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Autonomous self-burying seed carriers for 
aerial seeding

Danli Luo1, Aditi Maheshwari2, Andreea Danielescu2, Jiaji Li3, Yue Yang3, Ye Tao4, 
Lingyun Sun3, Dinesh K. Patel1, Guanyun Wang1,3 ✉, Shu Yang5 ✉, Teng Zhang6,7 ✉ & 
Lining Yao1 ✉

Aerial seeding can quickly cover large and physically inaccessible areas1 to improve 
soil quality and scavenge residual nitrogen in agriculture2, and for postfire 
reforestation3–5 and wildland restoration6,7. However, it suffers from low germination 
rates, due to the direct exposure of unburied seeds to harsh sunlight, wind and 
granivorous birds, as well as undesirable air humidity and temperature1,8,9. Here, 
inspired by Erodium seeds10–14, we design and fabricate self-drilling seed carriers, 
turning wood veneer into highly stiff (about 4.9 GPa when dry, and about 1.3 GPa when 
wet) and hygromorphic bending or coiling actuators with an extremely large bending 
curvature (1,854 m−1), 45 times larger than the values in the literature15–18. Our three- 
tailed carrier has an 80% drilling success rate on flat land after two triggering cycles, 
due to the beneficial resting angle (25°–30°) of its tail anchoring, whereas the natural 
Erodium seed’s success rate is 0%. Our carriers can carry payloads of various sizes and 
contents including biofertilizers and plant seeds as large as those of whitebark pine, 
which are about 11 mm in length and about 72 mg. We compare data from experiments 
and numerical simulation to elucidate the curvature transformation and actuation 
mechanisms to guide the design and optimization of the seed carriers. Our system will 
improve the effectiveness of aerial seeding to relieve agricultural and environmental 
stresses, and has potential applications in energy harvesting, soft robotics and 
sustainable buildings.

Hygroscopic seeds of various natural grass species are known for their 
self-burial behaviours, in which the awns respond to variations in exter-
nal humidity, causing the seed tip to self-bury10–14,19. These behaviours 
are advantageous, allowing seeds to avoid fire20, and reducing both 
exposure to high temperature21 and sensitivity to precipitation. How-
ever, the seed morphology is often evolved to tailor to specific natural 
habitat22 and other physical constraints, with little flexibility for cus-
tomization. There is no guarantee that a chosen type will work for the 
target habitat and payloads. The hygroscopic seeds of Erodium, Stipa 
and Aristida achieved almost zero anchoring on relatively flat terrain 
after three triggering cycles in a controlled test (Supplementary Video 1 
and Supplementary Note 1). Additionally, many hygroscopic grass 
seeds have lightweight seedpods (for example, about 8 to about 20 mg; 
Supplementary Table 1), thus limiting the potential to carry heavier 
payloads such as the approximately 72-mg whitebark pine seeds, which 
are important for reforestation4,23. An engineered replica of the Erodium 
seed has been demonstrated for field sensor deployment24. However, 
a 0–20% establishment rate after the first actuation cycle, the limited 
soil types requiring artificial crevices, and the long chemical washing 
cycles in manufacturing (7 h) limit its potential application in aerial 
seeding. Clearly, this gap opens an opportunity to design and engineer 
self-burying systems. Here we set three design criteria: they should work 

robustly on both flat and rough terrains; the overall size and other geo-
metrical factors should be tunable to accommodate a wide variety of 
crop and native plant seeds; the materials should be biodegradable, and 
the manufacturing process should be straightforward and accessible.

Taking into consideration the awn topology, the parametric geom-
etries of the tail and coils, and the material’s intrinsic properties, we 
have designed and fabricated (Fig. 1a) a three-tailed seed carrier plat-
form from wood veneer, a stiff biomass. The platform (Fig. 1b) consists 
of: a three-tailed configuration to increase the initial drilling success; a 
hygromorphic coiling body with variable geometrical factors that are 
optimized on the basis of both manufacturability and required thrust 
force and actuation amplitude; and a varying tip and overall sizes to 
accommodate different payloads. The three-tailed seed carrier per-
forms significantly better than the Erodium guinum seed (Fig. 1c) and 
the hygroscopic seeds of four other natural species under the same 
testing conditions (Supplementary Note 1), with more noticeable 
advantages on relatively flat soil (Fig. 1c). The engineering solution 
we present here is inspired by nature, yet provides flexibility for tailor-
ing (Fig. 1d), according to the specific terrains and payloads including 
different seeds, symbiotic species and beneficial nematodes. Figure 1e 
illustrates an example of a carrier containing both vegetable seeds and 
mycorrhizal fungi as symbiotic biofertilizers25 in the same tip for aerial 
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Fig. 1 | Bioinspired design of the autonomous self-drilling seed carrier.  
a, The processing steps to create wood-based hygromorphic actuators with a 
large initial curvature. b, The natural E. guinum seed that serves as the design 
inspiration, and our design concepts of the autonomous self-drilling seeding 
carrier with customized awn and tailored payloads. Scale bar, 10 mm. c, Our 
engineered three-tailed seed carrier has 80% higher establishment rates than 
the Erodium seed in the controlled self-drilling test (see Methods). n = 10 seeds 
of each type. d, Engineered and natural seed carriers of various sizes and 
geometries (Supplementary Table 1). Scale bar, 20 mm. e, A possible application 
showing a three-tailed carrier delivering vegetable seeds alongside mycorrhizal 
fungi as symbiotic biofertilizers. f, Comparison of our actuator in elastic 
modulus and bending curvature with typical biological and engineered 

actuators and materials that exhibit hydration-induced reversible deformation 
behaviours (see Supplementary Table 2 for additional references and values). 
Gel-Am, gelatin–amyloid; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly
(styrene sulfonate); PEO, polyethylene oxide; TNF, titanium oxide nano-capillary 
forest; PEE-PPy, pentaerythritol ethoxylate-polypyrol; PPy, polypyrol; B. mori 
silk, Bombyx mori silk. B. subtilis, Bacillus subtilis. g, Three-tailed design 
considerations. Successful drilling relies on the effective vertical thrust force 
(Pt) and torque (M1, M2) that are determined by the moisture-driven mechanics 
coupled with the wood and the coil’s dimensional factors, including the 
thickness (h), width (b), diameter (D) and the coil’s active length (l) and tail 
configurations.
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deployment, increasing the potential soil coverage and survival rates. 
Self-drilling is enabled by natural rain outdoors, achieving a 66 ± 16% 
success rate of anchoring (30% tip burial, n = 136).

Compared to existing biological and synthetic hygromorphic 
actuators (Fig. 1f), our system has a maximum bending curvature 
of 1,854 m−1 that is 45 times larger than that of reported wood-based 
bending actuators15–17, and has a fairly large elastic modulus (about 
4.9 GPa).

