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Reversible kink instability drives ultrafast jumping in
nematodes and soft robots
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Entomopathogenic nematodes (EPNs) exhibit a bending-elastic instability, or kink, before becoming airborne, a
feature previously hypothesized but not substantiated to enhance jumping performance. Here, we provide the
evidence that this kink is crucial for improving launch performance. We demonstrate that EPNs actively modulate
their aspect ratio, forming a liquid-latched a-shaped loop over a slow timescale © (1 second), and then rapidly
open it @ (10 microseconds), achieving heights of 20 body lengths and generating power of ~10* watts per kilo-
gram. Using a bioinspired physical model [termed the soft jumping model (SoftJM)], we explored the mechanisms
and implications of this kink. EPNs control their takeoff direction by adjusting their head position and center of
mass, a mechanism verified through phase maps of jump directions in numerical simulations and SoftJM experi-
ments. Our findings reveal that the reversible kink instability at the point of highest curvature on the ventral side
enhances energy storage using the nematode’s limited muscular force. We investigated the effect of the aspect
ratio on kink instability and jumping performance using SoftJM and quantified EPN cuticle stiffness with atomic
force microscopy measurements, comparing these findings with those of Caenorhabditis elegans. This investiga-
tion led to a stiffness-modified SoftJM design with a carbon fiber backbone, achieving jumps of ~25 body lengths.
Our study reveals how harnessing kink instabilities, a typical failure mode, enables bidirectional jumping in soft
robots on complex substrates like sand, offering an approach for designing limbless robots for controlled jump-

ing, locomotion, and even planetary exploration.

INTRODUCTION

The cylindrical shape is a hallmark of biological systems, evident
across length scales and taxa, from bacteria to worms, plants, and
animals (including humans), and their appendages, from stems to
tails, antennae, and flagella (1). Kinks, a common phenomenon,
occur when the curvature on the compressive side of a cylinderical
structure exceeds a critical value, leading to localized instability. A
kink can be illustrated by bending a plastic straw, where the localized
curvature exceeds a critical point, causing a kink (2, 3). In biological
systems, kinks are usually detrimental: They can cause permanent
damage in plant stems (4), blockages in blood vessels (5), and fail-
ures in insect exoskeletons (6). Despite their typically harmful ef-
fects, in this work, we report a functional use of kink instability by a
living system, a nematode, for high-powered aerial jumping locomo-
tion (Fig. 1, A to C).

Elastic instabilities, traditionally seen as failure modes, are now
recognized as useful mechanisms in the transition from rigid to
more compliant structures (7). In soft actuators, these instabilities
have enabled the creation of functional devices, such as snap-
through inflatable shell actuators (8) and kink valves in pneumatic
tubes (9). However, kink instability, most commonly observed in
cylindrical rods and underpinning other classes of instabilities such
as the Brazier instability, remains unused in jumping soft robots.
Here, we demonstrate a nematode-inspired cylindrical limbless soft
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jumping model (Soft]M) (Fig. 1, D to F, and Movie 1) that harnesses
kink instabilities to achieve effective jumping performance.
Steinernema carpocapsae, a species of entomopathogenic nema-
tode (EPN), is an endoparasite capable of infecting many larval and
adult forms of insects, including moths, beetles, butterflies, and
crickets (10, 11). The infective juvenile is in a free-living stage and
found at the soil surface; it uses an ambushing search strategy
wherein it stands on its tail and attaches to a mobile host (12).
Nearly 50 years ago, researchers documented the remarkable
jumping ability of limbless, soft-bodied EPNs (13). Subsequent
observations also noted that the jump occurred more frequently in
proximity to the chemical cues of a host (14) and a kink formed in
its body (14, 15). However, the functional role of this kink remained
unexplored and underappreciated because of a lack of high-speed
microscopy given that the kink-opening timescales are in micro-
seconds. To address this gap, we cultured EPNs and conducted
high-speed experiments, revealing the role of the kink in detail.

RESULTS
EPN jumping
Our observations focused on the infective juvenile or dauer stage of
S. carpocapsae (Fig. 1A), which is about 20 pm wide and 0.5 mm
long, yielding a highly anisotropic slender object with an aspect ra-
tio of 25 to 30. Under the right conditions of humidity and olfactory
stimulus (12, 16, 17), the nematode stands up and contorts its body
into a ventral-ventral contact, forming an o shape. Using a high-
speed camera, we observed that the EPN tightened the ventral-
ventral loop in ~1.5 s by moving its head forward, leading to the
formation of a kink in its compressed (ventral) side (Fig. 1B).

The nematode’s body bent ventrally because of the symmetrical
contraction of the latero-dorsal longitudinal somatic muscles and the
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Fig. 1. Jumping nematodes and bioinspired soft jumping model. (A) Image of the EPN S. carpocapsae in a bent or “kink” position, captured just before jumping, as seen
through a high-speed camera with a zoomed-in view. The scale bar is 25 pm. P, posterior; D, dorsal; A, anterior; V, ventral. (B) Sequential images illustrating the EPN's jump
preparation: loop formation from 0 to 975 ms, kink formation from 1200 ms up to 1500 ms, and final unlatching phase lasting 150 ps. The scale bar is 25 pm. (C) Trajectories
of the EPN during takeoff (speed of ~1.5 m/s), rotation, and landing (speed of ~0.15 m/s) recorded at 10,000 fps. (D) SoftJM representing a physical model to replicate the
EPN’s jump at the macro scale. (E) Images illustrating the takeoff phase of the SoftJM. (F) The SoftJM's trajectory, captured at 240 fps, showcases the distinct phases of

takeoff, rotation, and landing.

Our research dives into the fascinating jumping behavior of nematodes and

the soft robots they inspired.

