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16  Abstract
17 Natural surfaces that repel foreign matter are ubiquitous and crucial for living
18  organisms. Despite remarkable liquid repellency driven by surface energy in many
19  organisms, repelling tiny solid particles from surfaces is rare. The main challenge lies in the
20  unfavourable scaling of inertia versus adhesion in the microscale and the inability of solids
21  to release surface energy. Here, we report a previously unexplored solid repellency on a
22 honeybee’s comb: a catapult-like effect to immediately eject pollen after grooming dirty
23 antennae for self-cleaning. Nanoindentation tests revealed the 38-um long comb features a
24  stiffness gradient spanning nearly two orders of magnitude from ~25 MPa at the tip to ~645
25  MPa at the base. This significantly augments the elastic energy storage and accelerates the
26  subsequent conversion into Kkinetic energy. The reinforcement in energy storage and
27  conversion allows the particle’s otherwise weak inertia to outweigh its adhesion, thereby
28  suppressing the unfavourable scaling effect and realizing solid repellency that is impossible
29 in conventional uniform designs. We capitalize on this to build an elastomeric bioinspired
30 stiffness-gradient catapult and demonstrate its generality and practicality. Our findings
31 advance the fundamental understanding of natural catapult phenomena with the potential
32 to develop bioinspired stiffness-gradient materials, catapult-based actuators, and robotic
33 cleaners.
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Main text

Natural surfaces that repel foreign matter are pivotal for living creatures to survive in
surrounding environments with preferential functionalities, ranging from self-cleaning on lotus
leaves' and prey capturing on pitcher plants>® to fast locomotion of water striders*> and water
harvesting of desert beetles®. Despite the diversity, the manifestation of matter repellency
commonly necessitates a repulsive force sufficient to overcome the adhesive force of the matter
on the underlying surfaces. Gravity, for instance, is often used to compete against adhesion, as
vividly exemplified by rolling water droplets on lotus leaves! and sliding ants on pitcher plants?.

However, the gravity-based mechanism is only effective for particles with a diameter d, above

the millimeter scale, collapsing in the microscale’®. This is because, the gravitational force scales

as Fg~df,. However, the adhesive force scales as F,~d,, for both solid particles and liquid

droplets, according to the Johnson-Kendall-Roberts (JKR) contact model’ and the Young’s

equation-based derivations'®!!

, respectively. As a result, the adhesive force becomes dominant for
microscale particles. Interestingly, nature resorts to a surface energy release strategy to repel
microscale liquids, as widely found in insect wings, in which the coalescence of droplets into a
larger one results in the conversion of surface energy into kinetic energy to propel the jumping of
the merged droplet’!2. However, such a surface energy-induced jumping mechanism is not
applicable to solid particles with definite shapes, which cannot coalesce and release surface energy
due to their relatively stronger intermolecular interactions than liquid counterparts'®. The non-
releasable surface energy, coupling with the unfavorable scaling effect, makes it challenging to
achieve microscale solid repellency. Although electrodynamic screen technology can generate
electrostatic forces to repel particles from surfaces, it usually requires high voltage and consumes
substantial energy'#, hindering the practicality and calling for alternative strategies.

In nature, honeybees that frequently shuttle through pollen-rich flowers' are a well-known
example of manipulating microscale particles. During foraging, honeybees are contaminated by
microscale particles such as pollen and dust. These contaminants, if without being timely removed,
can lead to the obstruction of sensory organs, the transmission of bacteria and parasites, and even
the collapse of a whole colony in the long term'®. Although removing microscale particles from
surfaces has theoretically proven laborious, the ability of honeybees to effectively visit ~100
flowers in a single trip without frequent stops for cleaning'” implies a potential solution. Despite
extensive efforts in studying honeybee behaviors from individual to colony levels'®?}, how
honeybees efficiently deal with microparticle contamination has been largely unnoticed, while

revealing this could be the key to the development of solid-repellent materials.
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In this work, we report a solid repellency phenomenon in the comb of honeybees used for
cleaning their antennae. Nanoindentation tests showed that the comb features a stiffness gradient
spanning nearly two orders of magnitude from ~25 MPa at the tip to ~645 MPa at the base. This
stiffness gradient amplifies the catapult effect, enabling the comb to generate an amplified inertia
output that overcomes the originally dominant adhesion and thus repel the adhered pollen and dust.
We also develop an elastomeric bioinspired stiffness-gradient catapult and demonstrate its
potential in practical applications.

Solid repellency phenomenon

Honeybees forage between flowers on a daily basis, collecting nectar and pollen as food (Fig.
1a). At the same time, they are inevitably contaminated by solid particles such as pollen and dust
on their body, especially on the antennae used for sensing and probing food**. To sustain the
antennal function, they use a special antenna cleaner on their forelegs to groom contaminated
antennae (Fig. 1a and Supplementary Video 1)*. The antenna cleaner consists of a comb
responsible for grooming and a spur for locking (Fig. 1b). The comb is shaped like a semicircle
with a diameter d¢c = 177 um and comprises densely arranged hairs, each of which can be
modeled as a cylinder with a length [, = 38 um and a diameter d, = 6 pum (Fig. 1c¢).