Design considerations
To effectively drill into the soil, the seed carrier must generate suf-
ficient thrust force (Pt) and torque (M1, M2), as shown in Fig. 1g. The 
thrust force can be expressed as Pt ≈ Kδ, in which δ is the coil axial dis-
placement, and K is the coil spring constant, which is determined by 
the material’s Young’s modulus, E, and the geometrical parameters 
of the coil:

K Ebh κ l∝ / (1)3
c
2

in which l is the coil length, b is the width, h is the thickness and κc is 
the bending curvature26. The torques are expressed as M1 = r1T1 and 
M2 = r2T2, in which r1 and r2 are the respective distances between tail 1 
and tail 2’s contact points on the ground to the coil axis, and T1 and T2 
are the forces applied at the tails’ contact points, respectively (Fig. 1g). 
Additionally, the tip rotational speed ω is known to reduce the drag 
force and lower the minimum force needed for drilling27.

Material choices and processing methods
To drill into natural terrain by harvesting ambient moisture fluctua-
tions, the carrier should be hygromorphic with a large K and tightly 
coiled when dry. Natural wood has well-studied hygromorphic prop-
erties15–18 and is an abundant and environmentally friendly structural 
material. Compared to other biodegradable, water-responsive materi-
als such as spider silk28, bacterial spores29, engineered silk film30, pol-
len paper31 and naturally derived hydrogels32–35, wood offers superior 
modulus (about 10 GPa), and processibility on a large scale (centime-
tre to metre15,16; Supplementary Table 2). However, the high modulus 
also limits wood-based actuators to a small initial curvature (<10 m−1) 
and a small range of curvature changes (<30 m−1)15–18. To tackle this 
challenge, we develop a five-step process that involves both chemical 
washing and mechanical moulding (Methods), to transform the bulk 
wood into a tight hygromorphic coiling actuator.

First, white oak lumbers are flat-sawn cut (Fig. 1a) for veneer pro-
cessing. After comparing six common wood types, which have rela-
tively uniform fibre alignment, we chose white oak, as it has the largest 
actuation range and exhibits good moulding quality without material 
failure (Methods). White oak also has a relatively high tensile modu-
lus (about 13.5 GPa) among common wood types (Supplementary 
Table 3). The subsequent chemical washing step36–38 in a boiling bath 
of sodium hydroxide and sodium sulfite partially removes lignin, thus 
reducing the strength of the wood36 and making the sheet compli-
ant for mechanical moulding39. To balance the requirements of high 
stiffness for self-drilling, compliances for wet-moulding, as well as 
the hygromorphic actuation speed and reversibility (Methods), we 
prepare our samples from 10-min chemically washed veneer that is 
0.5 mm thick. Similar chemical washing and moulding processes have 
mostly been used to create environmentally durable wood39, with one 
exceptional attempt24 to engineer hygromorphic actuators. However, 
without understanding its mechanism of curvature formation and the 
analysis of both geometrical and mechanical factors that affect the 
actuation behaviours, it failed to reveal a reliable design guideline 
or an optimized manufacturing pipeline to yield specific shapes and 
functions efficiently.

Curvature and actuation mechanism
To reveal the underlying mechanisms of curvature formation and 
actuation, we first analyse the deformation behaviours of the bending 
actuators, made from the three-step moulding process (Fig. 2a–d). The 
wet-moulding and wet-releasing steps set an initial bending curvature, 
and further drying increases this curvature. The curvature of the wood 
veneer in the wet state after the release, κw, increases with its thickness, h, 
from a large-diameter mould but decreases with h from a small-diameter 
mould (Fig. 2e). We reason that κw is determined by the plastic deforma-
tion accumulated in the moulding process. If we assume that plastic 
deformation occurs only under compression on the inner side of the 
veneer and adopt a simplified plastic model with an ideal plastic region 
followed by a stiffening region39,40 (Fig. 2f), the nonlinear trend can be 
explained by a beam bending model with asymmetric plastic materi-
als (Methods). All experimental data collapse onto two master curves 
(Fig. 2g), determined by a dimensionless variable, κh, in which κ is the 
bending curvature with respect to the neutral axis of the wood sheet 
during moulding. The grey master curve describes the increase in dimen-
sionless curvature, κw/κ, due to the accumulation of the plastic strain. The 
decrease of κw/κ in the black master curve can be attributed to the fact 
that the compression strain in the stiffening regime becomes reversible.

As the wet-released wood veneer undergoes drying, the bending 
curvature further increases, eventually reaching a maximum value, κd 
(Fig. 2d). The curvatures in the wet and dry states are proportional, 
such that ≈ 2.0

κ
κ

d

w
 (Fig. 2h). The increase of κd in the drying step can be 

attributed to: the decrease along the thickness, h, direction; and the 
gradient shrinkage in the longitudinal direction of the veneer. First, h 
decreases by 20% during dehydration. On the basis of the reversible 
actuation in multiple dehydration and hydration cycles (Fig. 2i), we 
assume that the plastic strain is independent of the moisture-driven 
shrinkage. We show that a reduction in thickness will lead to an increase 
in the bending curvature, such that =

κ
κ

h
h′

d

w
, in which h′ is the thickness 

of the dry wood veneer (Methods).
However, the decrease in thickness cannot account for the total 

increase in κd. Our experiments show that the longitudinal shrink-
age exhibits a clear gradient across the thickness direction: the inner 
edge shrinks by 5% to 23%, whereas the outer edge expands by 1% to 
4% (Fig. 2j). Scanning electron microscopy images (Fig. 2k,l and Sup-
plementary Note 2) show that the cells towards the inner side have 
a larger microfibril angle (MFA) μinner range (23 ± 7°), whereas those 
towards the outer side have a smaller MFA μouter (9 ± 2°). By contrast, in 
the case of chemically washed yet unmoulded wood veneers, the MFA 
is relatively uniform and small (9 ± 2°, Extended Data Fig. 1b) across the 
thickness, indicating that the increased μinner can be attributed to the 
stress-induced microfibril disorientation41 during the moulding and 
drying process. As an increase in MFA can contribute to an increase in 
longitudinal shrinkage during drying42, the differences between the 
MFAs induced by our moulding process provide a qualitative explana-
tion of the measured larger shrinkage ratio of the inner side than that 
of the outer side. This in combination with the changes in thickness 
contributes to the dry curvature, κd, as well as the reversible curva-
ture changes during actuation cycles, as illustrated in Fig. 2m. This is 
experimentally validated in three consecutive actuation cycles with a 
98% and 85% recovery of the initial curvatures for bending and coiling 
actuators, respectively (Extended Data Fig. 2).

