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Adopting compostable materials that return to nature akin to organisms
can mitigate concerns regarding the ecological footprint associated with
the widespread deployment of soft robots across various fields, including
medicine, agriculture and environmental exploration. Nevertheless,
currentimplementations are constrained by the lack of reliability of
sustainable soft actuators, difficulties in achieving multifunctionality of
biodegradable electronics, and uncertain eco-compatibility of by-products.
Here we address these challenges by providing a framework that integrates
sophisticated transient inorganic electronics with durable yet degradable
elastomer (polyglycerol sebacate) and polyanhydride-based adhesive in
compostable soft embodiments. Our soft electronic fingers withstand

over 1,000,000 actuation cycles and feature 21 high-density electronic
components that enable proprio-/exteroceptive sensing and environmental
intervention. The high survival rates of oats germinated in soils containing
feedstock composted from not only polymers but also electronic materials,
such as Si, Mo and Mg, indicate that our robot is seamlessly integrated into
the ecosystem. All these advances bridge the gap between sustainability and
performance in soft robots.

Drivenby recent progressin the robotics industry, robotadoptionrates
have surged and more than doubled over the past decade, according to
the World Robotics 2025 report from the International Federation of
Robotics. However, this rapid growth also raises the risk that end-of-life
robots may become a major source of industrial pollution. This con-
cern is further compounded by the rise in electronic waste, which is
projected to grow by ~2 megatons annually, starting at 56.3 megatonsin
2019". These converging trends indicate that future soft robots, which
rely onsoftelectronics for adaptability and complex functionality, will

inevitably exacerbate waste management challenges. In particular,
the widespread use of cross-linked resins and composite materials,
combined with miniaturized, high-resolution, multilayer thin-film
structures, complicates recycling and repair in next-generation soft
roboticsystems. In this context, adopting biodegradable materials to
achieve azero-waste strategy isemerging as a critical breakthrough for
sustainable robotic systems' ™.

Biodegradable soft robots aim to mimic living organisms' ™ not
only duringlife through diverse functionality and adaptability but also
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Fig.1| Components and functionality of a fully compostable multiperceptive
softrobot. a, Conceptualillustration demonstrating the versatility of fully
compostable advanced soft robots. b, Fully compostable soft robotic finger
comprising a proprioceptive bendable actuator finger body and an exteroceptive
electronic fingertip with multifunctionality. A PLA connector connects the finger
to the pneumatic line and protect the connection (top left). The PGS-framed
bending actuator consists of a PBAT strain limiter, a sensor-integrated PGS

frame and PBTPA adhesive (middle left). The fingertip comprises an electronics-
integrated PBAT substrate and a PBTPA block (bottom left). A Mg curvature
sensor and Mo/PBAT strain sensors are attached to the surface of the PGS frame
(top right). A Si temperature sensor, a Si pH sensor, Mo tactile sensors, aMg
humidity sensor, a Mg electrical stimulator, a Mg heater and a Mg/gelatin drug-
releasing device are integrated onto the PBAT substrate (bottom right).

after death through eco-friendly carbon and nutrient cycling. Their
promising potential applications span a range of environmentally
sensitive fields, including medicine*"*, environmental exploration*>***
and agriculture’®. Among living beings, humans represent a particu-
larly aspirational model not only in terms of advanced, intelligent
behaviourbutalso asabiological systemthat, in principle, adheres to
asustainable cycle with enduring functionality over alifetime, eventual
biodegradation and reintegration into the ecosystem. To emulate such
characteristics, biodegradable robots must be designed with: (1) excel-
lent storage stability and mechanical durability, (2) dense integration of
miniaturized, multifunctional sensors, and (3) complete compostabil-
ity such that their remnants serve as feedstock for new life.

However, achieving reliable functionality remains a formidable
challenge, owingto the intrinsic limitations of biodegradable materi-
als. Forinstance, hydrogels such as gelatin'*"%, polyvinyl alcohol (PVA)°,
chitosan'® and cellulose' exhibit more rapid decline in performance
after fabrication compared with water-free polymers. Elastomeric
polyesters could be a promising solution, but among them, poly

(L-lactide-co-g-caprolactone) (PLCL)" exhibits considerable hyster-
esis and softening compared to elastomers such as silicone, which
may hinder long-term actuation. Moreover, previous biodegradable
robots equipped with tactile®", curvature’, proximity’ and tempera-
ture sensors often provide only single-function perception, and
some employ sensors that are only partially degradable®'?. Although
compostability has been reported in certain systems™*""'?, these exam-
ples largely exclude electronic components and fail to demonstrate
whether degradation by-products can serve as nutrient sources for
new organismes, such as plants.

Here we present fully compostable soft robotic systems that seam-
lessly unify mechanical robustness, intelligent functionality and eco-
logical sustainability. Our system combines long-lasting soft actuators,
engineered from a water-free polyglycerol sebacate (PGS) elastomer
exhibiting low hysteresis and exceptional cyclic durability, with versatile,
biodegradable electronics capable of multimodal sensing and control
(Fig.1a). Thisintegration enables the robots to performadaptive, continu-
oustasksincomplex environments while maintaining material integrity
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throughout their operational lifetime. Crucially, despite their high level
offunctionaland structural sophistication, allcomponents of the system
includingsensors, circuits and actuators undergo complete decomposi-
tion under industrial composting conditions. The resulting by-products
are not only environmentally benign, but also serve as nutrient-rich
feedstock capable of supporting new plantgrowth by enhancingenzyme
activation, improving stress resistance and stimulating soil microbial
activity. By achieving both reliable performance and full reintegration
into the ecological cycle, our work offers a tangible model for truly sus-
tainablerobotics, where advanced machines canlive, functionandreturn
to nature much like the organisms they are designed to emulate.