Intuitively, a comb can be contaminated by particles during antennal grooming, and that’s
why additional maintenance of the comb is required, as also known for other groups of insects®®-
28 Honeybees, however, tend to clean their combs after antennal grooming at an occurrence rate
of 25% (Extended Data Fig. 1a), significantly lower than other insects, such as southern green
stink bugs (90%), ants (100%)?’, and cockroaches (100%)*® (Extended Data Fig. 1b). The largely
lower occurrence rate of comb maintenance in honeybees implies that their combs may be able to
minimize the adverse contamination by repelling adhered particles from comb surfaces. Indeed,
only little pollen is found on the surface of a honeybee’s comb (Extended Data Fig. 2). Most of the
pollen is distributed on the base-to-middle part, leaving the middle-to-tip part almost
uncontaminated (Extended Data Fig. 2).

To characterize how the honeybee’s comb prevents being contaminated, we digitalize the
antennal grooming process using high-speed videography (Fig. 1 d and e, Supplementary Video
2). We contaminate the honeybee’s antennae with 25-pum silica particles, which are similar in size
to the pollen we found on the honeybee’s comb surface (Extended Data Fig. 2). The honeybee first
lowers the contaminated antennae and puts it into the comb, followed by moving the comb
downward to groom the antennae from the base to the tip. When reaching the antennal tip, the

comb stays there for a while (ranging from a few milliseconds to ~100 ms) and suddenly detaches
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from the antennae. About 6 ms later, we observe the solid repellency phenomenon as evidenced
by many particles being repelled from the comb. Quantitative analysis of the comb surface show
that the number of adhered particles only accounts for ~1% of the total, with ~99% being repelled
(Fig. 1 f and g). The average velocity of the repelled particles is ~0.49 m/s, approximately one
order of magnitude larger than that generated by gravity (0.06 m/s) (Fig. 1h). Thus, we conclude
that the solid-repellent phenomenon should originate from a catapult mechanism rather than
gravity?.

To further determine the solid repellency performance, we challenge honeybees with mixed
silica particles of sizes from 1 um to 30 um, covering the common size of various pollen and dust
in the air’’. Careful inspection shows that a few particles are still adhered to the comb surface,
most of which are in the size range below 5 um (Extended Data Fig. 3 a and b). The sizes of
adhered particles gradually increase from the tip to the base of the comb, indicating a location-
dependent solid repellency performance (Extended Data Fig. 3c).

Catapult mechanism

The catapult mechanism for solid repellency is distinct from the surface energy-driven liquid
repellency. As shown in Fig. 2a, upon contact, two liquid droplets initially adhered to a surface
will coalesce and convert their surface energy into kinetic energy’, which generates a force F
sharing the same scaling law as the adhesive force and ultimately propels the coalesced droplet to

jump with a velocity of v~./op/p,d,, where 0, and p, are the liquid surface tension and mass

density’. However, two contacting solid particles are unable to merge, and there is no surface
energy release for repellency (Fig. 2a).

We hypothesize that the insect’s comb harnesses elastic energy as an alternative to surface
energy to catapult particles into the air, similar to what is known in plants and fungi 32, This
hypothesis is based on the potential elastic energy storage of the deformed comb when grooming
larger-diameter antennae (Extended Data Fig. 4). Once detaching from the antennae, the deformed
comb hair immediately recovers to its initial state, transforming the stored elastic energy into
kinetic energy. In this regard, the adhered particle experiences phases of acceleration and
deceleration in synchrony with the comb hair, until it is catapulted from the comb (Fig. 2b). As a
result, the adhered particle is subject to a constant adhesive force F, and an inertial force F; that
temporally changes in magnitude and direction as the acceleration varies (Fig. 2b). Here
electrostatic repulsion and gravity are too small and can be neglected. The dynamic competition

between F; and F, directly determines the onset of the catapult-driven solid repellency. When
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F; — E, = 0, particles can be catapulted; otherwise, particles remain adhered (Fig. 2b). Satisfying
F; — E, = 0 requires that Fj points in the opposite direction to F, and has a magnitude relatively
larger than F,, which means that the catapult-driven solid repellency only occurs during the
deceleration phase (Fig. 2b).

