing device and im-
mersion chamber clamp, starting with no water in the chamber. The 
NIR light was switched on for ~3 hours and then turned off. Two 
hours after turning the NIR light off, water was added to the immer-
sion chamber to allow for full gel recovery. Because the sample did 
not change in length, we calculated the nominal stress using the ini-
tial cross-sectional area of the gel. However, a decrease in the cross-
sectional area was apparent (movie S1).

Microscope imaging
System configuration
PHySL was used in an upright microscope configuration (fig. S7). 
For NIR control, a 5-W, 850-nm LED (LZ4-40R408-0000, arm 
OSRAM) was mounted onto a heat sink (DUALLED-5850, Wakefield 
Thermal) and focused onto an ~35-mm-diameter area using a relay 
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lens pair consisting of a condenser lens (ACL50832U-B, Thorlabs) 
and a 100-mm focal length lens (LA1050-B-ML, Thorlabs). The 
illumination power was measured using a power meter (PM100D 
with S130C, Thorlabs). At a maximum current of 1 A, the irradi-
ance was 260 mW/cm2 at the center of PHySL and 150 mW/
cm2 at the edge. Depending on the desired FOV, the tube lens was 
swapped between a 200-mm focal length (TTL200-A, Thorlabs) 
lens and a 100-mm focal length (AC508-100-A-ML, Thorlabs) lens. 
A white LED (MWWHF2, Thorlabs) was used to illuminate the 
sample. A black and white (PL-D755MU-T, PixelLink) or RGB cam-
era (aca4024-29uc, Basler) was used for black and white or color 
imaging experiments, respectively. A thermal camera (A600, FLIR) 
was used to simultaneously monitor the temperature change in 
PHySL during actuation (Supplementary Methods). Water was 
infused into the PHySL holding tray at 0.50 ml/hour by a syringe 
pump (Pump 11 Elite, Harvard Apparatus) to counteract the effects 
of evaporation. Between experiments, PHySL was removed and fully 
immersed in water for storage.
Optical target imaging
Custom control code was used to interface with the microscope de-
vices, including LED illumination, cameras, and the motor stage. 
Timed pulse-width modulation sequences were used to turn the 
NIR light on and off and modulate its intensity. A mixed optical 
target was used (R1L1S1N, Thorlabs). Specifically, a 2-mm circular 
aperture was placed on top of the target, revealing the portion of the 
optical target imaged while masking out all other features. For target 
imaging experiments, which were the initial focal shift characteriza-
tion, power and duration variation, astigmatism, translation, and 
open-loop focusing experiments, volumetric imaging was performed 
by scanning the sample using the motor stage. After installing PHySL 
into the microscope, the height of the sample was adjusted to be in 
focus. Upon initiating the NIR control sequence, a volumetric scan 
8 mm in depth was performed starting from 1 mm above the base-
line focus and ending 7 mm further from the baseline focus. Images 
were captured every 50 μm. Volumetric scans were repeated at inter-
vals of every 5, 15, or 30 min, and each scan took ~90 s to complete. 
The EFD of PHySL for each volume was identified using the Gaussian 
derivative method to find the most in-focus plane. ΔEFD for a given 
time point, t, was calculated as ΔEFDt = EFDt − EFD0 , where EFD0 
is the initial measured EFD at the start of the experiment. Additional 
information about focal shift measurement can be found in Supple-
mentary Methods.
Optical characterization
Three 24-hour cycles of imaging the star target were performed in a 
continuous sequence. Each cycle consisted of 4 hours of NIR illumi-
nation at maximum irradiance (150 to 260 mW/cm2), followed by 
20 hours of no NIR illumination. Image segmentation was per-
formed in MATLAB to facilitate the tracking of lateral shift. To fa-
cilitate the analysis of magnification and MTF, a radial unwrapping 
strategy was used to project the star target into a rectilinear shape 
pattern. Magnification was calculated by identifying the radius of 
the concentric rings in the star target. The MTF was calculated by 
measuring the contrast along linear profiles of the unwrapped im-
age. A 10% contrast threshold was used as the limit of resolvability. 
Additional information about the processing strategies can be found 
in Supplementary Methods.