We selected a soft robotic finger as an example of an intricate
robotic system that effectively demonstrates the capability for fine
sensing during the interaction involved in the actuation motion, as
well as the precise control based on it. The soft robotic finger com-
prises a finger base, a pneumatic PGS-framed bending actuator and
amultifunctional fingertip (Fig. 1b, left). The finger base consists of a
polylactic acid (PLA) connector and a cover that secure the top of the
actuator together with a polybutylene adipate terephthalate (PBAT)
cable. In the actuator, a polybutanedithiol-1,3,5-triallyl-1,3,5-triazin
e-2,4,6(1H,3H,5H)-trione pentenoic anhydride (PBTPA) adhesive with
sufficient level of flexibility and low toxicity seals the cylindrical PGS
frame and anchors a PBAT strain limiter, ensuring the desired bending
motion. A Mg capacitive curvature sensor and Mo/PBAT resistive strain
sensors, interconnected through serpentine Mg electrodes (Fig. 1b, top
right), areintegrated onthe actuator surface. The fingertip consists of
aPBTPA block and a PBAT substrate supporting a variety of electronic
components, including a silicon nanomembrane (Si NM) diode tem-
perature sensor, aSinanoribbon pHsensor, an array of Mo-based crack
tactile sensors, aMg capacitive humidity sensor, a Mg pad for electrical
stimulation, a Mg Joule heater and a Mg/gelatin thermo-responsive
drug release device (Fig. 1b, bottom right). The inorganics used all
possess high electrical conductivity, biodegradability and flexibility,
ensuring sustainable and reliable electronic performance.

Results

PGS asreliable and electronics-compatible robotic frames

PGS exhibits excellent stretchability and elasticity, enduring high
uniaxial strains without breaking, and returning perfectly to its
original state while also remaining undamaged under various defor-
mations such as biaxial stretching, folding, twisting and poking
(Fig. 2a,b and Supplementary Video 1). The mechanical properties
of PGS depend on the curing time; we used PGS cured for 14 h with
pre-polymer for robot fabrication (Methods, Supplementary Notes
and Supplementary Fig. 1). Our PGS exhibited an elastic strain range
of ~345%, an elastic modulus of ~12 kPa, an ultimate tensile strength
of ~26 kPa and a toughness of -76 k] m~ (Supplementary Fig. 1) while
showing low hysteresis loss ratios of less than ~11.3% during loading—
unloading tensile tests (Fig.2b and Supplementary Fig. 2a). In particu-
lar, cyclic loading-unloading tensile tests at a uniaxial strain of 100%
exhibited negligible hysteresis (hysteresis loss ratios < ~11.4%) and a
softening effect (cyclic stress softening ratios <~14%) for up to 10,000
cycles (Fig.2c and Supplementary Fig. 2b,c). Our PGS thus stands out as
anelastomer with the lowest hysteresis and high durability compared
with other biodegradable elastomeric polyesters, including PLCL"",
poly(1,8-octanediol-co-citric acid) (POC)"*" and bio-polyurethane
(bio-PU)**? (Supplementary Notes, Supplementary Figs. 3and 4 and
Supplementary Table 1). The low hysteresis of PGS is probably attrib-
uted to the relatively short chain length between crosslinks (Supple-
mentary Notes). Inaddition, the low production cost of PGS* is suitable
for disposable concepts of biodegradable soft robots employed in
various industrial fields (Supplementary Table 2). Equally important,
Fig. 2d and Supplementary Fig. 5 demonstrate that PGS stored in an
ambient environment for up to ~1.4 years (510 days) showed no con-
siderable age-related changes, at least when kept under an ambient

environment at room temperature and 60-75% relative humidity.
Aslightincreasing trend in the elastic modulusis attributable to slow
post curing in ambient condition (Supplementary Notes).

Theresilientand durable nature of PGS ensures excellent reliability
of PGS-framed bending actuators. Here webond a PGS elastomer layer
with PBAT strain limiters and roll theminto acylindrical actuator using
PBTPA adhesive (Supplementary Figs. 6 and 7). We tested bending
angles ranging from 0° to ~50° during cyclic actuation, finding that
both the pressure-dependent bending angle and blocking force for
as-fabricated and 6-month-stored actuators exhibited very small hys-
teresis with no considerable changes after 1,000,000 actuation cycles
(Fig. 2e,f).Figure 2g indicates that the actuator consistently produced
amaximumblocking force (when P,,=10.6 kPa) of -1 N over1,000,000
actuation cycles, demonstrating improved durability compared with
previously reported biodegradable and resilient actuators (-0.2 N,
330,000 cycles)’. The bending angles at maximum applied pressure
for the as-fabricated and 6-month-stored actuators were 50.1° and
50.4°in the 1Ist cycle, and 53.0° and 54.0° in the 1,000,000th cycle,
respectively (Fig. 2h,i and Supplementary Video 2). With increasing
actuation speed, the bending angle shows an increasing tendency
to lag behind the rapid pressure fluctuations, whereas a distinct
hysteresis between the inflation and deflation curves is not evident
(Supplementary Fig. 8 and Supplementary Video 2). The sufficient
levels of durability and storage stability of PBTPA and PBAT, along with
theadhesion properties of PBTPA, substantially contribute to the excel-
lent reliability of the PGS-framed bending actuators (Supplementary
Notes, Supplementary Figs.9-12and Supplementary Video 3). Failure
occurred when the bending angle of the actuator exceeded ~100°
(P,,=14.6 kPa) (Supplementary Fig.13 and Supplementary Video 4).

Beyond their excellent mechanical properties, we aim at bio-
degradable soft materials that are inherently compatible with tran-
sient electronics. Here, water-based hydrogels are a limitation, while
water-free PGS allows for durable integration, as demonstrated by
serial images, resistance and thickness changes of Mg electrodes on
PGS elastomer and gelatin hydrogel substrates (Fig. 2j-1). Mg elec-
trodes on PGS showed lifespan stability of up to 6 months, with the
adhesion force between Mg and PGS remaining nearly unchanged
(Supplementary Fig. 14). By contrast, Mg electrodes on gelatin hydrogel
dissolved within 2 days.