To pin down the critical requirements on the acceleration for the onset of catapult-driven solid
repellency, we resort to a force analysis on particles of different sizes. Using atomic force
microscopy (AFM) equipped with particle-modified probes®’, we measure the adhesive force of
silica particles with diameters of 5, 10, 15, and 25 um (Extended Data Fig. 5a) and demonstrate
that the adhesive force is independent of the contact duration in the millisecond timescale

(Extended Data Fig. 5b). Fitting the experimental data with F, = kd,°, we determine k =
5.23 nN/um (Fig. 2c). On the other hand, the inertial force of particles can be calculated as F; =
ndf;ppa /6, where p, and a are the mass density and acceleration of particles, respectively. To
better understand the competition between the two forces, we conduct a case analysis in which the

curve of F; with respect to dy, is plotted under a = 10* m/s? and compared with that of F, in
Fig. 2c. We find that F; gradually increases from a value smaller than F, to larger than F, when
d,, increases, indicating a transition from the adhesion-dominant domain to the inertia-dominant
domain. This transition involves an intersection point, which determines the lower limit of
repellent particle size under a given acceleration (Fig. 2c). Equating F; with F,, we can derive the
critical a required for catapulting a particle of d, as a~d3?, elucidating the unfavorable scaling
effect that makes tiny particles of d,, < 10 pm more difficult to be repelled (Fig. 2d).
Stiffness gradient-amplified catapult effect

We next probe how the honeybee’s comb copes with the unfavorable scaling effect. We
qualitatively examine the material properties of the comb by using confocal laser scanning
microscopy (CLSM), a well-established method that can indicate the presence of elastic resilin,
less-sclerotized, and highly sclerotized materials®*. In the CLSM image, the autofluorescence of
elastic resilin, less-sclerotized, and highly sclerotized materials are shown in blue, green, and red,
respectively. From the CLSM image of the comb, we find a prominent spatial difference in material
compositions (Fig. 3a). The tip of each comb hair is resilin-dominated whereas the base is strongly
sclerotized, with a gradual transition in between, which suggests a stiffness gradient from the soft
tip to the stiff base. To further quantify the stiffness gradient, we measure the Young’s modulus
along a fresh comb hair via AFM nanoindentation tests. The Young’s modulus shows an

exponential growth from ~25 MPa at the tip to ~645 MPa at the base, spanning nearly two orders
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of magnitude in the 38-um-long comb hair (Fig. 3b). The change in Young’s modulus along the
comb hair can be described by a stiffness gradient coefficient & = 3, expressed as
6 =A(nE)/A(l/l,) (See Methods).

We resort to an analytical modeling to determine the role of the unique stiffness gradient in
the catapult-driven solid repellency. As shown in Fig. 3c, the maximum reverse acceleration a
generated at the tip of the comb hair exponentially increases with increasing &, which can be

1448 \where e is a mathematical constant following Ine = 1. Specifically, for

dicpted by a~e
honeybees (8§ =3), the tip of the comb hair can produce a maximum a of 4.2 X 10° m/s?,
approximately two orders of magnitude greater than that of the uniform counterpart (§ =0)
(Extended Data Fig. 6). As a consequence, the inertial force boosts and outweighs the adhesive

force, successfully triggering the solid repellency (Extended Data Fig. 6). Based on a~d, 2 the
corresponding critical d, can be derived as dp~e_0'725, displaying a rapid decline with linearly

increasing & (Fig. 3c). Thus, the presence of stiffness gradient plays an essential role in achieving
enhanced catapult performance to suppress the unfavorable scaling effect for solid repellency. The
boost in catapult performance through stiffness gradient can be interpreted from the energy
perspective. Under the same deformation conditions, the stiffness gradient augments the elastic
energy storage of the honeybee’s comb hair by ~8 times compared to the uniform counterpart (Fig.
3d), providing sufficient energy sources for conversion into kinetic energy. In addition to
increasing the energy storage, the stiffness gradient accelerates the energy conversion process
through a ~90% reduction of energy conversion duration, defined as the time from the initial
release of the comb to the recovery of up to 95% of its deformation (Fig. 3d and Extended Data
Fig. 7a).

The solid repellency performance is also sensitive to the location of adhered particles on the
honeybee’s comb hair. Extended Data Fig. 7b plots the maximum acceleration a along the comb
hair, which exhibits a strong negative correlation with the normalized distance [/l;. As shown in
Fig. 3e, when the normalized distance [/[, increases, the acceleration gets smaller and thus the

~05 " indicating the location-dependent

critical d, gets larger owing to the relationship d,~a
solid repellency performance. We further build a phase map that reveals the effects of stiffness
gradient and spatial location on the onset of solid repellency (Fig. 3f). The region of the comb hair
that can catapult a certain size range of particles expands as § increases. Focusing on the region
where the honeybee’s comb is in direct contact with antennae (I/1, < 0.4), the stiffness gradient

coefficient of § = 3 in the honeybee’s case renders the repellency of particles with a diameter
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above 5 pm (Fig. 3f), a range where most plant pollen and dust in the air are distributed®’. Further
increasing 6 would not obtain notable improvement in solid repellency performance (Extended
Data Fig. 7¢), but generate a larger contact force that may adversely impair the sensory function
of honeybees’ antennae under repeated grooming (Extended Data Fig. 7d). Consequently, the
manifestation of § = 3 may be an optimal choice for honeybees to attain both flexibility and
sufficient solid repellency ability, which endows them an evolutionary advantage for energy-
efficient interactions with pollen-rich environments.