Movie 1. Overview of a jumping nematode and soft jumping robots. A soft jumping robot achieves a 25-BL jump,

mimicking the stiffness-enhanced leap of a nematode.

simultaneous relaxation of the latero-ventral muscles (18). Subse-
quently, it opened the loop in about 150 ps [about 50 times faster than
the snap of a finger (19)], actuating a jump of >20 body lengths (BL)
high, with a takeoff speed of ~1.5 m/s [Reynolds number (Re) ~ 53;
Fig. 1C, movie S1, and fig. S2]. Initially, the EPN rotated rapidly
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(about 2000 rotations/s), slowing down
Soft Robot to almost zero rotation as it reached the
apex of the jump, and then fell slowly
with a speed of 0.15 m/s (Re ~ 5; Supple-
mentary Discussion and table S5) (20).
The ballistic jump of the nematode fol-
lowed an asymmetric trajectory, resem-
bling the Tartaglia curve (21), where the
takeoft velocity was greater than the fall-
ing velocity and the trajectory ended with
a nearly vertical fall (fig. S2B).

Directional control in EPN jumps
Can these effectively limbless, cylindrical
ambush-forager EPNs control the direc-
tion of their jump? We discovered that
the EPN can take off in both forward and
backward directions. Two stereotypical
examples of jumping (forward or back-
ward based on initial posture) are pre-
sented in Fig. 2A (left) and movie S1,
where the backward and forward direc-
tion jumps refer to the dorsal and ven-
tral sides, respectively. The EPN shifted its center of mass (COM) by
adjusting the orientation of its head angle o and its loop angle 6 to
bias the takeoff angle y either forward or backward (22). This obser-
vation revealed an elegant and simple principle for any elastic cylin-
drical structure to control the direction of its jump.
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Fig. 2. Directional jumping of the EPN, SoftJM, and simulation. (A) Jumping of the EPN in the backward and forward directions. The EPN's takeoff angle (y) depends
on its posture, quantified by the angles 0 and a. Adjusting these angles can move its COM backward or forward with respect to its point of contact with the substrate,
resulting in a backward jump (« = ~90°, 6 = ~0°, and y = ~120°) or forward jump (a = ~45°, 0 = ~45°, and y = ~60°) with additional details in fig. S3A and table S5. (B and
C) Cosserat rod simulations and physical models of soft jumpers illustrate both forward and backward directional jumping. (D) Angular velocity (B) for Soft/M (n = 3 indi-
viduals), simulation (n = 4 realizations), and EPNs (n = 7 individuals). The inset shows the opening angle p plotted as a function of time for the EPNs (n = 5). (E) Simulation
results of different postures of the simulated EPN with different color representations for backward (blue rings) and forward (yellow rings) takeoffs. Circles represent EPN

jumps, whereas squares represent SoftJM jumps. The size of these solid-colored data points is proportional to their normalized trajectory range (D/H) (see details in figs.

S2 and S3).

To demonstrate the generality of this posture-based COM-
directional control in elastic filaments, we validated this mechanism
using in silico simulations of a Cosserat rod (23, 24) at the microm-
eter scale (Fig. 2B). The macroscale physical SoftJ/M also changed its
direction by altering the head angle of a 3D printed head attached to
its top. By tilting the head angle, we biased the SoftfM’s COM accord-
ingly (Fig. 2C; see details in Supplementary Discussion and fig. S3).

The EPN and the Cosserat rod simulations exhibited similar an-
gular opening speeds (} = ~ 10° /s, Fig. 2D), attributed to their com-
parable length scales and stiffnesses. The EPN’s stiftness arose from a
multilayer composite structure comprising cuticle, muscles, and
pseudocoelom, which supported its ultrafast dynamics at microme-
ter scales. In contrast, the Soft]M, designed at the millimeter scale,
experienced slower opening speeds ( = ~ 10* °/s) because of nonlin-
ear scaling associated with its larger size and material properties.
Nevertheless, the Soft/M provided valuable insights into the broader
trends in directional control and dynamic performance across scales.
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We further explored a range of initial jump postures beyond the
capabilities of the EPN by creating a numerical phase space of jump
directions, controlling the COM location using the head angle o and
the loop angle 0 (Fig. 2E). The phase space was divided into forward
and backward jumping regions, separated by postures that resulted
in vertical jumps. When we plotted the head and loop angles of the
EPN and the Soft)M on this map, we found that all experimental
points fell along a line, indicating constraints coupling the head and
loop angles in real materials. This finding suggested that it was pos-
sible to design jumping robots that exploited the full phase space
more effectively (see Discussion).

Stiff cuticle and a-shape spring-load EPN jumps

What structural and mechanical properties enable EPNs to jump,
unlike similar-sized nematodes such as Caenorhabditis elegans (25)?
Small-scale organisms often rely on spring-latch mechanisms to
achieve ultrafast movements at power outputs far exceeding what
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their muscles alone can produce (26, 27). We observed that the maxi-
mum speeds during an EPN’s jump exceeded those during nictation
(a tail-standing, undulating behavior in air) and loop formation by
more than 100-fold (Fig. 3D and movie S2), indicating that jumping
relied on a spring-latch mechanism rather than pure muscle power
(Pepn ~ 10 > P¢ elegans ™~ 107! W/kg; details in Supplementary
Discussion and table S9). As we further discuss below, the loop-formation
(energy-loading) time was O (1 s), whereas unlatching (energy re-
lease) occurred in O (10 ps), highlighting a five-order magnitude time
difference that further supported a spring-latch-driven mechanism.