Multiperception and multifunctionality of robotic finger

Going beyond reliable actuation, we now integrate electronic sheets
withthebendingactuator to arrive atasophisticated soft robotic finger
(fabrication detailsin Supplementary Fig.15). These electronic devices
were produced in sheet form using sophisticated two-dimensional
(2D) processes, including laser cutting?, metal deposition”%, photo-
lithography® and transfer printing® %, enabling batch production of
high-resolution sensor arrays and interconnection electrodes. Detailed
fabrication procedures and geometries are provided in Methods and
Supplementary Figs. 15-21. Although certain microfabrication pro-
cesses may raise sustainability concerns from the use of hazardous
solvents, these solvents can be reclaimed using industrial recovery
technologies, and the future application of such technologies inmanu-
facturing could help ensure high sustainability of the overall system
and production process. Figure 3a—fillustrates the performance of the
sensors and treating electronics integrated into the soft robotic fingers.
The capacitance of the Mg curvature sensor changed from ~14.99 to
~13.99 pF as the bending angle increased from 0° to ~52.5° (Fig. 3a).
The resistance change (AR/R,) of all the Mo/PBAT resistive strain sen-
sors (SA (sensors for axial expansion) 1-4 and SR (sensors for radial
expansion) 1-4) increased up to ~4.96 when subjected to uniaxial strain
of up to 80% (Fig. 3b). The strain sensors were designed for selective
straindetection along asingle axis (Supplementary Fig.22). The resist-
ance change (AR/R,) of all the Mo crack-based tactile sensors (Tacl-6)
arranged in a2 x 3 array at the fingertip increased up to ~1.64 when
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Fig. 2| Reliable PGS elastomer and PGS-framed bending actuator. a, Elastic
response of the PGS elastomer (1 mm thick, 40 x 10 mm) with a linear strain
of-340% (top). PGS elastomers under various deformation modes: biaxial
stretching (bottom far left), folding (bottom left), twisting (bottom right) and
poking (bottom far right). b, Loading-unloading curves of PGS under uniaxial
tensile strain ranging from100% to 340%, showing low hysteresis. ¢, Cyclic
mechanical behaviours of PGS under uniaxial tensile strain of 100% over 10,000
cycles, indicating high durability. d, Changesin the elastic modulus (E), ultimate
tensile strength (UTS, g,) and elongation at break (¢;) of PGS over a storage
period of 510 days in ambient environment, showing high storage stability.

e f, Bending angle (e) and blocking force (f) responding to applied pressures
ranging from 0 to 10.6 kPa during the first and millionth actuations of both

the as-fabricated actuator and the actuator stored for 6 months. The insetin f
shows the setup for measuring the blocking force of the actuator. g, Maximum
blocking force of the as-fabricated actuator and the actuator stored for 6 months
ataninternal pressure 0of10.6 kPa. h,i, Inflation trajectories during the first and
millionth actuations of the as-fabricated PGS actuator (h) and the actuator stored
for 6 months (i). Internal air pressure rises from 0 to 10.6 kPa, then descends to

0 kPa during each cycle.j-1, The excellent compatibility of PGS for water-soluble
electronics integration, demonstrated by serial images (j), resistance change (k)
and thickness change (I) of Mg electrodes (-30 pm thick) integrated onto PGS
and gelatin hydrogel substrates. d,l, Data are presented asmean + s.d.ofn =3
independent measurements.
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Fig. 3| Biodegradable electronics integrated into the soft robotic finger

for multiperception and multifunctionality. a,b, Calibration curves of the

Mg curvature sensor (a) and the 8 Mg local strain sensors (b) (SA1-4, SR1-4)
detecting strainin two directions (solid, axial; dashed, radial) at various positions
(black, top; red, upper middle; blue, lower middle; green, bottom). ¢, Calibration
curves of the 6 Mo crack-based tactile sensors (Tac 1-6) arranged in two rows
(solid, 1st row; dashed, 2nd row) and three columns (black, 1st column; red, 2nd
column; blue, 3rd column). d-f, Calibration curves of the Sinanomembrane

PIN diode-based temperature sensor (d), p-doped Si nanoribbon-based pH
sensor (e) and Mg humidity sensor (f). g,h, Serialimages of heating in an ambient

environment using the heater alone (g) and drug release in deionized (DI) water
using the heater and a thermo-responsive gelatin reservoir containing blue

ink (h).i, Demonstration of lighting an LED upon contact with an electrical
stimulator applying 2.5V.a,b, Solid and dashed lines show polynomial fits to

10 consecutive cycles of each curvature and local strain sensor component.c,
Solid and dashed lines show fits of 10 consecutive cycles of each tactile sensor
component using the theoretical model from Supplementary Fig. 30c. Shaded
areas around all calibration curves indicate 95% confidence intervals over the 10
cycles.

subjected to tactile pressure of up to 300 kPa? (Fig. 3c). The tactile
sensors included PBTPA bumps that focused stress during the appli-
cation of external forces, enhancing their sensitivity (Supplementary
Notes and Supplementary Fig.17). Finite element analysis (FEA) results
showed that the amplified strain from the bumps did not damage the
surrounding brittle thin-film electronics (Supplementary Notes and
Supplementary Figs.23 and 24). The sensitivity of the tactile sensor was
tunable (Supplementary Notes), and the highly sensitive tactile sensor
array achieved aminimum detectable tactile pressure of 0.2 kPa, ena-
bling the detection of extremely small forces (Supplementary Fig. 25).
The curvature, strain and tactile sensors exhibited almost identical
calibration curves after being stored at room temperature for 4 months,
and they worked reliably without failure during 2,000 cycles of defor-
mation (Supplementary Notes and Supplementary Figs. 26 and 27).
TheSi diode temperature sensor showed asensitivity of -7.86 mv °C™*
under a current of 0.1 mA (Fig. 3d). The conductance of the p-doped Si
nanoribbon pH sensor increased with decreasing pH due to charge car-
rieraccumulation® (Fig. 3e). The capacitance of the Mg humidity sensor

increased withincreasing water content of an adjacent hydrogel due to
dielectric constant changes depending on hydration levels®*° (Fig. 3f).

Theintegration of treating electronics not only provides sensing
capabilities but also enables more diverse responses, including active
intervention. Figure 3g-i, Supplementary Fig. 28 and Supplementary
Videos 5-7illustrate the performance of representative devices, includ-
ingaMgJouleheater, athermo-responsive drugrelease deviceand aMg
electrical stimulator. These devices potentially enable various tasksin
manufacturing, agriculture, medicine and environmental exploration,
such as heat therapy®, emergency haemostasis®, disinfection®, water
purification®, electrotherapy® and pest control*®. Detailed descrip-
tions of the I/O interface interconnecting the numerous electronics
with the aligned Mg lines can be found in Supplementary Notes and
Supplementary Figs.16 and 20.