Generality and application

To demonstrate the generality of the stiffness gradient-amplified catapult for solid repellency,
we design a scaled-up stiffness-gradient catapult (SGC) that mimics the biological counterpart. We
fabricate the artificial SGC by leveraging a spontaneous diffusion process to preferentially
rearrange the gradient distribution of chemical components such as water, cross-linkers and
monomers (Fig. 4a). The AFM nanoindentation test shows that the Young’s modulus of SGC
gradually increases from ~2 MPa at the tip to ~150 MPa at the base (Fig. 4a). In contrast, without
the presence of stiffness gradient, the Young’s modulus along the control sample keeps almost
constant at ~2 MPa. The as-fabricated SGC can be further installed onto a motor-driven fixture
serving as a self-cleaning cleaning robot for maintaining outdoor infrastructure such as solar panels
(Fig. 4b). The SGC-based robot generates a maximum a of ~2 X 103 m/s? and shows a ~91%
repellent fraction for 25-pum silica particles, which are approximately 10 times and 8§ times higher
than the control sample (Fig. 4c and Extended Data Fig. 8). Owing to the superior solid repellency
ability, the SGC-based robot keeps a higher cleaning efficiency under 12-cycle contamination tests,
enabling the solar panel system to sustain a higher electric power output even comparable to the
uncontaminated state (Fig. 4d, Extended Data Fig. 9 and Supplementary Video 3). By contrast, the
uniform plate fails to spontaneously remove particles from its surface, and these accumulated
particles further cause poor contact between the uniform plate and the solar panel (Extended Data
Fig. 10), leading to rapid degradation of the cleaning efficiency over multiple cycles.

In summary, we have shown that the honeybee comb acts like a microscale catapult to repel
adhered particles through the stiffness-gradient amplified catapult mechanism. The material
gradient from soft tips to stiff bases has been found in adhesive hairs in the attachment systems of
insect legs®. Such a material gradient has proven to enhance the adhesive force through a
mechanism in which stiff bases prevent the clusterization of adhesive hairs, while soft tips improve
the contact formation of the attachment system to the substrate*®. The role of the material gradient

in adhesion may also apply to the honeybee comb that needs to adhere to the pollen to clean the
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antennae: The soft tip adapts to various particle geometries while the stiff base avoids hair
clumping. Since the comb needs to repel the attached pollen afterwards, there is a trade-off between
enhancing adhesion and enhancing repellency through material gradient, making the honeybee
comb an intriguing model for further investigation of optimal material design in bioinspired robotic
systems. In addition, catapult mechanism that can modulate power output has been widely
manifested by living creatures for specific functions®’, such as the deadly strike of mantis shrimps
for preying’’ and the ballistic jaw mechanism of trap-jaw ants for preying and locomotion®®.
Further improving the power output has been reported to require the use of multiple catapults, such
as a dual-catapult system inspired by the dragonfly larvae®. Our proposed stiffness gradient-
amplified catapult mechanism provides an alternative solution that does not require the additional
system components. The biological insight of rectifying elastic energy into kinetic energy via the
stiffness-gradient catapult also expands the exciting domain of efficient energy conversion in

140

nature, such as the surface energy-driven spore dispersal*’ and the humidity-driven seed drilling*!,

and sheds light on developing bioinspired heterogeneous materials and power-modulated systems

with promising applications including soft actuators and robotics***>9,
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Figure legends

Fig. 1 | Solid repellency phenomenon on the honeybee’s comb. a, A honeybee using its foreleg
to groom its antennae during foraging. b, Scanning electron microscopy (SEM) image of the
honeybee’s antenna cleaner, consisting of a comb and a spur. ¢, SEM image of the semicircular
comb comprised of densely arranged hairs. Here d: denotes the diameter of the comb, [, and d,,
denote the length and diameter of the comb hair. The scale bar of the inset is 5 um. d, e, Optical
images (d) and schematics (e) of solid repellency phenomenon on the honeybee’s comb during
antennal grooming. f, The comb surface remains almost uncontaminated after grooming antennae
contaminated by 25-um particles. g, The fraction of repelled particles and adhered particles. Data
are presented as mean + standard deviation (s.d.) (n=3). h, Comparison of the particle velocity
between the measurements and the gravity-based prediction. The gravity-based prediction value is
much lower than the measurements, suggesting that the solid repellency may be driven by a
catapult mechanism. In the box plot, the box denotes the 25th—75th percentiles, the center line
denotes the median, the square point denotes the mean, and the whiskers denote the full data range

within 1.5 IQR (interquartile range). The circle points denote the individual measurements (n=19).