The infective juvenile stage (nonfeeding larval stage known as a
dauer; Fig. 3, A to C) of the EPN has a thick cuticle enclosing a hy-
drostatic skeleton that can act as a spring to store energy during the
jump (28). We conducted atomic force microscopy (AFM) measure-
ments of the dauer stages of both EPNs and C. elegans, revealing an
~10 times higher bending stiffness in EPNs (Fig. 3E and fig. S1). This
stiffer (and thicker) cuticular structure likely enabled S. carpocapsae
to jump, in contrast with other nematodes, such as C. elegans, which,
to our knowledge, neither forms body kinks nor jumps through self-
powered mechanisms. Recent work shows that C. elegans dauers can
leap under strong electric fields, leveraging electrostatic interactions
rather than internal energy storage (29). These findings highlight the
diverse dispersal strategies adopted by nematodes.

To investigate how the EPN harnesses its body as a spring to store
energy, we quantified the geometry of the EPN during the jump.
This analysis helped identify where the nematode stores energy for
the jump. Right before its jump, the EPN’s geometry showed maxi-
mum curvature in the middle of its body, where the kink formed
(Fig. 3, F and G). As the nematode formed the loop, only the mid-
section accumulated curvature, whereas the head and the tail re-
gions remained relatively unchanged (Fig. 3H). After the jump, the
midsection curvature was released, whereas the head and tail re-
mained curved. These findings suggested that EPNs leveraged both
a stiff cuticle and their a-shape geometry as a spring.

Liquid latch facilitates EPN’s microsecond release

For this microscopic nematode (thinner than a human hair), what
kind of “latch” holds this a-shape spring together for a quick micro-
second release? Latches, despite their ubiquity in human-made sys-
tems, have been relatively understudied in biology (19, 26, 30). In
the case of EPNs, Reed and Wallace (13), in their seminal 1965 pa-
per, made the first observation of the leaping behavior of these nem-
atodes and proposed that a water droplet at the ventral-ventral
contact played a key role in maintaining the nematode’s looped con-
figuration. Although their observations highlighted the involve-
ment of water adhesion, they lacked quantitative empirical data
because of the absence of high-speed imaging techniques at that
time. Building upon their foundational work, we corroborated their
observations and provided quantitative insights into the liquid
latch’s dynamics during a-loop opening (Fig. 4A).

Using high-speed video recordings of the nematode, we observed
the rupture of a liquid latch as the EPN opened its loop (~70 ps; Fig. 4D
and movie S2). We created a theoretical model of the capillary force
(Flatchs Fig. 4, B and C) (31) that could balance the force generated from
the a-shaped curvature (32, 33) of the EPN (Fyve) defined as follows

F EIX

curve L
and
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2r
Fiath ~ —YaL X 7”'[3‘*‘ 1]

where ET and « are the bending stiffness and the curvature of the
EPN, respectively; yar, is the surface tension of the air-water inter-
face; 2r is the ventral-ventral contact length; L is the EPN length; and
d is the height of the capillary latch right before the jump (see Fig. 4B
and detailed derivation in Supplementary Discussion). Using the pa-
rameters for the worm (table S6), we found that the latch force and
maximum curvature force are of the same order of magnitude (Feyrve =
Fatch ~ 107> N). This similarity of force magnitudes reinforced the
idea that in this nematode, a liquid film just a few micrometers thick
could act as a sufficient latch to hold the curved ends of the worm in
place until it was ready to take off. The EPN remained in the a-loop
position until the force magnitudes balanced each other (Fig. 4E).
The jump occurred when Feyryve > Fiatch, breaking the latch and rap-
idly opening the nematode’s loop in ~70 ps. Surface tension has been
exploited as both a spring and an engine by other invertebrates; for
instance, the glassy-winged sharpshooter Homalodisca vitripennis
ejects superpropulsive excreta through timed droplet deformation
(34), and fungi launch their spores using coalescing droplets (35).
Our work extended the multifunctionality of surface tension, show-
ing how EPNs use it as a functional latch.

Another liquid latch was present between the tail of the EPN and
the substrate. If the force due to this liquid bridge was high enough,
then the EPN could fail to leave the substrate even with the release
of the liquid latch at the ventral-ventral contact point (Fig. 4F). Sim-
ilar observations were made in our computational model by intro-
ducing an attraction between the foot of the Cosserat rod and the
substrate (Fig. 4G). Our experimental observations and relatively
simple numerical reproduction indicated that, if the humidity was
too high and a large liquid bridge formed between the tail and the
wet substrate, then the EPN could fail its jump even after a success-
ful a-loop opening (fig. S4 and movie S2).

SoftJMs store more energy via reversible kinks

How does the kink instability help the EPN store energy for its
jump? We addressed this question using scaled physical models
(Soft]Ms) because similar measurements were inaccessible at the
micrometer scale of the EPN. We tested four types of synthetic Soft-
JMs (Fig. 5A): a hydrostatic skeleton body (SoftJM 1), a hydrostatic
skeleton with a stiff backbone (Soft]M 2), a soft polydimethylsilox-
ane (PDMS) rod (SoftJM 3), and a soft silicone rod with a stiff back-
bone (Soft]M 4).