Figure 4, Supplementary Fig. 29 and Supplementary Videos 8 and
9 demonstrate the real-time operation of all integrated electronics,
simultaneously detecting and chemically/physically modulating inter-
actions between the soft robotic finger and external unknown objects.
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Fig. 4| Real-time operation of the soft robotic fingers and all integrated
electronics. a, Serial images during ademonstrationincluding 6 steps: step 1,
initial state; step 2, three cyclic bending motions; step 3, three cyclic bending
motions with partial restriction of deformation; step 4, full contact on hydrogel
and electrical stimulation; step 5, partial contact on hydrogel and heating; step 6,

30 60

Time (s)

full contact on hydrogel and drug release with reservoir containing blue ink and
NaOH solution. b, Bubble formation from the electrical stimulator in step 4 (left),
gelatin melting induced by the heater in step 5 (middle) and drug release from
the reservoirinstep 6 (right). ¢, Real-time data feedback during ademonstration
including the 6 steps.

This demonstration consists of 6 steps, as depicted in the series of
images (Fig. 4a,b) and the normalized data feedback (Fig. 4c). All data
were processed using the calibration curves in Supplementary Fig. 30.In
step 3, thelack of response from the deformation-restricted SA4 and SR4
strain sensors highlights the ability to monitor the strain distribution
oftherobotinreal time.In steps4-6, simultaneous responses from the
tactile, temperature, humidity and pH sensors were observed during
interactions between the fingertip and the hydrogel, including contact,
electrical stimulation, heating and drug release. Detailed descriptions
of the sensor responses are provided in Supplementary Notes. These
demonstrations emphasize the potential of robotic and electronic
systems working seamlessly together in a synchronized manner.

Environmental interaction of robotic gripper

Agricultural settings represent an unstructured, dynamic environ-
ment particularly rich in future application scenarios for soft, intel-
ligent and biodegradable robots. Figure 5 and Supplementary Video
10 demonstrate the potential for active interaction with a plant model
by a2-finger soft robotic gripper, which monitors the plant response to
water stress and provides maintenance. The gripper could lift objects
ofvarious shapes weighing up to100 g with sufficient mechanical force
(Supplementary Fig. 31and Supplementary Video 11). Figure 5a shows
the operation of the biodegradable gripper incorporating Mg needles
interconnected to the Mg electrodes using conductive wax (C-wax),
composed of biodegradable tungsten particles and candelilla wax*’
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(see Supplementary Fig. 32). The electrical impedance in the internal
electrolyte was measured by the needles penetrating the centre of the
Monstera plant stem while maintaining a consistent gripping force
through a closed-loop control system with tactile feedback (Fig. 5b).
Details of this closed-loop control system are provided in Supplemen-
tary Methods, Supplementary Notes and Supplementary Figs. 33 and
34.Theimpedance substantially dropped within 6 h after the plant was
watered due to enhanced ion mobility, reduced intracellular resistance
andincreased cell tissue capacitance®®* (Fig. 5c). Figure 5d shows the
gripper measuring both the leaf temperature and the surrounding
airtemperature, with afingertip equipped with atemperature sensor
repeatedly attaching and detaching fromthe plantleafevery 3 s. After
watering, adecreaseinleaftemperature compared to the surrounding
air temperature was observed due to transpiration (Fig. 5e).

Figure 5f-hillustrates pruning using a Joule heater and wound
protection using a drug-releasing device. The thin stem bent within
10 min after being heated (Fig. 5f). After 5 min of heating, the imped-
ance rose dramatically, indicating complete combustion and stem
mortality (Fig. 5g). On the other hand, anincision treated with adrug
composed of cellulose mixed with antimicrobial silver microparticles
(-10 pm) and gelatin hydrogel*° remained more closed after 3 days com-
pared withanuntreated part (Fig. 5h). Additional information regard-
ing the interaction demonstration between the robot and plants can
be found in Supplementary Notes. The demonstrated configuration
employed a few representative sensors from those presented earlier
that clearly indicate specific parameters, while for other applications
requiring more complex tasks, other combinations of sensors could be
selectively employed. These preliminary studies suggest that our soft
roboticgripper, capable of monitoring water stress, pruning and drug
treatment, could be useful for enhancing agricultural and ornamental
plantyields or managing forest environments.

Biodegradation of robotic finger

While biodegradable robots can, depending on their intended pur-
pose, gradually decompose in vivo or in natural environments such
as soil>*? and the ocean*, we hypothesize that most discarded
robots are likely to decompose rapidly into agricultural feedstock
through industrial composting due to economic considerations. In
principle, all inorganic components of our robotic system undergo
hydrolysis to yield water-soluble hydroxide or oxide products, such
as Si(OH),, HMoO,” and Mg(OH),, whereas the organic components
degrade via cleavage of ester bonds into shorter polymer chain seg-
ments (Supplementary Fig. 35). Moreover, the esterase produced by
diverse microorganisms and the various chemicals in composting
environments canaccelerate polymer degradation and exert complex
influences on the overall degradation behaviour of the constituent
materials (Supplementary Notes). In particular, the biodegradable
behaviour of inorganic materials comprising biodegradable electronics
in composting environments has notbeen reported.

Consequently, we examined the changes in surface morphology
(Fig.6a) andthickness (Fig. 6band SupplementaryFig.36) ofMg,Moand
SiNMsamples patterned by photolithography (Supplementary Fig.37)
whensubmergedinindustrial compost conditions (pH7-8,58 °C and
100% humidity) as specified by international standards (ISO 14855-1)
(Supplementary Fig. 38). Mg forms a white surface oxide layer of
MgO and Mg(OH), within 5 min of composting, which quickly dis-
solves, resultingina dark grey appearance*** (Fig. 6a). For Mo, surface
oxidelayers of yellow, light green and light blue (MoO,) are observed
after 5h, 10 h and 20 h of composting, respectively* . Throughout
the entire degradation process, Mg exhibits a highly non-uniform
surface morphology, whereas Mo shows a relatively uniform mor-
phology. Sialso uniformly degrades across the entire surface, turning
transparent and eventually disappearing. The degradation rates of Mg,
Mo and Si were ~530 nm h™, 1.5 nm h™ and 66 nm day™, respectively
(Fig. 6b). In a composting environment, Mg, Mo and Si degrade ~7.6,

~5and -33times faster, respectively, compared with their degradation
rates in deionized water at room temperature environments**~*¢, The
elevated temperaturesinindustrial composting conditions, along with
enzymes and metabolites released by microorganisms presentinthe
compost, are presumed to accelerate the degradation of inorganic
materials** .