Fig. 2 | Critical requirements for catapult-driven solid repellency. a, Comparison analysis
between liquid repellency and solid repellency. Here F is the force generated during the
coalescence of liquid droplets. And v is the initial velocity of the merged droplet, expressed as
VN\W , where g, and p, are the liquid surface tension and mass density, respectively. b,
Force analysis during the catapult-driven solid repellency process. ¢, The adhesive force F, and
the inertial force F; of particles with respect to the diameter dp. In each box plot, the box denotes
the 25th—75th percentiles, the center line denotes the median, the square point denotes the mean,
and the whiskers denote the full data range within 1.5 IQR. The circle points denote the individual
measurements. Here n=28, 29, 31, and 28 for 5-, 10-, 15-, and 25-pum particles, respectively. The
dashed, blue line is the fitted curve for the adhesive force. The solid, red line denotes the theoretical
prediction of the inertial force. d, Critical acceleration a required for solid repellency of particles
of dp. The required magnitude of critical a sharply increases as dp < 10 pm, elucidating the

unfavorable scaling effect.

Fig. 3 | The stiffness gradient-amplified catapult effect. a, Confocal laser scanning microscope

image showing a prominent stifftness gradient from a soft tip to a stiff base in the honeybee’s comb.

10
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The blue, green, and red color indicate the autofluorescence of elastic resilin, less-sclerotized, and
highly sclerotized materials, respectively. b, Measurements of Young’s modulus along a fresh
comb hair showing a stiffness gradient across approximately two orders of magnitude (n=10). The
comb hair has a stiffness gradient coefficient § of 3, calculated by 6 = A(InE)/A(L/ly). In each
box plot, the box denotes the 25th—75th percentiles, the center line denotes the median, the square
point denotes the mean, the whiskers denote the full data range within 1.5 IQR, and the diamond
points denote outliers. ¢, The maximum acceleration a exhibits a positive exponential
relationship with stiffness gradient coefficient § while the critical diameter dp exhibits a
negative one with & for the tip of the comb hair. d, The stiffness gradient coefficient § augments
the elastic energy storage and shortens the energy conversion duration. The values of energy
storage and conversion duration are normalized relative to the value for the uniform case (6 = 0).
The energy conversion duration is defined as the time from the release of the comb to the recovery
of 95% of its deformation. e, The location-dependent solid repellency performance of the comb
hair. Data are presented as mean =+ s.d. (n=3). The inset is the SEM image of the comb surface
after grooming antennae covered with 1-30 pum silica particles. f, Phase map for the solid

repellency under the influences of the stiffness gradient and spatial location.

Fig. 4 | Application of the stiffness gradient-amplified catapult mechanism for solid
repellency. a, Young’s modulus along the bioinspired stiffness-gradient catapult (SGC) (shown in
the inset) and the control sample with a uniform stiffness. Data are presented as mean + s.d. (n=3).
b, Optical image of the self-cleaning solar power system that consists of the SGC-based robot and
a solar panel. ¢, Comparison analysis on the maximum acceleration and repellency fraction
between the SGC-based robot and the control sample. Data are presented as mean =+ s.d.. For the
measurements of maximum a, n=5 for SGC-based robot and n=4 for the control sample. For the
measurements of repellency fraction, n=3 for both SGC-based robot and the control sample. d,
The system with the SGC-based robot can generate a higher electric power output comparable to

the uncontaminated one, much higher than the control sample. Scale bars, 10 mm.

11
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Methods
Sample collection

The Apis mellifera ligustica honeybees were collected from Guangzhou, Guangdong, China
(23.13° N, 113.27° E) and housed in outdoor beehives. The honeybees were fed a 1500-g mixture
of water, sugar, and pollen with a mass ratio of 6:4:3 once a week. All experiments were performed
on randomly selected worker honeybees. We verified that no permissions were required to access
these locations and that no endangered or protected species were involved in the experiments.
Scanning electron microscopy

The honeybee foreleg and antenna samples were soaked in 2.5% glutaraldehyde for 3 hours
at 25 °C. Subsequently, they were cleaned with 0.1 mol L' phosphate buffer (pH=7) and
dehydrated with 70% to 100% ethanol (concentration increment: 10%). Next, the samples were
processed with tert-butyl alcohol for permutation, oven-dried for 10 min, and coated with gold
palladium for 60 s. Finally, the samples were observed using a scanning electron microscope (SEM)
(FEI Quanta 200, Czech Republic) in the high-vacuum mode at 15 kV.

High-speed video of the solid repellency phenomenon in honeybees

We put a honeybee into a 5-ml microcentrifuge tube (Nantonghairui, China) to restrict its
locomotion during the experiments. The honeybee’s forelegs were carefully adjusted to ensure that
it could freely groom its antennae. Then we used a cotton bud covered by 25-um silica particles to
contaminate the honeybee’s antennae to stimulate the antennal grooming process. At the same time,
the grooming behavior was filmed using a high-speed camera (Phantom, Micro LC310, USA)
equipped with a macro lens (Canon, EF100mmf{/2.8LISUSM, Japan) from a front view. The frame
rate was set as 1000 frames per second (fps).