Using a custom-built rig, we bent SoftJ/M 2 and measured its re-
storing force as a function of the bending strain, quantified by the
compression ratio (CR). The restoring force grew linearly until a
kink formed, beyond which the force continued to increase, albeit at
a lower slope (Fig. 5, B to D, and movie S3). This nonlinear response
to bending strain allowed the storage of excess energy in systems
limited by a force ceiling, which was common in biological motors
(36). This energy gain was estimated assuming a force ceiling as the
maximum force observed in an experiment and then extrapolating
the initial linear curve in restoring force (prekink) to this force ceil-
ing. The energy gain was effectively a comparison of the area under
the curve for the actual force curve and the linear extrapolated
curve, which was approximately five times and approximately four
times for Soft/M 1 and Soft]M 2, respectively (Fig. 5E), compared
with the hypothetical linear spring scenario of no kink formation.
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Fig. 3. Bending stiffness and curvature analysis of nematodes. (A) Life stages of the nematodes, from larval stages L1 to L4 and the adult stage, whereas the other
nonfeeding larval stage (dauer) life cycle is from L1 to dauer to adult stage. (B) Scanning electron microscopy (SEM) of an EPN, highlighting the head and neck region of
an infective juvenile (dauer). The black arrow marks the mouth and secretory pore in the head region. The inset shows the lateral side of the EPN body. (C) SEM of the EPN's
tail, with the inset showing the ventral side of the nematode. (D) The violin plot shows the maximum speed distribution of the EPN during nictating (n = 6), looping
(n=14), and jumping (n = 6), between looping and nictating (P < 0.01) and between looping and jumping or nictating and jumping (P < 0.0001). (E) Bending stiffness of
the dauer stage EPN and C. elegans, measured by AFM as a function of nematode diameter D, (n = 3 individuals, three times each). The comparison includes self-similar
nematodes averaged over each life stage for C. elegans reported by Backholm et al. (25). The dauer stage EPN shows higher stiffness compared with the same self-similar
life stage and dauer of C. elegans. (F) Different regions (head, middle, and tail) of the EPN before jumping and opening the loop. (G) EPN’s final state curvature with normal-
ized length (//L,,) before jumping (n = 14), where [ is the varying length across the nematode body and L,, is the total length of the EPN. (H) The kymograph shows
the curvature growth across the length of the EPN as a function of time. The color-coded EPN schematic on the left visualizes the curvature profile along the body of
the nematode.

Similar force measurements for PDMS (SoftJM 3) of varied stiffness
coeflicients and stiff plastic strips are presented in fig. S5.

Simply reducing the force by kinking in an elastic structure was
insufficient. Power generation during actuation was equally critical
for a successful jump. We thus measured the maximum opening
speed (Vi) of each Soft]M as a metric of the output power. Vi
almost doubled when the bending strain increased from CR = 0.4 to

Kumar et al., Sci. Robot. 10, eadq3121 (2025) 23 April 2025

CR = 0.9, indicating that the power output of the jump increased
even after the formation of the kink (Fig. 5G).

Not all kink instabilities (reversible and irreversible) benefited
actuation performance. If a plastic material underwent irreversible
deformation postkink, such as in a drinking straw, undersea pipe-
lines, or rod-shaped Escherichia coli bacteria (3), then the kinetic
energy released during relaxation was minimal (Fig. 5, Hand I). The
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Fig. 4. Liquid latch mechanism and force balance. (A) EPN forming the liquid latch at ventral-ventral contact. (B) Cross-sectional image of the liquid bridge where the
surface tension of the liquid is denoted by yai, assuming perfect wetting (6. = 0). (C) A simplified schematic showing the forces involved in the EPN’s jump: capillary latch
Flatch, curvature force Feyrve, and tail adhesion due to capillary forces Froot. (D) Liquid bridge thinning and breaking over time during ventral-ventral contact of EPN. (E) The
scatter interval plot represents bending force Fyre due to curvature and capillary force Fiarch due to the liquid bridge between the ventral-ventral contact (n = 15), details
in table Sé. (F) Failed jump because of tail adhesion to the surface. (G) Simulation snapshots illustrating the failed jump caused by simulated adhesion of the tail.

EPN and the SoftJ]M showed a reversible kink formation, enhancing
their elastic energy storage and subsequent release of kinetic energy
(Fig. 5I). Therefore, the occurrence of reversible kink instability in
the EPN may have helped it store a larger amount of elastic energy
while staying within a finite budget of muscle force.

EPNs actively modulate the aspect ratio and its effect

on SoftJMs

The aspect ratio, n = L/D,,, defined as the length-to-diameter ratio,
is critical for the stability of cylindrical structures. Cylinders with a
high 1 are more susceptible to buckling instability, whereas those
with a low 1) are harder to bend, typically requiring more force. We
discovered that EPNs actively modulated their n via their o loop,
starting from an initial n of ~20 to n of < 7, reducing their loop as-
pect ratio by nearly three times (Fig. 6, A and B). By reducing their
effective 1) dynamically, the EPNs achieved a twofold benefit: They
increase their midsection curvature (k) by two to three times, stor-
ing elastic energy in their bent bodies at high forces, and, upon
reaching the upper force limit of the bending near the critical n. <7
and k > 0.025 um™", they form kinks, allowing them to continue
loading energy without an increase in force. This process enabled
EPNs to charge up more elastic energy in the bent configuration as
they prepared to jump.

To underscore the impact of ) on jumping performance, we con-
ducted systematic experiments on a range of ) = 4 to 26 using Soft-
JM 3, with a fixed Young’s modulus (Fig. 6C). As expected, we found
that the maximum bending force (Fpmax) increases with a decrease
in 1 (Fig. 6G), indicating increased energy storage at lower aspect
ratios. We observed that kinks also occurred at n. < 7 in Soft]M 3,
similar to EPNs (Fig. 6, C to F). A smaller 1 in SoftJMs resulted in
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quicker snapback (n = 6, f opening from 0° to 120° in ~5 ms) com-
pared with a higher n (n = 26, p opening from 0° to 120° in >100 ms)
(Fig. 61 and movie S4). After kink formation, the jumping height
nearly doubled for n = 6 (~16 BL) compared with n = 12 (prekink),
suggesting that reversible kinks enhanced jumping efficiency (Fig.
6F) by increasing the bending energy stored while ensuring a rela-
tively reduced restoring force.