Figure 6¢ and Supplementary Fig. 39 show the disintegration
behaviour and morphological changes under industrial compost-
ing conditions. PGS, PBAT and PLA achieved ~100% disintegration in
19 days, 90 days and 80 days, respectively. PBTPA disintegrated by
~73.2% over 120 days. PGS achieved 100% ultimate aerobic biodeg-
radation in 77 days, while PBAT, PLA and PBTPA underwent ~72.7%,
~73.2% and ~-56.8% biodegradation after 120 days (Fig. 6d). The cal-
culation method for the biodegradation percentage, based on CO,
emissions, is described in Methods, Supplementary Table 3 and
Supplementary Fig. 40. The biodegradation data for all polymers
were fitted to the kinetic model* discussed in Supplementary Meth-
ods, Supplementary Notes and Supplementary Table 4. Accordingly,
PBAT, PLA and PBTPA are expected to achieve ~-90% biodegradationin
180 days, 220 days and 390 days, respectively (Supplementary Fig. 41).

The weight of the entire robotic finger decreased to ~13% of its
initial weight after 90 days (Fig. 6e). The measured weights of the
entirerobotic finger during biodegradation closely matched the pre-
dicted weight, which was calculated on the basis of the weight percent
(Supplementary Table 5) and degradation profiles of each individual
constituent material. The robot almost completely disintegrated
in the compost 100 days after the start of composting (Fig. 6f and
Supplementary Fig. 42), and the resulting compost was then used
immediately for a plant growth test according to the international
standard (ISO 11269-2) (Fig. 6f and Supplementary Fig. 43). Similar
levels of germination rate, survival rate, height and weight in the test
compost compared to the controlindicate that the by-products of the
robot did not adversely affect plant growth, demonstrating carbon and
nutrient cycling (see Supplementary Notes for details).

Discussion

Our compostable soft robot platform demonstrates that sustainability
and performance in intelligent devices do not have to be mutually
exclusive. Despite critical perceptions regarding the durability of bio-
degradable polymers, the 1,000,000-cycle actuation performance
of the PGS actuator demonstrated the strong practical potential of
biodegradable polymers as actuator materials. As demonstrated in
this work, establishing abalanced design space that considers material
properties, design optimization, operating environment and actua-
tionrange can accelerate the realization of highly durable biodegrad-
able robots. Highly durable biodegradable robots not only reduce
environmental impact at the end of their life cycle, but also minimize
material and energy consumption during use by lowering replacement
frequency. In this sense, they represent a direction that sustainable
robotics should continue to pursue.

The high-performance inorganic transient electronics consisting
of Mg, Mo and Si allowed active interaction based on real-time feed-
back control and treatment. The introduction of photolithography
and transfer printing processes enabled the integration of electronic
arrays with extremely small feature sizes and the incorporation of
semiconductor materials (Si), which can be extended to more advanced
electronics such as logic circuits. This suggests a strong potential for
biodegradable electronics toreplace the non-biodegradable inorganic
electronics traditionally used in intelligent robots with minimal per-
formance loss, while also mitigating issues of hazardous substance
leakage at the end of life. Indeed, the plant growth tests showed that
the composted by-products of robot devices containing biodegrad-
able electronics can be integrated into the ecological environment
without toxicity. Building on these characteristics, our platform can
be extended to sustainable applications such as soil monitoring, crop
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Fig. 5| Biodegradable 2-finger soft gripper monitoring the condition of
plants and providing plant care. a, Actuation of the biodegradable 2-finger

soft gripper (left) integrated with Mg needles (right) functioning as probes

for measuring the impedance of plants. b, Overall (left) and magnified (right)
images of the soft gripper measuring the impedance of a plant model (Monstera)
with controlled tactile pressure of -50 kPa. The inset shows a puncture mark on
the plant stem after the Mg needle was removed. ¢, Variation in the impedance
of the plant model measured over 67 h before and after watering. d, Images of
the soft gripper measuring temperature of the air (left) and a plant leaf (right),

while repeatedly attaching to and detaching from the plant leaf. e, Variationin
the temperature difference between the air and the plant leaf before and after
watering. f, Images of the soft gripper pruning a plant stem using Joule heating
(left) and the plant stem after being burnt and broken (right). g, Impedance
changes measured by inserting two Mg needles into the stem, with the burning
sectionin between. h, Soft gripper applying a drug to the damaged part ofa
plant leaf (far left) and the appearance of the plant leaf after O (middle left),
1(middleright) and 3 (far right) days.
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robot degraded almost completely within 90 days under industrial composting
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management or exploration of remote forest areas where device
retrieval is challenging.

Further work on functional materials such as photo-curable
and biodegradable PGS could facilitate the production of more uni-
form and versatile elastomer films, overcoming current challenges
such as the excessively sticky nature and inconsistent curing of PGS
(Supplementary Fig. 44). These improvements would enable the use
of sustainable fabrication methods, such as moulding and 3D printing,
that minimize raw material loss during robot manufacture. Our soft
robotic gripper exhibited a weight-lifting ratio of ~6.29 and a maxi-
mum blocking force of 1N, but there remains room to enhance energy
efficiency through higher force output. Further research is required
to enhance their force output through various strategies, including
increasing the toughness of the elastic material via optimization of
crosslinkers, chain extenders, lubricants and particlefillers, reinforc-
ing the structure using fibres or fabrics, and filling the chambers with
liquids such as water or oil instead of air. Moreover, the implementa-
tion of untethered actuation through additional components would
substantially enhance mobility, expanding the scope of applications
beyond the limitations of tethered systems. Beyond simple pneu-
maticactuation, achieving complete biodegradability in conventional
robotic components such as motors, batteries and microprocessorsis
necessary, and with further technological advancementsinthisarea, it
would be possible to develop fully sustainable soft robotic platforms.
Such systems, capable of actuation, sensing, power generation and
control, could revolutionize fields such as healthcare and exploration
by enabling highly adaptive, perceptive soft robots equipped with
advanced electronic components.