Characterization of adhesive force of particles

We resorted to atomic force microscopy (AFM) equipped with particle-modified probes to
determine the relationship between the size and adhesion of particles on the honeybee’s comb
surface based on a previously established method?®. Conducting quantitative characterization of
size effects on natural pollen is challenging due to the irregular and incontrollable geometry. By
contrast, silica particles that feature regular spheres with controllable diameter make them an ideal
candidate for quantitative examination. Together with that dust is another major contamination
source for insects, most of which contain silica, we therefore chose silica particles for further
investigation. As a preliminary, we modified commercial cantilever tipless probes with silica
particles of different sizes, including 5, 10, 15, and 25 pm. For example, we adhered a 5-pum

particle upon the tip of a probe using epoxy glue under AFM and immediately placed the probe
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upside down to avoid particle shedding during 16 hours of glue curing. Additionally, we prepared
six fresh forelegs, glued them on a glass slide, and placed them under a scanning probe microscope
(SPM) (Dimension Fast scan Bio, Bruker, USA) to measure the adhesive force of particles on the
comb surface. We preloaded the particle-modified probe to enable the silica particle to be firmly
in contact with the comb surface. After 50 ms of contact duration, the probe was actuated to retract
from the comb surface. The adhesive force, defined as the minimum value of pull-off force during
the retraction of the probe, was measured simultaneously®. The data were processed and analyzed
in Nanoscope Analysis software (2.0, Bruker, USA).
Confocal laser scanning microscopy

To characterize the material composition and distribution of the honeybees’ comb, we
employed a previously established method based on confocal laser scanning microscopy
(CLSM)***’_ A fresh honeybee comb sample was placed into a test petri dish (diameter=35.00 mm,
height=9.90 mm) filled with glycerol (99%, Macklin, China). Then the presence and distribution
of the materials in the comb sample were visualized with the confocal laser scanning microscope
(TCS-SP5, Leica, Germany) equipped with four solid-state lasers (wavelengths: 405, 488, 561,
and 633 nm). To visualize the autofluorescence of the elastic resilin, the excitation 405 nm laser
line and a bandpass emission filter transmitting 420-480 nm were used. To visualize the
autofluorescence of less-sclerotized cuticle, the excitation 488 nm laser line and a bandpass
emission filter transmitting 495-560 nm were used. To visualize the autofluorescence of the highly
sclerotized cuticle, the excitation of 561 nm and a bandpass emission filter transmitting 570-630
nm as well as the excitation of 633 nm and a bandpass emission filter transmitting 640-700 nm
were used. We then created maximum intensity projections by means of the Leica Application
Suite Advanced Fluorescence (LAS AF) software (Leica Microsystems). In the obtained RGB
CLSM images, the resilin autofluorescence was shown in blue, the less-sclerotized cuticle
autofluorescence was shown in green, and the highly sclerotized cuticle autofluorescence was
shown in red.
Nanoindentation tests for materials property characterization

To quantify the Young’s modulus of the comb, we performed nanoindentation tests on the
fresh comb samples using AFM. Samples were examined in water (liquid phase) at a temperature
of 21 °C immediately to prevent the onset of dehydration. We conducted the nanoindentation
operations using a scanning probe microscope (SPM) (Dimension Fast scan Bio, Bruker, USA)
equipped with a probe (PFQNM-SMPKIT-12 M, Bruker, USA) for liquid phase examination. We
set the indentation depth at 50 nm, only about 0.81% of the thickness of the indented comb hair to
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avoid any potential influence of the underneath substrate on the measurements of Young’s
modulus®’. We used NanoScope Analysis software 2.0 (Bruker, USA) to visualize and process the
experiment data.
Derivation of the stiffness gradient coefficient

From the logarithmic plot (Fig. 3b), we found a linear relationship between the Young’s
modulus in logarithmic form (InE) and the normalized distance [/l,. It means that InE is
proportional to [/l,, and the proportion solely depends on the slope of the linear curve. As a result,
the Young’s modulus change can be described by the value of the slope, also known as the stiffness
gradient coefficient §. By denoting the change in [/l as A(l/l,) and the corresponding change

in InE as A(InE), we can derive the equation of the stiffness gradient coefficient § as

A(InE)
= (1)
A(l/1o)
After that, we can determine Young’s modulus in logarithmic form along the beam as:
l
InE = 6(l—)+lnEo (2)
0

Here E, is 25 MPa, the value of Young’s modulus of the tip of the comb hair (I = 0). Based on
Eq. (2), we can obtain the exponential distribution of Young’s modulus along the beam

E = EedWh) 3)
Here the lower case e is a mathematical constant that follows Ine = 1. By fitting experimental
data with Eq. 3, we can determine the value of § for the honeybee comb.