Thus, by actively modulating their aspect ratio to achieve a critical
1 for kink formation, EPNs stored higher elastic energy and facilitated
a latch between ventral-ventral contacts. Through corroborative
experiments with SoftJM, we confirmed that kinks at a critical  lead
to higher jumps and faster opening while staying within a maximum
force budget. This observation suggested that EPNs reached their
upper force limits to bend and then kink to reduce force while con-
tinuing to store energy efficiently.

Stiffness improves soft-jumper performance
Our AFM measurements showed that EPNs were composed of stiff-
er structural materials, contributing to their superior jumping capa-
bilities compared with C. elegans (Fig. 3E). Recognizing the strategic
importance of combining both softness and stiffness, we engineered
a silicone-based Soft]M 4 by filling a 3D printed mold with silicone
and incorporating carbon fiber rods (CFs), a much stiffer material
(~134 GPa), at its core to enhance the jumper’s stiffness (Fig. 7A).
In Soft]M 4, we varied the number of CFs from one to eight; for
each configuration, we bent the model into a closed loop with end
points and released it (Fig. 7, B to F). In this posture, the COM of the
Soft]M was positioned toward the dorsal side (loop side), resulting
in takeoff in a dorsal direction (takeoff angle y < 100°; see Supple-
mentary Text and fig. S6D).
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Fig. 5. Kink-induced elastic energy storage and force dynamics in SoftJMs. (A) Various synthetic soft jumping models (SoftJM): SoftJM 1 (water balloon, low stiffness),
SoftJM 2 (water balloon + strip, stiff backbone), SoftJM 3 (PDMS, different Young's modulus, see table S3), and SoftJM 4 (silicone polymer + CF). (B) Schematic for bending
of rod to measure bending force (Fy), where the CR = (L — L1)/L. (C) Kink formation during bending of SoftJM 2, aspect ratio n = 10. (D) The shaded error curve of Fy,
with different CR for SoftJM 2 (black line, n = 10, n = 3), where the black solid line represents the mean force response and the surrounding gray shaded region experimen-
tal SD. (E) Energy gain (At/Apx) scatter plot for both SoftJM 1 and SoftJM 2 (n = 5, n = 10). (F) Visualization of SoftJM 1 after release at different time intervals, n = 10.
(G) Vmax scatter graph (y-axis SD) illustrating the maximum snapback velocity for different physical models, SoftJM 1 (red points) and SoftJM 2 (black points) (n=3,1=10,
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(plastic straw). (I) Schematic illustration of energy balance representing input potential energy (PE; red line) and output kinetic energy (KE; blue line) for irreversible (plas-
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We observed that the maximum takeoff velocity (V) increased
linearly with the number of CFs used, reaching up to ~13 m/s for
eight CFs (CF8), which also achieved the maximum jump height of
(~3 m) (Fig. 7, B and C). The maximum power output (Pmax)
reached 20 W/kg for CF8, which was 20 times higher than the pow-
er generated by SoftJMs with just CF1 (Fig. 7D). The addition of a
CF minimally increased the mass but significantly enhanced the
strength of Soft]M, allowing it to store an increased bending force of
~7 N (Fig. 7E).

Kumar et al., Sci. Robot. 10, eadq3121 (2025) 23 April 2025

Versatility, safety, and sand jumping of SoftJM

We showcased the jumping capability of Soft/]M 4 by demonstrating
its ability to pass through an ~10-foot-high basketball rim (Fig. 7G
and movie S5) and perform other tasks, such as jumping onto a car
and hurdling (fig. S7). Although the jumper packed a lot of power, it
was safe around humans because of the strategic combination of
softness and stiffness. We demonstrated that an air-filled balloon
bursts upon being hit by just a naked CF (Fig. 7H and movie S5). By
contrast, when SoftJM 4 hits the balloon, it softly bounced back into
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ing the relationship between curvature k and 1) (n = 8 individuals). (C) SoftJM 3 at different n for a modulus of 1.2 MPa, where the purple box shows no jump at extremely
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for SoftJM 3 (n = 3), with the shaded regions representing SD.

the air, highlighting the added advantage of compliance in both jump-
ing and safety.

Ambush foraging is a common strategy for EPNs to find hosts, such
as flying insects, as seen in EPNs attaching to surfaces after jumping
(Fig. 71 and movie S5). Similarly, we demonstrated perching behavior
with a magnetic SoftJM, which was attracted to a magnetic wall during
a jump. We also showed that the SoftfM could successfully perform
jumping tasks on rough surfaces, such as sand, where it generated
enough power to use granular friction and leap, dispersing sand parti-
cles into the air (Fig. 7] and movie S5). These multitasking features
highlighted the Soft/M’s flexibility and adaptability in different environ-
ments, underscoring its potential applications in soft robotics.

Kumar et al., Sci. Robot. 10, eadq3121 (2025) 23 April 2025

DISCUSSION

Jumping, whether in biological or engineered systems, represents a
convergence of mechanics, energy storage, and geometry. Limbless
organisms such as S. carpocapsae demonstrate how reversible kinks,
curvature-driven energy storage, and specialized structural adapta-
tions allow for ultrafast, aerial jumps. By studying these mechanisms,
we designed soft robotic structures that replicate key principles, such
as nonlinear spring mechanics and directional control while uncov-
ering how structural stiffness enhances jumping efficiency. These
findings provide a foundation for exploring the interplay between
body mechanics, curvature, and material properties in limbless
jumping systems.
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Directional control jumping in flexible rods

Jumping locomotion, common across various animals, typically uses
limbs or specialized appendages. Examples include cats, humans,
squirrels, fleas, springtails, and spiders, with masses ranging from
micrograms to tens of kilograms (Fig. 8) (37-40). Limbless animals,
such as worms, snakes, and larvae, adopt a closed-loop strategy, us-
ing their bodies as an “effective limb” for jumping (15, 41-44). Un-
like limbed animals, these limbless creatures face geometric and
muscular constraints that limit their ability to change their COM for
jumping (36).