Combining the effects of the shrinkages along the radial (across the 
thickness) and longitudinal directions, the dry curvature can be 
expressed as β= (1 + )

κ
κ

h
h′

d

w
, in which β is an empirical parameter that 

describes the coupling between the mechanical strain and shrinkage 
(Methods). The experimental data can be captured reasonably well in 
Fig. 2h with β = 0.6. Note that the cellular size differences are not con-
sidered in our analysis. In practice, we try to optimize our manufactur-
ing process to minimize the impact of the heterogeneity in wood 
samples (Supplementary Note 3).
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Geometrical parameters
The topology of the three-tailed design helps secure an initial angle (α) 
between the tip and the ground (Fig. 1g), which is critical to generating 
effective torque and thrust force to increase the chance of success-
ful drilling. When dropped on the soil 30 times from 0.3 m above the 

surface in an indoor controlled test, Erodium seeds have an 80% chance 
of landing flat (α = 0), whereas the three-tailed carrier has a 90% chance 
of landing at an angle between 25° to 30° (Supplementary Video 2). 
Drone deployment of the three-tailed seed carriers (Extended Data 
Fig. 3) from 5 to 6 m above ground results in a 90% success rate of land-
ing at a beneficial initial angle. A subsequent self-drilling test shows 
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that four out of five three-tailed seed carriers successfully established 
tip burial after two hydration–dehydration cycles, whereas none of 
the single-tailed carriers achieved this after five cycles (Fig. 3a, Sup-
plementary Video 3 and Methods). We conduct further finite-element 
simulations to qualitatively predict the coiling actuator performance 
taking into consideration the frictional interaction between the seed 
carriers and soil, and the potential anchoring effect (Methods). As 
seen in Fig. 3b, the three-tailed design generates a much larger thrust 
force than the single-tailed design. Figure 3c shows that the body of 
tail 2 and the tip of tail 3 of the three-tailed design anchor initially, and 
then both tips of tail 2 and 3 start anchoring on the ground to generate 
larger forces as the tails become more hydrated. For both designs, 

an anchoring seed tip can significantly increase the thrust force; the 
representative dynamic hydration process in both experiments and 
simulations is shown in Fig. 3d,e and Supplementary Video 4.

To quantify how the length of the active coiled body, l, affects the 
extension force, Pe, we measure Pe with varying total numbers of coils. 
Among the coiling samples tested in Fig. 3f and Supplementary Note 4, 
the 3.5 coils with an initial thickness of 0.74 ± 0.06 mm provided the 
largest peak extension force of 55.18 ± 6.82 mN, which is about 34% 
larger than that of the Erodium seed coils (36.57 ± 2.44 mN).

Although increasing the total number of coils increases the tip rota-
tional speed ω (Fig. 3g), which will reduce the drag force between the 
tip and the soil to facilitate drilling27, it also decreases the generated 
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extension force, Pe (Fig. 3f). This motivates us to use seven coils to 
design the body for a balanced thrust force and rotational speed.

Tailored seed carrier designs
The geometric-based designs allow us to tailor the self-burial seed 
carriers for different terrain conditions and payloads (Fig. 4a and Sup-
plementary Video 5). The process to integrate different payloads is 
shown in Extended Data Fig. 4 and Supplementary Video 6, and the 
drilling test conditions are described in the Methods. Two symbiotic 
species—two cherry belle radish seeds and 1 mg of mycorrhizal fungi as 
a soil nutrient—embedded within one tip were successfully deployed in 
fibre soil after four triggering cycles (Methods). After 9 days, the seeds 
germinated and the fungi was visible near the plant roots under a light 
microscope (Fig. 4b,c and Supplementary Video 7).

We then tested the delivery of beneficial nematodes, Steinernema 
carpocapsae, which improve plant health43 but require deeper burial, as 
nematodes prefer to grow in a dark environment44. To increase the drill-
ing depth, we engineered a double-coiled seed carrier (Fig. 4d), which 
achieved a deeper burial (16.5–18 mm) than the single-coiled carrier after 
four triggering cycles (Fig. 4e and Extended Data Fig. 5). We tracked the 
delivery of nematodes from our seed carriers to the surrounding soils 
over a period of 9 days in a controlled test (Methods). Living nematodes 
could be identified from the second day, and the total number continued 
to increase, reaching a peak of 34,760 ± 6,525 per kilogram of soil on day 
4 (Extended Data Fig. 6 and Supplementary Video 8).

To carry relatively large whitebark pine seeds (about 11 mm in length 
and about 72 mg), we fabricated a large-sized seed carrier (302.7 mm 
long; Fig. 4f), which showed successful self-burial on a perlite bed in 
the first triggering cycle (Fig. 4g,h).
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length in millimetres. b, The germination process of a three-tailed seed carrier 
with embedded symbiotic species: cherry belle radish seeds and mycorrhizal 
fungi. Scale bar, 10 mm. c, The symbiotic growth of radish seeds and mycorrhizal 
fungi. Scale bars, 5 mm (left) and 10 μm (right). d, Burial state 9 days after 
delivery of the beneficial nematodes, S. carpocapsae, by a double-coiled seed 

carrier. Scale bars, 10 mm (left) and 200 μm (right). e, Comparison of the 
self-drilling depth between the double-coiled and single-coiled seed carriers. 
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Drilling test under natural stimuli
We conducted five outdoor drilling experiments with 136 three-tailed 
seed carriers in two geographical locations over two springs (Sup-
plementary Table 4 and Methods). Compared to laboratory tests, the 
drilling success rate decreased, with an anchoring rate of 66 ± 16% and 
an establishment rate of 39 ± 13%. As expected, the drilling success is 
significantly affected by the varying and unpredictable weather condi-
tions. For example, in drilling test 1 (Extended Data Fig. 7a), two periods 
of intermittent, light rain on the first day triggered a 95% anchoring rate, 
yet a heavy rainstorm on the second day dislodged 56% of the previ-
ously anchored seed carriers. In drilling test 3, sunlight after the rain 
was found to promote further seed establishment with a 15% increase 
(Extended Data Fig. 7b).

Heavy rain can also damage the seed tips, preventing seed carriers 
from further drilling, even though the coiled body and tails could later 
recover from the flood and further functionally coil and uncoil. We 
expect that further optimization of the seed tips24 could improve their 
resilience to harsh environments and hostile climate effects, such as 
extreme flooding or drought. The influence of soil types and surface 
roughness needs more quantification in the future, to tailor our designs 
and increase the success rate.

Temperature seems to affect the drilling performance. A higher aver-
age temperature in the field tests resulted in a higher (33.5%) establish-
ment rate. In a controlled test, the extension force of the seven coils 
decreased from 42.47 ± 4.48 mN to 31.45 ± 2.63 mN when the tempera-
ture dropped from about 30 °C to about 18 °C (Supplementary Note 5).

To measure the germination rate, we tracked the seed carriers in 
drilling tests 1–3 and 5 (Supplementary Note 5 and Supplementary 
Video 9). After 15 days, we identified 75 remaining seed carriers with 
embedded arugula seeds. Of those, 43 seeds anchored and had a 61% 
germination rate, whereas the remaining 32 dislodged or unanchored 
seeds had a 12% germinate rate. A consecutive germination test of 400 
seed carriers in the later summer season indicated a consistent advan-
tage of the buried seeds over the unburied ones, yet with an overall 
lower germination rate than the tests conducted in earlier seasons 
(Supplementary Note 5).