According to Eq. (3), we can control the stiffness gradient of the beam through the value of &
to explore the stiffness influence. For example, when & = 0, the term of e3(/%0) is a constant
value of 1 regardless of the change in [, which means that there is no stiffness gradient along the
beam (i.e., uniform case). Otherwise, the beam has stiffness gradient and the gradient extent is
dependent on the magnitude of §.

Analytical model

Before conducting dynamic simulations, we need to determine the initial deformation of the
comb hair based on a static force analysis. We modeled the comb hair as a non-uniform cantilever
beam with a length [;, second moment of inertia / and gradient stiffness (Young’s modulus E).
For simplicity, we considered the most conservative case in which the comb hair directly comes
into contact with the antennae, corresponding to an amount of elastic energy storage in the comb
hair smaller than in other cases involving particles. When grooming the antennae, the comb hair

would deform to shorten its total length by 16 um in the longitudinal direction owing to the size
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mismatch with the antennae. At the deformed state, the part of the comb hair that is in direct contact
with the antennae should maintain straight because of the smooth surface of the antennae, and have

an angular deformation of 90° relative to the undeformed position. The rest part should gradually

deform from the fixed end and smoothly coordinate with the straight part. Such a deformation
behavior, including a curved part and a straight part, can be achieved by perpendicularly inserting
a concentrated force P on the beam.

Next, we determined the settings of the force P, including its magnitude and place of
application. We first built a global coordinate OXY to describe the deformation behavior, in which
the origin locates at O, the x-axis aligns with the comb hair, and the y-axis is perpendicular to the
x-axis. Also, we built a local coordinate O/ fixed to the comb hair, featuring a shared origin O with
the global one and an /-axis always aligning with the centroidal axis of the comb hair. The
deformation behavior at / of the comb hair can be described by ¢ (1), x(l) and y(l), denoting
the angular deformation of the centroidal axis, the length in the x-direction, and the deflection in
the y-direction, respectively. Since the deflection of the comb hair was comparable to its

8

dimensions, we adopted the large-deflection theory of the Euler-Bernoulli beam*® and got a

nonlinear differential equation governing the deformation behavior of the comb hair as *

d d .
. (EI d—‘f) + Psin ((l) +2- ¢>(0)>=0 (4)
which is subject to the boundary conditions as
$(0) =0
d¢ )
a (H=0

We considered the length of the curved part as the effective length of the modeled beam in the
calculations. Using the above equations, we can determine the slope of the whole deformed comb

hair. After determining the slope, we can calculate x(1) and y(l) from the relations below

( l

x(l) = fcos(d))dl

4 ° (6)
y® = [ sin(@)a

\ 0

The derived formulations belong to the nonlinear two-point boundary-value problems and are
usually solved with complex iterative methods. To simplify the solution, we adopted a
commutation method by introducing a new variable z(l) = ¢(I) + a — ¢p(lp) to replace ¢ (1),

which reduces the boundary-value problem to the initial-value problem as >°
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4 (EI %) + Psin(z) = 0 (7)

dl dl
with initial and supplementary conditions as
z(lp) =«
dz d¢
E(O) _E(O) =0 (8)

20) = $(0) +3 = d(Up) =5~ $(1»)

Here [p denotes the application place of the force P. Using the fourth-order Runge-Kutta method
to solve the initial-value problem, the settings of the force P can be obtained, which allows us to
further determine the initial deformation behavior of the comb hair.

Based on the obtained initial deformation, we simulated the vibration of the comb hair using
the finite element method (COMSOL Multiphysics 5.6). Because the hair’s deformation is in-plane,
we selected a two-dimensional analysis rather than a three-dimensional one for calculation
simplification. We used stationary and time-dependent studies to compute initial deformation and
transient vibration. We chose the beam interface in structural mechanics to build a 1D Euler-
Bernoulli cantilever beam model of the comb hair. The geometry and materials properties of the
model, including linear elasticity and gradient stiffness, are assigned based on the experimental
data. As the experimental data of Young’s modulus can be fitted as E = 25e%/% MPa, we can
readily change the stiffness gradient through the stiffness gradient coefficient §, for example, § =
0 corresponding to uniform stiffness and § = 3 for honeybee’s comb. Note that the properties of
the uniform beam are the same as those of the stiffness gradient beam except for Young’s modulus.
Owing to the difficulty in examining the damping of this tiny biological structure, a widely adopted
Rayleigh damping method>!-*3, in which the damping matrix is proportional to a linear combination
of the mass and stiffness matrices, is assigned to the comb hair model. Then we set up the boundary
conditions, including the free and fixed ends, and apply the force conditions obtained from the
above section to the model. To save the calculation time, we discretized the 1D hair model with a
line segment mesh of coarse element size. To obtain the dynamics of the whole comb hair, we
selected 11 nodes uniformly distributed along the comb hair. The time-varying displacements of
these nodes can be simulated and fitted to calculate the time-varying accelerations in MATLAB
software (R2021b). We then determined the value of the maximum reverse acceleration for each
node during the vibration process as well as the corresponding critical size of particles that can be
catapulted. Moreover, the elastic energy storage and the energy conversion duration for various §

were also calculated through the finite element method and compared to reveal the influence of
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stiffness gradient.
Fabrication of the bioinspired stiffness-gradient catapult