We show that tiny, limbless nematodes can shift their COM using
their a-shaped body configuration to jump both forward and back-
ward, suggesting that they might use such bidirectional control
to locate suitable hosts (Fig. 2A). The COM shifting in EPNs is
governed by the head angle (x) and loop angle (), which together

Kumar et al., Sci. Robot. 10, eadq3121 (2025) 23 April 2025

define the takeoff angle (y) and determine the jump’s direction. EPNs
can achieve forward and backward jumps with nearly equal heights
of about (~20 BL) (fig. S2B). For context, humans can achieve for-
ward and backward jumps with heights of <1 BL (Fig. 8A).

Building on this principle, we demonstrate that simple, limbless
soft robots can also achieve forward and backward jumps. Our in silico
simulations reveal a rich phase space that serves as a design frame-
work for flexible, curved, soft robot jumpers. This phase diagram
opens previously undescribed design modalities for limbless jump-
ers, enabling precise and controlled jumping in various directions
using curvature and flexibility.

Stiffer cuticle essential for jumping
Nematode stiffness is key to facilitating low-power activities like

swimming, crawling, and nictation, contrasting with the higher
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power demands of jumping (41). Only a few nematode species can
jump (45), raising questions about the structural stiffness funda-
mental for this feat and its role in storing muscle energy as a spring.
We measured the stiffness of C. elegans and S. carpocapsae using
AFM, finding that jumping EPNs exhibit greater stiffness compared
with nonjumping C. elegans nematodes. The difference in nematode
stiffness is further highlighted by comparing cuticle thickness-to-
diameter ratios: S. carpocapsae has a ratio of 1:30, which is signifi-
cantly thicker than the C. elegans ratio of 1:88, indicating a much
thicker cuticle in EPNs (table S1) (28, 46). This cuticular thickening
is pronounced during the dauer stage, the only life stage of the nem-
atode that jumps, a trait essential to finding a host to complete its life
cycle. These structural adaptations, as our experiments with SoftfM
suggest, provide a mechanical advantage by providing a stiff layer
that supports the hydroskeleton, critical for storing energy in the
body curvature necessary for jumping.

C. elegans dauers cannot perform self-powered jumps but exploit
external electrostatic forces to leap during nictation (without loop
formation) under electric fields (>200 kV/m) (29). This highlights a
stark contrast in dispersal strategies: EPNs rely on internal energy
storage through a-loop formation and kink-driven mechanisms to
actively leap, whereas C. elegans leverages external environmental
forces for passive leaps. Neither species exhibits leaping behavior
outside the dauer stage, emphasizing the life-stage specificity of
these adaptations.

SoftJM robots

Nature may not invent wheels (47), but it certainly evolves jumpers
across taxa, from tiny sand fleas to giant humpback whales. Inspired
by these agile systems, engineers have developed various jumping
robots based on locusts, fleas, galagos, and others to navigate chal-
lenging terrains, including planetary surface exploration (48-51).
However, these robots have faced challenges such as large sizes and
masses, explosive power sources, safety concerns near humans and
other living creatures, and multifunctional performance on complex
surfaces such as granular matter (50, 52, 53).
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Drawing inspiration from the jumping mechanics of limbless
nematodes, we implemented two strategies to enhance jumping
performance in our soft robotic structures. First, by exploiting kink
instabilities, we doubled the jumping performance of our SoftJM
3 prototype, achieving up to ~16 BL (Fig. 6F). Second, by incorpo-
rating stiff CFs into the soft silicone matrix, our Soft/M 4 prototypes
(CF8, 3.5 g) increased the jumping height to 25 BL or 3.05 m (bas-
ketball hoop height in Fig. 7).

Our proof-of-concept designs overcome previous limitations of
jumping robots and introduce previously undescribed design motifs.
By using curvature for controlled directional takeoffs, shielding sharp-
pointed carbon fibers in the soft polymer for safe interactions, perching
using small magnets, and jumping on sandy substrates, we substan-
tially expand the operational envelope of soft robots. The use of flexible
rods as effective limbs opens possibilities for more-sophisticated geo-
metrical and topological instabilities that can be harnessed for previ-
ously undescribed classes of adaptive jumping structures.

MATERIALS AND METHODS
Culturing of the nematodes
EPNs (S. carpocapsae) were obtained from a culture in the labora-
tory of one of the authors (UC Riverside, Adler lab), where they
were kept in water and stored in a refrigerator. We used greater wax
moth larvae (Galleria mellonella, purchased from Carolina Biologi-
cal) (54) as a food source for the EPN culture. Petri dishes (9 c¢cm)
were lined with a filter paper (Whatman grade 1), and four or five
moth larvae were placed inside. To infect the larvae, a small amount
of EPNs suspended in droplets of water was added to each dish. The
infected larvae died within 3 to 4 days (55). The infected larvae were
placed in a petri dish with a small amount of water to transfer EPNs
from the infected larvae. Once the EPNs migrated into the water, we
collected and stored this EPN suspension in the refrigerator.

For the stiffness comparison, C. elegans was cultured on nema-
tode growth medium plates with E. coli strain OP50 as a food
source (56). These nematodes were also sourced from the laboratory

100f 14

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

of one of the authors (UC Riverside, Adler lab). We similarly trans-
ferred the C. elegans in water to extract dauer-stage C. elegans
and then stored the resulting suspension for experiments. Nema-
tode studies do not require approval from an institutional animal
care committee.