Conclusion
We uncover the design principle that turns wood veneer into stiff and 
biodegradable hygromorphic actuators with an extremely large bend-
ing curvature (1,854 m−1). We then design three-tailed seed carriers that 
can self-drill into the ground in response to moisture fluctuations in 
the environment, with a drilling success rate superior to that of their 
natural counterparts, such as Erodium seeds. Our engineered carrier can 
be tailored for quick deployment of seeds, microorganisms and other 
soil nutrients through aerial delivery, with promising implications for 
agriculture, reforestation and natural conservation in environmentally 
degraded regions. The design principle along with customized mould-
ing can be used to create wood-based hygromorphic actuators with 
versatile shapes and functions, including coiling, bending, linear or 
radial contraction, twisting and folding for broad applications, includ-
ing sustainable robotics, as well as adaptive structures and environ-
mental monitoring under climate changes. For example, hygromorphic 
actuators have been used to engineer evaporation-driven engines45, 
self-flipping sheets for energy harvesting46 and robots that self-crawl 
according to moisture gradients47 and environmental sensing24. Bio-
mass such as wood offers an alternative to synthetic materials for the 
engineered hygromorphic actuators with superior performance. 
Furthermore, combining our method with other wood processing 
methods including lamination15, impregnation48 and densification37 
may generate multi-functional wood structures (for example, pro-
grammable response rate, increased energy density and multi-stimuli 
responsiveness) and new scientific insights as well. For the purpose of 

scaling up, a further optimization of the manufacturing process and 
life cycle analysis39 will be needed.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05656-3.

1.	 Fisher, K. A., Momen, B. & Kratochvil, R. J. Is broadcasting seed an effective winter cover 
crop planting method? Agron. J. 103, 472–478 (2011).

2.	 Ball, B. C. Cereal production with broadcast seed and reduced tillage: a review of recent 
experimental and farming experience. J. Agric. Eng. Res. 35, 71–95 (1986).

3.	 Kelly, L. T. et al. Fire and biodiversity in the Anthropocene. Science 370, eabb0355 (2020).
4.	 Keane, R. E. Managing wildfire for whitebark pine ecosystem restoration in western North 

America. Forests 9, 648 (2018).
5.	 Xiao, X. et al. Aerial seeding: an effective forest restoration method in highly degraded 

forest landscapes of sub-tropic regions. Forests 6, 1748–1762 (2015).
6.	 Monsen, S. B., Stevens, R. & Shaw, N. L. Restoring Western Ranges and Wildlands, vol. 1. 

(US Department of Agriculture, Forest Service, Rocky Mountain Research Station, 2004).
7.	 Ranwell, D. S. in Geology and Engineering (Ed. Cronin, L. E.) 471–483 (Elsevier, 1975).
8.	 Collins, B. A. & Fowler, D. B. A comparison of aerial and conventional methods for seeding 

winter wheat. Soils and Crops Workshop (University of Saskatchewan, 1989).
9.	 Keisling, T. C., Dillon, C. R., Oxner, M. D. & Counce, P. A. An economic and agronomic 

evaluation of selected wheat planting methods in Arkansas. In Proc. Southern 
Conservation Tillage Conference 156–158 (1997).

10.	 Stamp, N. E. Self-burial behaviour of Erodium cicutarium seeds. J. Ecol. 72, 611–620 (1984).
11.	 Ha, J. et al. Hygroresponsive coiling of seed awns and soft actuators. Extreme Mech. Lett. 

38, 100746 (2020).
12.	 Almeida, A. P. C. et al. Reversible water driven chirality inversion in cellulose-based 

helices isolated from Erodium awns. Soft Matter 15, 2838–2847 (2019).
13.	 Abraham, Y. et al. Tilted cellulose arrangement as a novel mechanism for hygroscopic 

coiling in the stork’s bill awn. J. R. Soc. Interface 9, 640–647 (2012).
14.	 Evangelista, D., Hotton, S. & Dumais, J. The mechanics of explosive dispersal and 

self-burial in the seeds of the filaree, Erodium cicutarium (Geraniaceae). J. Exp. Biol. 214, 
521–529 (2011).

15.	 Rüggeberg, M. & Burgert, I. Bio-inspired wooden actuators for large scale applications. 
PLoS ONE 10, e0120718 (2015).

16.	 Grönquist, P. et al. Analysis of hygroscopic self-shaping wood at large scale for curved 
mass timber structures. Sci. Adv. 5, eaax1311 (2019).

17.	 Holstov, A., Bridgens, B. & Farmer, G. Hygromorphic materials for sustainable responsive 
architecture. Constr. Build. Mater. 98, 570–582 (2015).

18.	 Krieg, O. D. in Advancing Wood Architecture: a Computational Approach (eds. Achim, M. 
et al.) 16 (Routledge, Taylor & Francis, 2016).

19.	 Cavanagh, A. M., Morgan, J. W. & Godfree, R. C. Awn morphology influences dispersal, 
microsite selection and burial of Australian native grass diaspores. Front. Ecol. Evol. 8, 
581967 (2020).

20.	 Tothill, J. C. Soil temperatures and seed burial in relation to the performance of 
Heteropogon contortus and Themeda australis in burnt native woodland pastures in 
eastern Queensland. Aust. J. Bot. 17, 269–275 (1969).

21.	 Rice, K. J. Responses of Erodium to varying microsites: the role of germination cueing. 
Ecology 66, 1651–1657 (1985).

22.	 Garnier, L. K. M. & Dajoz, I. Evolutionary significance of awn length variation in a clonal 
grass of fire-prone savannas. Ecology 82, 1720–1733 (2001).

23.	 Keane, R. E. & Parsons, R. A. Management Guide to Ecosystem Restoration Treatments: 
Whitebark Pine Forests of the Northern Rocky Mountains, U.S.A. 133 (US Department of 
Agriculture, Forest Service, Rocky Mountain Research Station, 2010).

24.	 Luo, D., Gu, J., Qin, F., Wang, G. & Yao, L. E-seed: shape-changing interfaces that self drill. 
In Proc. 33rd Annual ACM Symposium on User Interface Software and Technology 45–57 
(Association for Computing Machinery, 2020).

25.	 Igiehon, N. O. & Babalola, O. O. Biofertilizers and sustainable agriculture: exploring 
arbuscular mycorrhizal fungi. Appl. Microbiol. Biotechnol. 101, 4871–4881 (2017).

26.	 Jung, W., Kim, W. & Kim, H.-Y. Self-burial mechanics of hygroscopically responsive awns. 
Integr. Comp. Biol. 54, 1034–1042 (2014).

27.	 Jung, W., Choi, S. M., Kim, W. & Kim, H.-Y. Reduction of granular drag inspired by 
self-burrowing rotary seeds. Phys. Fluids 29, 041702 (2017).

28.	 Agnarsson, I., Dhinojwala, A., Sahni, V. & Blackledge, T. A. Spider silk as a novel high 
performance biomimetic muscle driven by humidity. J. Exp. Biol. 212, 1990–1994 (2009).

29.	 Chen, X., Mahadevan, L., Driks, A. & Sahin, O. Bacillus spores as building blocks for 
stimuli-responsive materials and nanogenerators. Nat. Nanotechnol. 9, 137–141 (2014).