Materials: Acrylic acid (AAc), choline chloride (CCl), poly (ethylene glycol) diacrylate
(PEGDA, Mn = 700), 2-Hydroxyethyl methacrylate (HEMA), 2-hydroxy-4'-(2-hydroxyethyl)-2-
methylpropiophenone (photoinitiator 2959), and Rhodamine 6G were purchased from Sigma-
Aldrich (China) and used without further process. Deionized water (18.2 MQ-cm) was used in all
experiments.

Preparation: The basic formulation for fabricating an elastomer comb comprises ionic
monomer (mixture of AAc and CCIl), resin monomer (HEMA), cross-linker (PEGDA 700),
photoinitiator (2959), and a specific amount of deionized water. Generally, the stiffness of a
fabricated elastomer comb is positively correlated to the concentration of cross-linker and polymer
in the cured solution, and one type of homogenous solution corresponds to one stiffness. When
solutions of different concentrations are put together, the chemical elements spontaneously diffuse
from high to low concentrations and gradually form a spatial gradient distribution. We chose three
different concentrations of the solution, named solutions A, B, and C, which correspond to stiff,
medium, and soft parts, respectively. We started with synthesizing a homogenous ionic monomer
solution by mixing 14.5 g of AAc and 14 g of CCl and heating the mixture at 80 °C for 2 hours.
For solution A, the ionic monomer solution was blended with 66.7 wt% (referred to as the amount
of ionic monomer) of HEMA, 1 wt% of PEGDA, 1 wt% of 2959 under ultrasonication for forming
a homogenous solution at room temperature. For solution B, the ionic monomer solution was
mixed with 66.7 wt% of HEMA, 1 wt% of PEGDA, 2 wt% 0f 2959, and 66.7 wt% deionized water.
For solution C, the ionic monomer solution was mixed with 66.7 wt% of HEMA, 1 wt% of PEGDA,
2 wt% of 2959, and 166.7 wt% deionized water. We subsequently added solutions A, B, and C to
a customized mold at a volume ratio of 1:1:1 in turn and cured the solution in the mold under a
UV lamp (purchased from Alibaba.com) for 40 minutes. The cured samples were washed with
water to remove potential residual monomers and dried with airflow. After that, the stiffness
gradient catapult (SGC) was obtained. To visualize the gradient stiffness, we colored solutions A,
B, and C red, yellow, and blue by adding a very small amount of Rhodamine 6G, yellow, and blue
dye (purchased from Alibaba.com), respectively. We also manufactured the control sample with
uniform stiffness cured from solution C. The total volumes of solution used to fabricate the SGC
and the control sample were the same.

Construction and characterization of the SGC-based cleaning robot
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To test the solid repellency performance, we first developed a SGC-based cleaning robot by
mounting the SGC on a motor-driven customized 3D-printed fixture. We then actuated the robot
to sweep a surface covered with 25-um silica particles and recorded the whole process using a
high-speed camera (PhotronFASTCAM SA4) at 2000 frames per second. We analyzed the videos
in the Tracker software for acceleration determination. To obtain the amount of the particles
repelled, we measured the amount of the repelled particles by calculating the total area of particles
departing from the SGC-based robot using an image processing program (ImagelJ). We also
measured the total area of the residual particles on the surface of the SGC-based robot, which
allowed us to calculate the repellent fraction.

To demonstrate the practical potential, we engineered a self-cleaning solar panel system by
integrating the SGC-based cleaning robot with a commercial solar panel. We tested an area of
4 X 4 cm? on the solar panel owing to the limited motion range of the motor. We conducted
multiple consecutive cycles of contamination tests on the tested area by simulating the severe
soiling conditions in arid/semiarid regions with frequent sandstorms. In each cycle, we
contaminated the solar panel system with excess dust and actuated the SGC-based cleaning robot
to sweep the solar panel surface. A digital sourcemeter (Keithley 2400) was used to measure the
power generation performance of the tested area on the solar panel before and after cleaning with
the rest area covered by an opaque patch. There was no additional manual maintenance on the
cleaning robot between cycles. The same experiment procedures and conditions were applied to
the control sample.

Statistics & Reproducibility
We carried out the statistical analyses using Origin software. The sample sizes and experiment

repetitions are stated under each graph.
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Data availability

Source data are provided with this paper.

Code availability

The custom-made code is publicly available in https://github.com/WinnJiang/Bee-code.
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