Methods

Preparation of PGS and PBTPA

The PGS pre-polymer was synthesized by microwaving a mixture of
4.605 g of glycerol (Sigma-Aldrich) and 10.113 g of sebacic acid (SAM-
CHUN) inal:1molar ratio for 4 minina30 mlvial***’. The pre-polymer
was poured into a self-assembled monolayer (SAM) surface-treated
dish, which had beentreated with an octadecyltrimethoxysilane solu-
tion (100 pl, Sigma-Aldrich) in hexane (60 ml, DAEJUNG) for1.5h. The
polymer was subsequently cured at 120 °C under 0.1 torr for 14 h.
Only the 14-h-cured PGS polymer was used for the soft actuators
due to its high elongation properties. For comparison of mechanical
properties, PGS samples were also prepared by curing for 19 and 24 h
(Supplementary Fig.1).

The liquid-state PBTPA adhesive was prepared by mixing
4-pentenoic anhydride (4PA) (Sigma-Aldrich), 1,3,5-triallyl-1,3,5
-triazine-2,4,6(1H,3H,5H)-trione (TTT) (Sigma-Aldrich) and
1,4-butanedithiol (BDT) (Sigma-Aldrich) inamolar ratio of 1:4:7, along
with 0.4 wt% of 2,2-dimethoxy-2-phenylacetophenone (Sigma-Aldrich)
asaphotoinitiator. To obtain therigid-state PBTPA polymer, the adhe-
sive was cured under UV light (364 nm).

Fabrication of the PGS-framed bending actuator

The cured PGS sheet was cut to dimensions of 44 mm x 68 mmto form
therobotbody for bending (Supplementary Figs. 6 and 7). APBAT film
(-100 pm thick) was formed by evaporating a solution of PBAT (1g,
SEnPol) and chloroform (10 ml, DAEJUNG) onthe SAM surface-treated
slide glass. The filmwas then patterned into the shape of astrain limiter
using laser cutting and rolled into a cylindrical shape along with the
PGSsheet. A viscous PBTPA pre-polymer was applied to the joint of the
cylindrical body and cured under UV light (364 nm) for firm fixation.
The cylindrical body, PBTPA block and 3D-printed PLA (Woomin 3D
Printing) connector were assembled using PBTPA adhesive.

Fabrication of the robotic finger with electronics
Supplementary Figs.15-21 show the detailed fabrication process and
component specifications of the proprioceptive bendable actuator

and multifunctional electronic fingertip. A 30-um-thick Mg foil was
attached to the PGS sheet and PBAT film, then patterned into the
shape of the serpentine strain sensors and interconnecting lines
using laser cutting (3 W, 50 kHz, 50 mm s™) (MD-U1000C, Keyence)
(step 1 of Supplementary Fig. 15). Local strain sensors, made from
80-um-thick Mo/PBAT, were attached to the PGS sheet and intercon-
nected with the Mg interconnecting lines by a heating process (step
2 of Supplementary Figs. 15 and 16a-c). The Mo/PBAT film (-80 pm
thick) was prepared by casting aMo/PBAT (Mo 35 vol.%) paste solution
onto a glass substrate. This paste was formed by mixing Mo particles
(5-100 pm, Aladdin) witha20% w/v PBAT/chloroformsolution using a
centrifugal mixer (ARE-310, Thinky). The Mo/PBAT sheet was patterned
into the shape of the serpentine local strain sensors using laser cutting
(3 W, 50 kHz,50 mm s™). APBAT film (<100 pum thick) was patterned into
the shape of astrain limiter by laser cutting and rolled intoa cylindrical
structure along with the PGS sheet, Mg foil and Mo/PBAT sensors (step
3,Supplementary Figs.15and 16d). APBTPA pre-polymer was applied
tothejoint of the cylindrical body and cured under UV light (364 nm)
for firm fixation (step 4 of Supplementary Fig. 15).

APLA (Woomin 3D Printing) mould was printed via fused deposi-
tion modelling using a 3D printer (DP200, Sindoh). The mould was
immersed in a PDMS pre-polymer, and after curing at 60 °C, the PLA
structure was removed. The PBTPA pre-polymer was then pouredinto
the PDMS mould and cured to fabricate the PBTPA block and PBTPA
trench (step 5, Supplementary Fig. 15). The PBTPA block was used to
sealthe cylindrical body, with additional PBTPA adhesive cured under
UV light (step 6, Supplementary Fig. 15). The PBTPA trench, which
enhances the sensitivity of tactile sensors (Supplementary Fig.17a,b),
was attached to the PBTPA block using PBTPA adhesive (step 6,
Supplementary Fig.15).

A 30-um-thick Mg foil was placed on a 100-um-thick PBAT sub-
strate, patterned through laser cutting (3 W, 50 kHz, 50 mm ™) and
adhered by heatingat 200 °C. The Mg foil was patterned into the shapes
of anelectrical stimulator, humidity sensor,Joule heater and intercon-
necting wires by laser cutting. Unpatterned regions of the Mg foil were
removed (step 7, Supplementary Fig. 15).

A12.5-pm-thick polyimide film was patterned as a shadow mask
for Mo crack-based tactile sensors and attached to the PBAT film. A
15 nm layer of MoO; was deposited on the PBAT film as an adhesion
layer, and 50 nm of Mo was deposited with a shadow mask via sput-
tering (J Vacuum Technology) (step 8, Supplementary Fig. 15). After
removing the polyimide film, tactile sensing element arrays were
fabricated through crack formation induced by repetitive stretch-
ing (step 9, Supplementary Fig. 15). All tactile sensing elements were
interconnected using Mg wires on the PBAT substrate via conductive
wax (C-wax)*, composed of biodegradable tungsten particles (5 um,
US Research Nanomaterials) at a ratio of 40 vol.% in candelilla wax
(Koreasimilac) (Supplementary Fig.17c).