30.	 Park, Y. et al. β‐Sheet nanocrystals dictate water responsiveness of Bombyx mori silk. 
Macromol. Rapid Commun. 41, 1900612 (2020).

31.	 Zhao, Z. et al. Digital printing of shape-morphing natural materials. Proc. Natl Acad. Sci. 
USA 118, e2113715118 (2021).

32.	 Shintake, J., Sonar, H., Piskarev, E., Paik, J. & Floreano, D. Soft pneumatic gelatin actuator 
for edible robotics. In 2017 IEEE/RSJ International Conference on Intelligent Robots and 
Systems (IROS) 6221–6226 (IEEE, 2017).

33.	 He, Q., Huang, Y. & Wang, S. Hofmeister effect-assisted one step fabrication of ductile 
and strong gelatin hydrogels. Adv. Funct. Mater. 28, 1705069 (2018).

34.	 Baumgartner, M. et al. Resilient yet entirely degradable gelatin-based biogels for soft 
robots and electronics. Nat. Mater. 19, 1102–1109 (2020).

https://doi.org/10.1038/s41586-022-05656-3


470  |  Nature  |  Vol 614  |  16 February 2023

Article
35.	 Zhao, D. et al. High-strength and high-toughness double-cross-linked cellulose 

hydrogels: a new strategy using sequential chemical and physical cross-linking. Adv. 
Funct. Mater. 26, 6279–6287 (2016).

36.	 Song, J. et al. Processing bulk natural wood into a high-performance structural material. 
Nature 554, 224–228 (2018).

37.	 Frey, M. et al. Delignified and densified cellulose bulk materials with excellent tensile 
properties for sustainable engineering. ACS Appl. Mater. Interfaces 10, 5030–5037 
(2018).

38.	 Frey, M. et al. Tunable wood by reversible interlocking and bioinspired mechanical 
gradients. Adv. Sci. 6, 1802190 (2019).

39.	 Xiao, S. et al. Lightweight, strong, moldable wood via cell wall engineering as a 
sustainable structural material. Science 374, 465–471 (2021).

40.	 Holmberg, S., Persson, K. & Petersson, H. Nonlinear mechanical behaviour and analysis of 
wood and fibre materials. Comput. Struct. 72, 459–480 (1999).

41.	 Báder, M., Németh, R. & Konnerth, J. Micromechanical properties of longitudinally 
compressed wood. Eur. J. Wood Wood Prod. 77, 341–351 (2019).

42.	 Donaldson, L. Microfibril angle: measurement, variation and relationships – a review. 
IAWA J. 29, 345–386 (2008).

43.	 Goodrich-Blair, H. They’ve got a ticket to ride: Xenorhabdus nematophila–Steinernema 
carpocapsae symbiosis. Curr. Opin. Microbiol. 10, 225–230 (2007).

44.	 Gaugler, R. & Boush, G. M. Effects of ultraviolet radiation and sunlight on the entomogenous 
nematode, Neoaplectana carpocapsae. J. Invertebr. Pathol. 32, 291–296 (1978).

45.	 Chen, X. et al. Scaling up nanoscale water-driven energy conversion into 
evaporation-driven engines and generators. Nat. Commun. 6, 7346 (2015).

46.	 Park, Y. & Chen, X. Water-responsive materials for sustainable energy applications. J. Mater. 
Chem. A 8, 15227–15244 (2020).

47.	 Shin, B. et al. Hygrobot: a self-locomotive ratcheted actuator powered by environmental 
humidity. Sci. Robot. 3, eaar2629 (2018).

48.	 Wen, M.-Y., Kang, C.-W. & Park, H.-J. Impregnation and mechanical properties of three 
softwoods treated with a new fire retardant chemical. J. Wood Sci. 60, 367–375 (2014).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2023



Methods

Fabrication
The five-step approach (Extended Data Fig. 4) is summarized briefly 
here, and the details are provided in Supplementary Note 6. A 3-cm-thick 
white oak (Quercus alba) lumber is flat-sawn into a block, which is then 
processed into wood veneers with a target thickness. The obtained 
wood strips are immersed in a boiling aqueous solution of 2.5 M sodium 
hydroxide (NaOH, Innovating Science, laboratory-grade) and 0.4 M 
sodium sulfite (Na2SO3, LabChem, ACS grade) for 10 min, followed by 
rinsing in boiling water with gentle agitation three times until the water 
is clear. To make the coiling actuators, the chemically washed veneer 
strips are pat-dried on a paper towel and sat in the open air for 6 min 
before being moulded tightly on a three-dimensionally printed mould 
(by Formlabs 3). The moulded wood veneer is released from the mould 
while still wet, and dried at room temperature for 12 h.

Choices of wood types
To identify a suitable wood type as an actuator, we needed to consider 
the balance between stiffness and mouldability. To maximize the thrust 
force, we preferred stiffer wood. However, to produce tight coils, we 
needed the wood to be readily mouldable after chemical wash in the 
wet state. We also needed to choose wood that has a uniform fibre align-
ment, so we could laser cut a strip with a high aspect ratio along the 
fibre direction, to optimize its bending stiffness and integrity during 
the moulding process (certain types of wood can easily be torn apart 
between fibres).

We identified six types of wood that have relatively well-aligned fibres 
to evaluate their mouldability and actuation range. We were not able 
to mould yellowheart and bamboo into bending samples successfully. 
White oak has the largest initial dry curvature and actuation range 
among the four wood types that were successfully moulded (Extended 
Data Fig. 8a). Using the same coiling mould, we tried to mould the seed 
carrier. Consistent with the bending actuator test, bamboo and yel-
lowheart fractured during the moulding process, whereas the others 
did not show visible fractures (Extended Data Fig. 8b). As different 
types of wood may behave differently under various chemical washing 
conditions (for example, chemical mixing ratio and washing duration), 
further quantitative experiments need to be conducted to optimize the 
chemical treatment, if we intend to carry out a successful moulding 
process with a wood type other than white oak. Further guidelines for 
choosing wood types are provided in Supplementary Note 7.

Optimization of the chemical washing and moulding 
parameters
We conducted experiments to optimize the processing parameters. 
We compared the actuation amplitude of bending samples chemi-
cally washed for 5 min, 10 min and 15 min, respectively. The samples 
washed for 10 min resulted in the largest actuation range (Extended 
Data Fig. 8c). We further tested different mandrel diameters and sam-
ple thicknesses. With the same chemical washing duration of 10 min, 
the moulding started to fail as the wood veneer exceeded 0.8 mm in 
thickness. In addition, mandrels with smaller diameters induced more 
fractures on the tensile side of the wood strip (Extended Data Fig. 8d).

Peak force measurement
The extension forces of the coils described in Fig. 3f and Supplementary 
Note 4 were measured in a customized chamber with controlled tem-
perature and relative humidity. A load cell is configured to measuring 
the extension forces. Supplementary Note 4 provides further details 
regarding the setup.