Nematode Young’s modulus measurement by AFM

We performed indentation tests to measure the mechanical behav-
ior of the nematodes. Before testing, the nematodes were anesthe-
tized in a solution consisting of 10 mM sodium azide (high purity,
VWR) in an M9 buffer solution. The anesthetized worms were then
transferred to the surface of a glass slide and covered with droplets
to fully submerge the nematode. A small amount of grease (high
vacuum grease, Dow Corning) was used to surround the droplet
and prevent the liquid from flowing away. The prepared slide was
then placed on the atomic force microscope (Asylum MFP-3D
Bio). An indenter of a 25-pm-diameter polystyrene sphere glued at
the end of the AFM probe cantilever was used to perform an in-
dentation test. The indenter was fully submerged in the droplet,
and the indentation tests were performed in the liquid environ-
ment for wet conditions. During the indentation test, the probe
was driven to approach the nematode surface and indent into the
nematode, and the force on the indenter and the displacement of
the indenter were recorded. The loading speed of the indenter was
0.1 pm/s, and the indentation depth was around 1 pm. The inden-
tation test was performed at the locations of the head, middle, and
tail for each sample, and at each location, three repeated tests were
performed. Additionally, for each kind of nematode, three samples
were tested.

Nematode Young’s modulus simulation
We used finite element simulations (ABAQUS/CAE 6.14) to analyze
the force versus displacement curves obtained from AFM indenta-
tion measurements and to determine Young’s modulus of the cuticle
of the worm. The geometry of the simulation is shown in fig. S1 (A
and B). The worm is composed of the cuticle part and the inner
fluid part. First, because the biological polymer material is widely
regarded as an incompressible material, the cuticle part was mod-
eled as an elastic solid with a Poisson’s ratio of 0.49 and a Young’s
modulus to be determined. Second, for the inner fluid part, the fluid
cannot sustain any shear load but can sustain volumetric load and is
nearly incompressible. Thus, the inner part was modeled as an elas-
tic, perfectly plastic material using the von Mises yielding criterion,
with a very small yielding stress and a Poisson’s ratio of 0.49. With
this model, effectively, the fluid part had a very small shear modulus
and a large bulk modulus. Additionally, the glass substrate and the
spherical indenter were modeled as rigid materials. Considering the
symmetry of the load and geometry, one-fourth of the worms were
built for the mesh and calculation, and symmetric boundary condi-
tions were applied to the corresponding surfaces. To simulate the
AFM indentation test, the indenter was approached and indented
into the nematode, and the force was calculated for all displacement
steps. By matching the simulation and experimental results, as
shown in fig. S1D, the modulus of the cuticle could be determined
(fig. S1).

After the modulus of the cuticle was determined, the bending
stiffness K of the nematode could be calculated

K=E’I (1)
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where E; is Young’s modulus of the cuticle for a nematode and I is
the moment of inertia. The moment of inertia could be calculated
as follows

)

The radius of the nematodes (R,,) was measured under the micro-
scope, and the thickness of the cuticle (t,,) was calculated by the ra-
tio of the cuticle thickness to body diameter, as shown in table S1.

Soft jumping model fabrication

To prepare SoftJM 1 and SoftJM 2, long latex balloons (twisted ani-
mal balloons, Mevkxlant) and plastic sheets (Shim stock, Artus cor-
porations) were purchased. To study the hydrostatic system inspired
by a nematode, deionized water was used to inflate the balloon to
the appropriate size for SoftJM 1. For Soft/M 2, the plastic strip
(thickness of 0.0318 cm) was cut to specific dimensions and at-
tached to the water balloon with an adhesive (Super Glue Corpora-
tion) to enhance its stiffness.

In Soft]M 3, the PDMS rod was synthesized by various propor-
tions of the PDMS and cross-linker (SYLGARD 184 silicone elasto-
mers, Dow Chemical Company). The ratios of PDMS to cross-linker
used were 5:1 and 33:1, resulting in elastic moduli of ~1.22 MPa and
94 kPa, respectively (table S3) (57). The mixtures were shaped and
cured in an oven at 80°C for 5 hours to achieve the desired form.

In the case of bidirectional Soft/M jumping, the head was fabri-
cated using a 3D printer and then attached to the silicone rod (fig.
S3A). As aresult, this addition of a 3D printed part creates an asym-
metry between the dorsal and ventral sides of SoftJM. The addition-
al mass shifts the COM in a forward direction with respect to the
contact point with the substrate, resulting in a forward jump (Fig.
2C). For a backward jump, we bend the 3D printed part’s (head)
angle toward the back, which leads to a backward jump. The dimen-
sions of the Soft/M 3 bidirectional model are detailed in fig. S3A,
whereas the dimensions for all other model variants are listed in
table S2.

Soft]M 4 incorporates a silicone rod reinforced with carbon fiber
(CF 0.51 mm-by-121.92 cm solid round carbon rod, Goodwinds
Composites) as a stiff skeleton. Silicone elastomers (vinyl polysilox-
ane) were procured (Elite double 32, Zhermack) for compositing
with carbon fibers as an internal backbone (58). The CF is fit within
the 3D printed mold shown in Fig. 7A. Silicone solution is prepared
by mixing the prepolymer base, curing catalyst in a 1:1 weight ratio,
and pouring this solution into the three-dimensional mold to so-
lidify before it dries at room temperature (5 hours).

For the perching experiment, we fabricated the magnetic Soft-
JM. We used the same protocol as SoftJM 4, but we added two small
neodymium magnets (2.5 mm by 1 mm) at one end of the Soft/M
during molding.