To fabricate the pH sensor, a piece of SOI wafer (top silicon
~400 nm, SOITEC) was spin coated (3,000 r.p.m., 30 s) with a boron
dopant (B153, Filmtronics) and doped at 1,050 °C for 20 min using
afurnace (LF-GT630, LK LAB) (Supplementary Fig. 18). The wafer
was functionalized by immersion in a 1% ethanol solution of APTES
(Sigma-Aldrich) for 20 min, rinsed with ethanol three times and heated
at 80 °C for 10 min*. The p-doped pH sensors were patterned using
photoresist (MicroChemicals) and isolated using areactive ion etcher
(J Vacuum Technology) with SF gas. The SOl wafer was immersed in
hydrofluoric acid to remove the buried oxide layer, and the separated
silicon patterns were transferred to a predetermined location on the
PBAT substrate using a PDMS stamp (SYLGARD 184, Dow Chemical)
and ethyl acetate (Sigma-Aldrich) (step 10, Supplementary Fig. 15).

Atemperature-sensing diode was fabricated by depositing an SiO,
layer (-600 nm thick) via PECVD (Oxford PECVD, PlasmaPro100)ona
piece of SOl wafer (Supplementary Fig.19). The p-doped region was pat-
terned using an aligner (MDA-400S, MIDAS), and the patterned oxide
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was etched using buried oxide etchant (BOE, SAMCHUN). Boron dop-
ing was performed at 1,050 °C for 20 min, followed by thermal oxide
removal using hydrofluoric acid (SAMCHUN) and nano-strip (CMC
Materials). The n-doping of the diode was carried out with aphospho-
rus dopant (P509, Filmtronics) at 1,050 °C for 5 min after patterning.
The diode components were transferred to the PBAT substrate in the
same manner as the pH sensors (step 10, Supplementary Fig. 15). Mo
pads (-300 nm thick) for interconnecting the diodes were deposited
onto the PBAT film using a polyimide film shadow mask via sputtering
(step 11, Supplementary Fig. 15).

Gelatin hydrogels for the drug reservoir were prepared by mix-
ing blue dye, gelatin powder (Sigma-Aldrich) and deionized water.
For the wound-healing demonstration in Fig. 4h, cellulose micro-
particles (Sigma-Aldrich) and silver flakes (Sigma-Aldrich) were
added to the hydrogel. The hydrogel, cast to a thickness of 1 mm, was
cut into 3 mm x 5 mm pieces and thermally bonded onto the Joule
heater as a drug reservoir (step 12, Supplementary Fig. 15). Images
of all electronics integrated on the PBAT substrate are provided in
Supplementary Fig. 20.

Finally, the fingertip with multiple sensors was fabricated by
covering the top PBTPA encapsulation layer and PBTPA bumps, and
fixing them with PBTPA adhesive (step 12, Supplementary Fig. 15).
This step allowed the fingertip to contain a micro electro mechani-
cal system (MEMS)-structured tactile sensor using PBTPA trenches
and PBTPA bumps (Supplementary Fig.17). The interconnecting wire
parts were laminated onto the strain-limiting region using PBTPA
adhesive (step 13, Supplementary Fig.15). The PLA connector (consist-
ing of a PLA cover and PBTPA-coated PLA pipe) was laminated onto
the top part of the cylindrical body using PBTPA adhesive (step 14,
Supplementary Fig.15). Detailed dimensions of all parts are described
inSupplementary Fig. 21.

Measurement of mechanical properties of the polymers

The mechanical properties of the PGS, PBAT and PBTPA specimens,
prepared according to the sample specifications presented in ISO 527-
2:2012, were measured using atensile testing machine (68 TM-5, Instron
3343) withInstron Bluehill2 software. The tests were conducted witha
50 Nload cell atastrain rate of 50% min™. To evaluate storage stability,
samples were stored under laboratory conditions (room temperature,
ambient environment) for periods of 30, 90 and 180 days.

Characterization of the biodegradable soft actuator

The inflation trajectory (that is, bending angle) of the PGS-framed
bending actuator was measured using video analysis software (Tracker)
(Supplementary Fig. 45). Displacement data along the X and Y axes,
obtained from a trackable point at the centre of the actuator tip, were
convertedinto bending angles using the arctangent function. The block-
ing force, the maximum force produced when the displacement of the
actuatoris fully restricted, was measured using a force gauge attached
toatensile testingmachine (ElectroPuls EI0000, Instron). During force
measurement, the deformation of the PGS-framed bending actuator
was constrained by an externalrigid pipe, following previously reported
methods for measuring the force of soft actuators’. The actuators were
inflated and deflated using a syringe pump (TYDO1-01, Leadfluid) ata
rate of ~0.93 ml s™ during the measurement of bending angles and block-
ingforces. Foreach cycle,abending angle of 0°to~50°was achieved by
varying theinternal air pressure from 0t010.6 kPa. Inthe durability test
involving 1,000,000 actuation cycles within a bending angle range of
0°-50°, the speed of the cycles was accelerated except during the 1st,
10th,100th,1,000th,10,000th,100,000thand 1,000,000th cycles, dur-
ing which performance was measured. The syringe pump speed was set
to-4.67 mls™, ensuring that each cycle was completed within-3 s, with
the total test duration kept within 35 days. To evaluate storage stability,
the PGS-bending actuators were stored under laboratory conditions
(room temperature, ambient environment) for periods of 180 days.

Evaluation of the various electronics

The Mg capacitive strain sensor, used to measure curvature, was evalu-
ated whileintegrated into asoftactuator that was inflated and deflated
by asyringe pump atarate of ~0.93 ml s™. To calibrate the capacitance
values on the basis of the bending angle, an onboard circuit was pre-
pared (Supplementary Fig. 33b). Since directly tracking the bending
angle involves complex data processing, air pressure, which can be
easily measured using a pressure sensor, was used to infer bending
angle values through a fitting equation (Supplementary Fig. 46). By
utilizing the ~25 pF stray capacitance inherent in the Arduino Uno
microcontroller board, the capacitance values of the sensors con-
nected to pins AO and A2 were measured. PLX-DAQ software was used
for real-time datareadout.

Direct observation of the strain distribution in the PGS-framed
bending actuator is challenging, making it difficult to accurately cali-
brate electrical resistance in response to strain when the Mo/PBAT local
strainsensorisintegrated into the soft actuator. To obtainacalibration
curve for the Mo/PBAT sensor, a specimen was prepared by attaching
the sensor to a piece of PGS measuring 10 mm x 50 mmand connecting
itwithaMg foil-based wire. The specimenwas uniaxially stretched ata
rate of 50% s using a tensile machine (ElectroPuls E1I0000, Instron) and
returned toits original state, while resistance changes were recorded
with a digital multimeter (USB-4065, National Instruments) and Lab-
VIEW SignalExpress software.