Bending curvature measurement
We measured the bending angles of both bending (Fig. 2a–j) and coil-
ing (Fig. 3g) actuators in multiple cycles to understand the actuation 

amplitude, speed and recovery. Each actuator underwent multiple 
hydration and dehydration cycles. The hydration processes were con-
ducted in a water tank; the water in the tank was kept at 25 °C. During the 
dehydration processes, the samples were taken out of the water tank 
and kept at 25 °C with relative humidity within the range of 30–40%. 
The images used in the analyses were taken by a camera (XT-1, Fujifilm) 
with a macro lens (XF 60mm f/2.4 R, Fujifilm). Owing to the inherent 
heterogeneity of wood and the unavoidable inconsistencies induced 
by the manual laser cutting selection and moulding process, the cur-
vature varied. In the case of samples that were prepared from the wood 
veneers with relatively consistent thicknesses of 0.51 ± 0.03 mm (N = 3), 
we measured the maximum bending curvature as 1,854.5 ± 96.9 m−1 and 
the actuation range as 1,533.4 ± 56.1 m−1 to 596.8 ± 14.2 m−1.

Soil characterization
We measured the surface roughness using a pin method adapted 
from the literature49. Ten pins separated from one another by 1 cm 
were placed on three sections on each bed. At three randomly chosen 
locations of the soil surface, we lowered each pin until it touched the 
substrate. The log10[soil microtopographical variance] (LSMV) was 
calculated as the variance of the vertical pin heights against a measuring 
board. For soil compaction, we used a soil penetrometer to measure 
the unconfined compressive strength of the soil. For granular size, 
we used a light microscope for the measurement. We list all soil types 
utilized in Supplementary Table 5, in terms of soil type, granular size, 
quantified surface topology and compactness.

Self-drilling tests under controlled conditions
The laboratory setting consisted of six misting nozzles and two heated 
fans mounted above a 50 cm by 50 cm testing area, covered by a single 
layer of cobblestones underneath a 10 cm layer of perlite (Miracle-Gro). 
The perlite bed was relatively flat and had a 0.78 LSMV, which is the 
default soil condition for most indoor drilling tests, unless otherwise 
specified. For example, artificial crevices of 3 cm deep were introduced 
for two sets of tests, one included in Fig. 1c and the other in Fig. 4e. In 
Fig. 1c, in the case of natural Erodium seed and engineered single-tailed 
seed carriers with both single-coiled and double-coiled bodies, the soil 
was textured with conical crevices to facilitate the drilling process for 
parallel comparison. In Fig. 4e, crevices were also introduced to com-
pare engineered seed carriers with double-coiled and single-coiled 
bodies. For other drilling tests, including the three-tailed drilling and 
large-sized seed drilling tests, no crevices were introduced.

For all the self-drilling tests, multiple cycles of hydration–dehydra-
tion were carried out, while the surface temperature of the soil was kept 
at about 30 °C. For each cycle, hydration lasted for 30 min, followed by 
a 60-min dehydration cycle. Water was supplied at 70 psi through six 
brass misting nozzles with an orifice of 0.3 mm (Aootech), and a fanned 
warm airflow from two electric space heaters (Douhe) was supplied 
to simulate drying. During hydration, both misting nozzles and fan 
heaters were on, and during dehydration, only the fan heaters were on.

Indoor germination and incubation
For the indoor germination and incubation experiments in Fig. 4b–d, 
coconut coir (Mountain Valley Seed Co.) was used as the soil. Four cycles 
of hydration–dehydration were carried out following the standard 
protocol developed for the drilling tests under controlled conditions. 
The self-anchored seed carriers were then left in soil for 9 days, and the 
soil was kept moist during the experiments at a temperature under 
25 °C and at 40% relative humidity.

The germination and microbe-delivery experiments in Fig. 4b,c were 
conducted with fully biodegradable tips made of flour. An additional 
10% wt/wt mycorrhizal fungi (Mikro-myco, mixture of endomycor-
rhizal fungi (260 colony-forming units (c.f.u.) g−1), ectomycorrhizal 
fungi (218,000 c.f.u. g−1), Trichoderma (750,000 c.f.u. g−1) and Bacillus 
(400,000,000 c.f.u. g−1) was mixed into the flour to make the dough 
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that was moulded into the seed tip. Two cherry belle radish seeds (Eden 
Brothers) were embedded in the dough, and the dough was then air 
dried for 12 h before adding the hairs.

For the microbe-delivery experiment (Fig. 4d), we integrated about 
0.05 g of beneficial nematode powder (Steinernema feltiae, BioLogic 
Scanmask) into each seedpod dough by means of further gentle knead-
ing for about 2 min by hand. We conducted an experiment to track 
nematode delivery for 9 days: we filled 10 separate containers with 
20 g of dry coconut coir soil. We then embedded one nematode-loaded 
seed carrier into each container, which was moistened with 10 ml of 
water each day. We then extracted and counted the living nematodes 
from the soil of one container each day using the centrifugal flotation 
method50, with sugar water as the extraction fluid, for 9 consecutive 
days (Extended Data Fig. 6). The same set of tests was repeated three 
times.

Drone deployment tests
A commercial drone (Phantom 3, DJI) was used to carry a customized 
box with dividers to store multiple seeds (Extended Data Fig. 3). A mag-
netic double-side door can be opened with a remote-controlled pulling 
mechanism once the drone flies to the target height. When multiple 
seeds are randomly placed together, they entangle. In Supplementary 
Note 8, we study the entanglement and propose an extendable accor-
dion structure to store and deploy seeds more effectively.

Drilling tests under natural conditions
The field tests were carried out in raised beds (2 m by 1 m) outdoors. 
The soils were randomly chosen to cover a range of different types 
(clay, sandy and fibre-rich soils, with their components and rough-
ness characterization provided in Supplementary Table 5). In total, we 
conducted five rounds of tests in two geographical locations across 
two spring seasons. The weather conditions, soil used and drilling 
performance are summarized in Supplementary Table 4. All of the 
artificial seed carriers were dropped from a height of 30 cm above 
the surface of the soil, with a separation of at least 10 cm. The seeds 
were dropped before rainfall, in accordance with the local weather 
forecast. We kept track of the seeds for the first 2 consecutive days to 
monitor their drilling performance, and for the following 2 weeks to 
monitor their germination performance.

Curvature analysis of the bending actuators
Curvature in the wet state just after release. Under scanning elec-
tron microscopy (Extended Data Fig. 1a) after moulding, irreversible 
deformation such as cell wall corrugation and bulges, due to compres-
sion, was observed on the inner side but not the outer side. Therefore, 
we assumed that plastic deformation happens only under compres-
sion and we adopted a simplified, plastic model with an ideal plastic 
region followed by a stiffening region40,51 (Fig. 2f). The increase of 
modulus in the stiffening region is due to the contact of the collapsed 
cell walls52. The plastic strain is governed by two critical parameters, 
ϵ Y1

 and ϵ Y2
, defining the boundary of the ideal plastic region and stiff-

ening region, respectively (Fig. 2f). Plastic deformation is accumu-
lated in the inner region of the veneer during the moulding process. 
On release, the elastically deformed outer layer tends to retract to its 
original flat shape and thus bends the plastically deformed and curved 
inner portion of the veneer, resulting in an intrinsic curvature of wood 
veneers in the wet-released state, κw (Fig. 2c), which can be obtained 
by analysing the competition between the elastic recovery and  
accumulated plastic deformation (Supplementary Note 9). For wood 
veneers within the ideal plastic deformation region, κw can be  
expressed as
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in which κ is the bending curvature with respect to the neutral axis 
during the moulding process and given by
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Equation (1) shows that wood veneers with different thicknesses and 
mould curvatures will follow a master curve with ϵ = 0.025Y1

, which is 
validated by our experimental data (Fig. 2g).