Next, PHySL was illuminated under varying conditions of NIR 
power and illumination duration, imaging mixed targets consisting 
of the star or USAF 1951 target. The NIR irradiance was controlled 

to 100, 75, 50, 37.5, and 25% of the maximum using pulse-width 
modulation signals. For each of the five power levels, PHySL was il-
luminated for 4 hours and allowed to recover for 20 hours. Subse-
quently, the illumination duration was controlled to be 4, 2, 1, 0.5, 
and 0.25 hours at 100% power. PHySL was illuminated with the cor-
responding illumination duration and then allowed to recover for at 
least 12 hours before continuing with the next illumination duration.
Focal length calculation
Under a 4f imaging model, the change in EFD, ΔEFD , is the sum of 
the change in lens focal length ( ΔfPHySL ) because of deformation and 
the axial movement of the principal planes ( Δd)

where the focal length of PHySL, fPHySL, can be calculated as follows

where M is the magnification (calculation detailed in Supplementary 
Methods), and ftube is the focal length of the tube lens.
Astigmatism imaging
An astigmatic mask consisting of a central hole and two quadrant cut-
outs was placed on PHySL (fig. S20A). Four hours of NIR illumina-
tion at maximum power was followed by 44 hours of recovery. At 
hour 24, the mask was hand rotated by 90°. After recovery, PHySL 
was exposed to another 4 hours of NIR illumination, followed 
by 20 hours of recovery. For this experiment, the x and y EFD values 
were measured separately (Supplementary Methods). To calculate ΔEFDx 
and ΔEFDy, the initial x EFD was used as the baseline for both x and 
y; that is, ΔEFD

x,t=EFD
x,t−EFD

x,0 and ΔEFDy,t=EFDy,t−EFDx,0.
Lateral shift imaging
A shift mask consisting of an offset circular aperture was placed on 
PHySL (fig.  S20B). Four hours of NIR illumination at maximum 
power was followed by 20 hours of recovery. Image segmentation 
was performed in MATLAB (Supplementary Methods) to facilitate 
the tracking of lateral shift.
Open-loop focus control
No masks were used for open-loop focus control. PHySL was illu-
minated with a modified NIR sequence consisting of 4 hours of 
NIR light at 100% power, 20 min of recovery with NIR off, 10 s of 
100% NIR power, and then 4 hours of 35% NIR power to maintain 
focus at an elevated level. Afterward, PHySL was allowed to recover 
for 20 hours.
Biological sample imaging
Several microscope slides containing various objects were procured 
from Carolina Biological Supply. A mask with a 2-mm aperture was 
placed on top of the slide, masking out objects outside the FOV. With-
out driving the PHySL lens, images of aphids (30-7930, Carolina), 
Dictydium fungus (29-7328, Carolina), and an ant (30-7986, Carolina) 
were taken using PHySL in its baseline state.

Next, PHySL was driven to scan through a volumetric sample 
constructed by stacking three slides. In order, slides containing dia-
toms (29-5948, Carolina), paramecium (29-6914, Carolina), and 
pollen (30-4264, Carolina) were stacked on top of each other, form-
ing a volume with a thickness of 2.9 mm. A mask with a 2-mm ap-
erture was placed on top of the slide, masking out objects outside of 
the FOV. Ground truth images were acquired by imaging the stack 
with a 10× 0.3–numerical aperture objective (MRH00105, Nikon). 
Without translating the sample, depth scanning was performed by 

ΔEFD = ΔfPHySL + Δd (1)

M =
ftube
fPHySL

(2)
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driving PHySL with 100% NIR illumination for 4 hours, followed by 
20 hours of recovery.

Ambient room imaging
A PHySL-based room-imaging system was constructed according 
to Fig. 4F. Relative to the 1:1 imaging relay pair, PHySL was posi-
tioned to form an infinity-focused system at the maximum focal 
length. The NIR light source was placed at an angle, and the illumi-
nation power was measured to be ~140 to 230 mW/cm2 from the 
edge to center. Several objects were placed at varying distances from 
the imaging system: an integrated circuit (7.5 cm), a flex cable con-
nector (10.3 cm), a playing card displaying the king of hearts (26 cm), 
a playing card displaying the ace of spades (50.5 cm), and a printout 
of the Georgia Tech mascot Buzz affixed to a blackboard (203 cm). 
Depth scanning was performed by illuminating PHySL at 100% NIR 
power for 4 hours, followed by 20 hours of recovery with no NIR 
light. Images were normalized, and feature measurement was per-
formed by fitting selected intensity profiles to multiple Gaussian 
peaks (Supplementary Methods). Ground truth images were acquired 
using a cell phone camera.

Statistical analysis
Mechanical testing of sample storage and loss modulus was per-
formed on three samples for each material type. Data were analyzed 
in MATLAB, and each data point is displayed as the mean value of the 
storage or loss modulus with error bars representing the ±standard 
deviation across the three samples.

Supplementary Materials
The PDF file includes:
Supplementary Text
Supplementary Methods
Figs. S1 to S24
Tables S1 and S2
References (106–141)

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S9
Data file S1
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