Cosserat rod simulations

To numerically simulate the opening dynamics and the takeoft of
the EPN, we simulated the opening of a rigid Cosserat rod that was
bent in the morphology taken by the EPN just before the jump. A
Cosserat rod is simulated as a central spine that consists of multiple
local reference frames along its length. These local reference frames
can independently rotate, translate, stretch, and shear as internal
and external forces are applied to the rod, thus emulating bend,
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twist, stretch, and shear. We used the Python package developed by
Gazzola et al. (23, 59) to simulate these dynamics. A detailed ac-
count of the theory of Cosserat rods can be found in (23). For our
simulations, we initialized the rod in a prebent configuration and
started the simulation by letting the rod relax open. Because our
simulations were happening at a length scale of 1 micrometer, a tim-
escale of microseconds, and masses in the order of micrograms, we
used two techniques to ensure numerical tractability during the
opening period of the simulated EPN. We scaled the mass and the
length scale of our simulations by 10° to avoid floating point errors.
We “ramped up” the stiffness of the Cosserat rod slowly to its maxi-
mum value in a time span of 20 ps to ensure the numerical stability
of this highly energetic release. In comparison, the opening time of
the Cosserat rod was significantly larger [© (100 ps)]. A substrate
was added below the Cosserat rod to act as a frictional point of con-
tact capable of providing infinite normal reaction forces. The capil-
lary adhesion between the EPN’s tail and the substrate was simulated
by adding a constant downward force on any part of the Cosserat
rod that was within one rod diameter of the substrate. The main
parameters used for our simulations are mentioned in table $4,
whereas all of the parameter values can be found in our simulation
code available online.

Nematode jumping setup and kinematic analysis

To observe an EPN’s jump, we placed a piece of filter paper verti-
cally and put a drop of the liquid medium containing the nema-
tode on the paper (fig. S2A). After that, we induced the nematode
to jump by giving excess humidity and exposure to carbon diox-
ide-rich air. The EPNs prefer to be in humid environments in the
wild (17), and the water loss rate is a key factor affecting the sur-
vival of S. carpocapsae on exposed surfaces (60). Therefore, we
maintained ambient moisture around the EPN with a small hu-
midifier during the experiments to control the water loss around
the EPN body.

We recorded the complete jump of the nematodes with a high-
speed camera (FASTCAM SA-Z, Photron Inc.) at a frame rate
between 10,000 and 30,000 frames per second (fps), whereas the
capillary latch breakage of the nematode was recorded at a higher
frame rate of 150,000 fps. To maintain ambient conditions for the
EPN, we controlled the water loss due to drying of the EPN by
adding a humidifier in the vicinity of the setup. We used various
zoomed lenses (Canon, MP-E 65 mm, or 10X microscopic lenses
mounted on a Canon, EF 200 mm) mounted onto the camera, and
we recorded the video from a side view using a bright-field back-
ground using light-emitting diode light (Andoer COB studio light,
KY-150 W). We recorded each nematode movement individually.
After the recording, we analyzed the video using the DLTdv8 app
(61) in MATLAB software. We digitized the tip of the head and tail
and calculated the body centroid of the EPN body. Further, we
used the data gathered from the videos; plotted x-y trajectories;
and calculated the displacement, speed, and acceleration for the
centroid position. For the curvature analysis, we used the kappa
plugin in ImageJ (62) to measure the curvature of the nematode’s
various postures.

The image in fig. S2A illustrates the setup for jumping nematodes.
Nematodes can jump bidirectionally with similar power in both di-
rections up to a maximum height of ~1 cm (fig. S2C). We observed
the opening of the worm’s a shape more closely (fig. S2B), and we
found that the nematodes can take off at different angles from a solid
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substrate. Nematodes can cover a maximum jump distance of ~1 to
4 mm and a jump height of ~4 mm to 1 cm (fig. S2D). The nema-
tode’s maximum speed is between 1 and 4 m/s, and it can achieve a
maximum acceleration of 40,000 m/s”. The total time of travel dur-
ing a jump ranges from 100 to 400 ms. The angle of takeoff (y, mea-
sured with respect to the positive x axis) is critical in determining the
direction of the organism’s jump (fig. S2E). When the angle of takeoff
is more than 90°, it jumps in the backward direction; otherwise, it
jumps in the forward direction (y < 90°).

The slender EPN spins in the air and exposes different configura-
tions during the jump (spinning) and landing. During jumping, air
resistance (drag) depends upon the physical properties of the fluid
and geometrical parameters of EPNs (63, 64). To understand the
geometrical effects, we calculated the Re on the basis of both the
length and diameter of the EPN. In both cases, we observed that the Re
dropped as the EPN went from takeoff to landing speeds, dropping
from ~53 to 5 when the Re was calculated on the basis of the length
and from ~1.8 to 0.26 on the basis of the diameter.

The Re is

_ pvL,
B

For the kinetic energy (K.E.) calculation of nematode jumping, the
K.E. (joules) is produced by the mass of the nematode (m = ~10~" kg)
and velocity (v) (65)

Re 3)

K.E. = lmv2
2

4)
The power output per unit mass (P) generated by the nematode
(~10* W/kg) can be calculated using K.E. divided by the loop open-

ing time (f, = ~100 pm) of the EPNs
_K.E._?

pP= =
m.t t

©)
C. elegans, a nematode similar in size to S. carpocapsae, can generate
a maximum muscle power of ~200 pW or ~200 mW/kg (66). By
contrast, the EPN S. carpocapsae can generate a maximum power of
~10* W/kg during the jump, after storing energy in their body’s cur-

vature by forming an a shape (table S9).

Statistical analysis

For statistical analysis, we conducted a one-way analysis of variance
(ANOVA) test (in Figs. 3D; 5G; and 6, F and G; and in fig. S5E) to
assess among group differences, followed by Tukey’s post hoc test to
identify statistically significant pairwise comparisons. The same sta-
tistical test was conducted for velocity, power, bending force, and
height in Fig. 7 (C to F), between CF1, CF4, and CF8, yielding a
P < 0.0001.

Supplementary Materials
The PDF file includes:

Supplementary Discussion
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