For wood veneers within the stiffening deformation region, κw can 
be written as
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Equation (3) also shows that wood veneers with different thickness 
and mould curvatures will follow a master curve with ϵ = 0.025Y1

 and 
ϵ = 0.15Y2

, which is validated by our experimental data (Fig. 2g).
Note that we neglect the modulus reduction and irreversible defor-

mation near the outer layer, due to local fibre damage, to develop a 
minimum model to explain the curvature formation after the moulding 
of the wood veneers in the experiments. The current model requires 
only two fitting parameters, ϵ Y1

 and ϵ Y2
, which can capture the nonlinear 

and non-monotonic bending curvatures in experiments (Fig. 2g). The 
simplicity and efficiency of the model can serve the purpose of uncov-
ering the key physics governing the bending deformation of the wood 
veneers.

Curvature in the dry state. Our experiments show that the thickness 
of the wood veneer undergoes around a 20% decrease during drying 
( = 0.8h

h
′ ). We first discuss the thickness shrinkage effect during dying 

on the curvature change, as shown in Supplementary Fig. 17. In the dry 
state, the plastic deformation strain can be expressed as

ϵ y y κ= ( ′ − ′) ′ (6)p 2

in which y y′ = h
h

′  is the scaled coordinate along the thickness direction, 
y′2 is the new boundary of the plastic region and κ′ is is an effective 
curvature. This mapping indicates that the dry configuration can be 
effectively obtained by moulding a flat sheet with thickness of h′ under 
the bending curvature of κ′. Therefore, the previous analysis can be 
directly leveraged to predict the curvature in the dry state as
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On the basis of the reversible actuation in multiple dehydration 
and hydration cycles, we postulate that plastic deformation remains 
unchanged during the whole transformation process. This leads to a 
simple relationship between κ′ and κ, such that



κ h κh′ ′ = (8)

Combining equations (7) and (8), we can have
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Regarding the bending curvature in the case with stiffening, defined 
in equation (3), it contains not only κh but also two more dimensionless 
variables, y

h
4 and y

h
2, making the analysis more complicated than the 

ideal plastic case in our simple model. As y′2 and y′4 will change 
proportionally to h (Supplementary Fig. 17), this leads to =

′y
h

y
h ′

4 4  and 
=

′y
h

y
h ′

2 2. Therefore, the same relationship in equation (9) also holds for 
the cases with stiffening.

Equation (9) can account for around a 25% increase in the curvature 
from the wet to the dry state; as the thickness decreases it is about 
20%. This is still lower than the experimental observation of the curva-
ture ratio (about 2.0 in Fig. 2h). We next examined the gradient length 
change during drying, which can be attributed to a strain-dependent 
shrinkage during dehydration and has been reported in previous 
studies53,54. To simplify our analysis, we first decoupled this effect with 
the thickness change and assumed that the thickness keeps a constant 
value. Here we assumed that the non-uniform shrinkage is proportional 
to the mechanical strain in the wet state

ϵ ϵ βκ y= − (10)w w
0

w

in which ϵw
0 denotes a constant shrinkage, β is an empirical parameter 

that describes the coupling between the mechanical strain and shrink-
age, y is the coordinate along the thickness direction and κwy character-
izes the mechanical strain distribution. Note that we compared the 
curvatures at the two end states and neglected the kinetic effects. In 
principle, β will also depend on the strain values. Here, as our focus 
was to identify the key actuation mechanism, a constant value of β is 
preferred for deriving a closed-form solution. A numerical solution to 
address the dynamic process will be investigated in the future54. After 
taking the shrinkage strain, the stress in the dry state σd should be 
modified as

σ σ ϵ E= − (11)d w w

in which σw is the stress in the wet state and described in equations (8) 
and (15) in Supplementary Note 9. The corresponding equilibrium 
equations are
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It is interesting to note that the non-uniform shrinkage strain only 
adds one constant term to the existing equations. The dry curvature 
can be solved from equation (13) as
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Now we can directly express the curvature ratio between the dry 
and the wet state as

κ
κ
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d

w

The same argument relating to the thickness shrinkage effect can be 
applied to the dry sample. Therefore, we can further superimpose the 
thickness shrinkage to the curvature to give a final curvature ratio of
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Modelling and simulations of the coiling and drilling of the 
engineering seed carrier
The fabrication and actuation of coiling actuators are more complicated 
to model than the bending actuators, although they share the same 
fundamental mechanism. The difficulties stem from the nonlinear and 
coupled plastic behaviours and strain-dependent shrinkage induced 
by moisture change in three-dimensional coils. On the other hand, the 
mechanical behaviours of coiling actuators are generally determined 
by coiling stiffness and coiling configuration change, including the 
coiling elongation and rotation (equation (1)). This motivates us to 
choose a phenomenological model capable of capturing the configura-
tion change and the associated extension forces of wood coils during 
hydration and dehydration cycles. A simpler model is also preferred 
to achieve our goal of simulating the drilling performance of the seed 
carriers, which requires modelling of the complex structural design 
and highly nonlinear interactions between the seed carriers and soils.

The phenomenological model for the formation and actuation of 
the wood coils is inspired by the manufacturing and deployment of the 
wood-based seed carriers (Supplementary Note 10). The coiling and 
uncoiling processes of wood veneers are modelled as shape morphing 
of a mechanically anisotropic strip, driven by anisotropic contraction 
and expansion, which mimic the effect of moisture change (Supple-
mentary Note 10). The model is implemented in ABAQUS/Implicit with 
spatially non-uniform hydration or dehydration strain, defined as an 
anisotropic thermal expansion or contraction. The wood strip starts 
from an initially flat state with its thickness, width and length matching 
the experimental sample. The water transport is not directly modelled. 
Instead, we assigned an exponential time variation of the hydration 
strain with a characteristic timescale. The hydration strain field and 
characteristic timescale are fitted with the coiling configuration (for 
example, coil diameter and pitch) of hydrated coils in a controlled 
humidity chamber (Supplementary Note 11). The mechanical proper-
ties of the modelled material were obtained by fitting the measured 
moisture-dependent modulus and the extension forces of the coils 
(Supplementary Note 11).