The tactile sensors were evaluated while integrated into a soft
robotic finger. To calibrate the tactile sensors, a maximum external
force of 1.2 N was applied to the PBTPA bump using the compression
mode of a tensile machine (ElectroPuls EI0000, Instron) at a rate of
0.4 Ns™.. During this process, changes in resistance were recorded
with a digital multimeter.

The pH sensor was evaluated by measuring its conductance with
adigital multimeter (USB-4065, National Instruments) after adding a
drop of buffer solution with pH levels ranging from 4 to 9 onto the pH
sensor. The sensing ability of the pH sensor was confirmed by variations
in conductance corresponding to changes in pH.

The temperature sensor was evaluated by obtaining the /-V
curve of the diode using a probe station (customized, MS Tech) with
4200A-SCS Clarius+software while varying the temperature from 35 to
65°Cin5 °Cincrements. The sensing ability was verified by observing
changes in diode current at a fixed voltage (1V).

The humidity sensor was calibrated by measuring the change
in capacitance in response to varying internal moisture levels of a
gelatin hydrogel in contact with the sensor, using a custom-made
onboard circuit.

Thermal distribution images during the operation of the Joule
heater and the drug release device were captured using a thermal
camera (FLIR A6700 MWIR, Teledyne FLIR) and FLIR ResearchIR
Max software.

Impedance measurements of Mg needles were performed using
animpedance analyser (Zive MP2A, WonaTech) at a fixed frequency of
10,000 Hz. Before measurement, the plant was not watered to ensure
maximum water stress conditions.

Evaluation of the ultimate aerobic biodegradation

Details about the evaluation process for the disintegration of bio-
degradable polymers can be found in Supplementary Methods. The
biodegradation tests for polymers under aerobic composting con-
ditions were conducted in accordance with the ISO standard (ISO
14855-1:2012). An overview of the biodegradation test setup is shownin
Supplementary Fig.38a,b. Compost was collected from a farm facility
(Tae MinNongjajae). The activity of the compost was confirmed as the
reference material (cellulose) exhibited 70% biodegradation within
45 days (Supplementary Fig. 38c¢). The cellulose sample was preparedin
powder form (Sigma-Aldrich). PGS and PBTPA samples were prepared
by cutting polymer sheets, while PLA and PBAT samples were formed
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into pellets. Test materials of 10 g were mixed with 60 g of compost
and placedinto abioreactor maintained at atemperature of 58 + 2 °C.
The moisture content of the compost was adjusted to 50% by adding
deionized water. Carbon dioxide from the ambient air was removed
by passing it through a sodium hydroxide solution (0.5 M), ensuring
that only the carbon dioxide released from the decomposition of the
samples was captured in the final sodium hydroxide solution, also at
aconcentration of 0.5 M.

Carbon dioxide generated from the biodegradation of the poly-
mers in the bioreactor was captured in the final sodium hydroxide
solution, and 10 ml samples were stored in 15 ml vials every 2 days.
Cumulative carbon dioxide production was analysed weekly using a
total organic carbon (TOC) analyser (TOC-VCPH, Shimadzu). For analy-
sis, samples were diluted by mixing 1 ml with 19 ml of deionized water
ina20 mlvial, resultingina20-fold dilution. TOC calibration samples
for total carbon were prepared by dissolving 0.2125 g of potassium
hydrogen phthalate (CsHsKO4) in 100 ml of deionized water to make
a100 ppm solution, which was then diluted to1, 5,10, 25 and 50 ppm.
Forinorganic carbon, a1l00 ppm solution was prepared by dissolving
0.4415 g of sodium carbonate (Na,CO3) and 0.35 g of sodium bicarbo-
nate (NaHCO3) in 100 ml of deionized water, which was then diluted
to1,5,10,25and 50 ppm.

The biodegradation rate of the test polymers was calculated by
comparing the amount of carbon dioxide detected from the decom-
position of the materials to the theoretical amount of carbon dioxide
that could be released from complete decomposition. The theoretical
amount of carbon dioxide (ThCO,) produced by the test materials was
calculated (Supplementary Fig. 40) using the following formula:

44

ThCO; = My X Cor X o 1

where, M, is the initial weight of the test polymer (g). C, is the total
carbon content of the test polymer (g g%). The values 44 and 12 repre-
sent the molecular weights of carbon dioxide and carbon, respectively.
Thetheoretical amount of carbon dioxide was verified using an elemen-
tal analyser (FLASH 2000 CHNS/O Analyzer, Thermo Fisher)
(Supplementary Table 3). The amount of carbon dioxide generated
from sample biodegradation was measured using a total organic
carbon analyser.

Thebiodegradationrate of the test polymers at eachinterval was
calculated using the following formula:

CO,total — CO,blank
ThCO,

Biodegradation (%) = 2)

where, CO,totalis the cumulative amount of carbon dioxide produced
by eachbioreactor, CO,blankis the cumulative amount of carbon diox-
ide produced by the blank bioreactor.

Evaluation of biodegradation of transient inorganics

For the preparation of inorganic samples for biodegradation tests,
Mg (-600 nm thick) and Mo (-50 nm thick) were sputtered and pat-
terned into square shapes (700 x 700 pm) onto glass slides using
photolithography and lift-off techniques. Si NMs (400 nm thick)
were patterned onto the buried oxide (BOX) layer of a SOI wafer
(Supplementary Fig. 37). The glass substrate and BOX layer served as
baselines for thickness measurement due to their negligible degrada-
tionunder composting conditions of pH 7-8 (ref. 47). To prevent peel-
ing during the biodegradationtest, a Crlayer (-10 nmthick), deposited
by sputtering, was used as an adhesion promoter. The inorganic sam-
ples were mixed with compost and placed in a bioreactor maintained
at 58 + 2 °C. The thin metal films and Si NMs were immersed in the
composting environment, and the changes in thickness over time were
measured using profilometry (DektakXT, Bruker). The degradation

rates were defined as the value obtained by dividing theinitial thickness
by the time required for complete dissolution®*>*,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source dataare provided with this paper. All datagenerated or analysed
during this study are included in the paper. Source data are provided
with this paper.
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