We then developed simulation models for the drilling process of seed 
carriers in relation to both body and tails (Fig. 3b–e and Supplemen-
tary Note 12). The soil surface was treated as a rigid flat surface, which 
interacts with the seed carrier body and tails through normal contact 
and frictional forces (Supplementary Fig. 26). The effect of deform-
ability and roughness of the soil surfaces will be lumped into effective 
coefficients of friction between the surfaces of the seed body and tip 
and the soil surface. Our experiments show that the tails and seed tip 
can penetrate the soil surfaces to form anchoring points. To mimic tail 
anchoring, we set a higher coefficient of friction at a small region near 
the tail tip. The seed tip is not included in the simulation model, as it 
is challenging to connect the tip with a non-stress-free coiled body. 
We further introduced a normalized hydration state to describe the 
transition of the coils from the dry to the wet state in Fig. 3b,c (equa-
tion (26) in Supplementary Note 12). We show that the effects of the tip 
anchoring can be partially explained by fixing the in-plane motion of 
one point of the coiled body, which closely reproduces the correspond-
ing drilling processes in experiments (Fig. 3d,e) on coconut coir with 
a LSMV of 1.62 mm2. We conducted further experiments and simula-
tions of seed carrier drilling on a surface that was hard and smooth 
(Supplementary Note 12) and found a substantial rotation of the seed 
carriers, due to the low frictional force and lack of anchoring points 
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(Extended Data Fig. 9). The three-tailed design rotated less than the 
single-tailed design, as it can establish contact not only at two tails but 
also at the seed tip, owing to the initially inclined angle on the surface. 
This further validates that our simulations can capture the interaction 
between engineered seed carriers and different ground types, despite 
the simplification of the model.

The model is relatively simple and has its own limitations. Neverthe-
less, it is sufficient for our current analysis, as shown by the agreements 
between modelling prediction and experimental measurements. More 
theoretical studies are needed to establish the relationship between the 
change of pitch and curvature of the coiling actuators and the struc-
tures, and the mechanical properties of wood strips. It is also desirable 
to incorporate the microstructures (for example, cellular networks and 
MFA) and their nonlinear interactions into the numerical simulation 
framework of the coiling and drilling process, to enhance the predictiv-
ity of the model for a variety of material systems. Furthermore, water 
transport inside the wood strips has been shown to play a critical role 
in determining the dynamic morphing process of hygroscopically 
actuated structures55,56. This will require integration of the current pure 
mechanical model in a proper kinetic model for moisture permeation 
in the wood in the future, to better capture real seed carrier actuation 
driven by water transport.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.
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Code availability
Code used for the finite-element analysis to simulate coil extension and 
drilling is available at https://doi.org/10.5281/zenodo.7263943. Further 
information on code and models used is available on request from T.Z.
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Extended Data Fig. 1 | SEM images of partially delignified wood veneer.  
a, Chemically washed and moulded wood veneer (0.5 mm thick, 0.8 mm 
mandrel diameter). Wrinkled cell walls are caused by mechanical moulding on 

the longitudinal cells on the inner side. The outer side cells show no obvious 
signs of deformation. b, The chemically washed but not moulded wood veneer, 
showing uniform cell structure throughout the sample.
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Extended Data Fig. 2 | Performance of the engineered moisture-driven 
actuators. a, Reversible curvature changes of a bending actuator during three 
actuation cycles. b, Reversible actuation of a moulded coiling actuator with 
seven coils in three consecutive hydration-dehydration cycles, showing the 

angular changes relative to the initial position of the top end of the helix (θ-θdry). 
Both actuators are 3 mm in width and 0.5 mm in thickness, moulded with a 
mandrel, with a 0.8 mm diameter. The length is 3 mm in (a) and 40 mm in (b).



Extended Data Fig. 3 | Design of a remote-controlled device that can be 
attached to a drone to carry and deploy seeds. a, Photograph of the customized 
seed deployment mechanism attached to a drone. b–d, Top view of the device 
with a sliding cover to prevent turbulence caused by the wings of the drone 
from affecting the deployment. e–f, Bottom view of the device, with a magnetic 

double-side door that can be opened with a remote-controlled pulling 
mechanism, shown in (g). h–j, A field test of the aerial delivery with examination 
of the landing pose of the seed carriers. k–l, a portion of the seed carriers for the 
aerial delivery test. The tails are dyed with bright colors for easy identification. 
Scale bar: 10 mm.
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Extended Data Fig. 4 | Photos of the fabrication and assembly of the seed 
carrier prototypes. a–f, The process of turning a white oak log into a wood 
veneer with a specified thickness and fiber orientation. g–h, The process of 
laser cutting, chemical washing and manual moulding of the wood strips. i, The 
chemical washing process. j–n, The mechanical moulding process. o-q, Adding 

two additional tails for three-tailed seed carriers. r–w, The tip manufacturing 
process adapted from the literature24 with additional seeds embedding. x, The 
process of moulding a double-coiled body. Scale bar is 10 mm unless otherwise 
specified.



Extended Data Fig. 5 | Comparison of the self-drilling depth between a double-coiled and a single-coiled seed carrier. a–b, Photographs of four cycles of a 
double-coiled seed carrier (a) and a single-coiled seed carrier (b) at each hydration and dehydration state.
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Extended Data Fig. 6 | Tracking of the living nematodes extracted from the soil. a, Representative images of nematodes extracted from the soil (Methods).  
b, The total number of living nematodes identified in the soil samples. Data are means ± s.d. n = 3 soil samples each day.



Extended Data Fig. 7 | Selective field drilling and germination test results 
(more details in Supplementary Table 5). a, Drilling test 1 from Table S5, with 
22 three-tailed seed carriers under natural conditions for two consecutive 
days. b, A rain-anchored seed continues to drill after the sun emerges, as shown 

in drilling test 3 of Table S5. c, Established seed carriers tend to germinate more 
easily than non-established seed carriers after five days with four periods of 
rain. The established and exposed seeds had a 100% and 19% germination rate, 
respectively, in drilling test 1 of Supplementary Table 5.



Article

Extended Data Fig. 8 | Optimizing the material choice and processing 
method. a, Comparison of the mouldability and actuation range of bending 
actuators made of different types of wood. The wood strip is ~0.5 mm thick and 
the moulding diameter is 0.8 mm. Data are means ± s.d. n = 3 samples for each 
type of wood. b, Comparison of the mouldability of the seed body made of 
various types of wood. The wood strip is ~0.5 mm thick. c, Effect of the chemical 

washing durations on the curvature changes. For both (a) and (c), data are 
means ± s.d. n = 3 with a thickness of ~0.5 mm, length of ~3 mm and width of 
~3 mm, moulded with a mandrel with a 0.8 mm diameter. d, Moulding quality 
comparison on wood veneer of different thickness, moulded on mandrels of 
different diameters, with a washing duration of 10 min.



Extended Data Fig. 9 | Experiments and simulations for seed carrier drilling 
on a surface that is hard and smooth. a, Simulation (top) and experimental 
(bottom) snapshots of the drilling process of the single-tailed design seed 

carrier. b, Simulation (top) and experimental (bottom) snapshots of the drilling 
process of the three-tailed design seed carrier.
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