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A B S T R A C T

The intriguing non-sticky and free-forward performances of grubs against soil deeply attract our interests. In this
study, the life cycle and body morphology of a kind of grubs, larvae of Japanese rhinoceros beetles, are in-
troduced. The uniformly oriented hierarchical micro structures pattern on the back epidermis is firstly reported.
The rotating and forwarding motion configuration of grubs in soil is unraveled. The friction and adhesion
properties of grubs are evaluated and compared with typical materials. The biological electroosmosis induced
adhesion reduction effect and the hierarchical structures pattern induced anisotropic friction feature are high-
lighted.

1. Introduction

In agricultural machinery, a mechanical action in direct contact
with soil is always accompanied by adhesion and friction processes at
the surface/interface. Soil adhesion can increase the frictional re-
sistance of vehicles on soft or wet ground [1–3]. Excessive soil adhered
on soil-engaging components of earthmoving machines, such as ex-
cavator buckets or bulldozer blades, would reduce the work efficiency
to about 30-50% at the expense of additional energy consumption [4].
The existing literatures reported that strategies of applying additional
vibration [5], injecting gas or liquid onto the surfaces [6], heating the
surfaces [7], can all reduce the soil adhesion and friction forces to some
extent, while these methods are complex, expensive, and hard for
practical applications. The ideal techniques should have advantages of
simple structure, convenient maintenance, and no additional manip-
ulation [8].

Bionics approach seems to be a candidate to achieve this goal.
Through millions of years, soil organisms have evolved their body
structures to achieve maximal performances in responding and
adapting to changes in the nature [9–18]. Setae on gecko’s foots con-
tribute to a strong adhesion force for attachment and excellent self-
cleaning capability [19,20]. Micro convex hollows on dung beetle’s
head endow a special ability to move dungs without sticking [21,22],
and setae on its ventral surface and outside legs create a non-adherent
interface [23]. Squama-form surface on the abdomen of ants, bristle-
form surface on the backboard of mole crickets both contribute to their
anti-adhesion properties [4].

It is noticed that these animals all live on soil and their bodies are in
part contact with soil, earthworm is the most representative one living

in soil. It has excellent anti adhesion and friction performances when
moving in soil, which are attributed to its retractable body segments
and the excreted mucus for lubrication [24]. The masterpieces of nature
have inspired the design of anti-adhesion surfaces of tillage machinery
[25], soil robot [26] and so on [27].

Besides that, the larvae of Japanese rhinoceros beetles (Fig. 1),
colloquially called grubs, also have some idiosyncratic characteristics.
It lives underground and when it is excavated out, we never see soil
adhered on its skin, no matter the soil is wet or dry. Fig. 1b shows three
typical movement of a grub against soil and its body maintains clean.
Via continuous observations, it is noticed that grubs would invariably
move forward in soil via their head and front tarsi while never move
backward.

These intriguing “non-sticky” and “free-forward” properties of grubs
deeply attract our interests. Compared to earthworms, grubs have
tarsus and do not secrete mucus when moving. Mucus can reduce the
friction and adhesion forces against soil, which is the dominate feature
of earthworms [28,29]. So, with a mostly dry body, how can a grub
move forward freely in soil and keep the skin clean? What is the reason
for these “non-sticky” and “free-forward” properties? Up to now, no
reported studies focus on this aspect. Revealing the mechanism is cri-
tical for scientific research, and particularly, could provide some fea-
sible anti adhesion and friction design strategies for soil-engaging
components.

2. Grubs

Japanese rhinoceros beetles are highly popular in Asia, which are of
the genus Coleoptera, in the family Scarabaeidae [30]. Naturally, their
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life cycle passes through four main stages: egg, larva, nymph, and adult
[31], which was observed and recorded in this work, as shown in Fig.
S1. The eggs have white, smooth, and soft surface, it takes about 20 to
30 days before hatching to larva. Larva is the principal feeding stage,
which lasts for about three months. It is mainly fed on plants, such as
tender roots, residual seed coat, rhizomes, and etc. Then the larva pu-
pates, and from these pupae emerge fully formed, sexually mature adult
beetles. The whole metamorphosis to beetles passes through 8 months.

2.1. Morphology of grubs

In this study, the larvae of Japanese rhinoceros beetles (hereinafter
referred to as grubs) are chosen for experiments, which are reared in a
container filled with soil. The well-developed grubs have three pairs of
front tarsi, and their length ranges from 60 to 100mm. Fig. S2 exhibits
a detailed photograph of different parts of a grub. Its head is well-de-
veloped, sclerotized, and featured with micro dimples (∼300 μm in
diameter). There are about ten wave-like structural segments on the
body [32]. A notable feature is that pattern of micro setae structures is
found on its back, and via checking the micro setae structures on each
segment, it is found that all setae are oriented from the head to tail.

2.2. Motion configuration of grubs in soil

To monitor the motion of grubs in soil, a transparent PMMA
chamber with appropriate dimensions of 240×220×30mm was
prepared and fulfilled with soil. As shown in Fig. 2a, initially, the grub
claws the soil in front via its head and tarsi; and the whole body moves
forward in soil via successive stretching and contracting motions of
segments; then it curls up and rotates until the head is downward; and
then repeating the above processes. As the sketch map indicates, the
motion configuration of grubs in soil is forwarding and rotating, which
is a coordination action of head, tarsi and body segments. A key point
during the locomotion is that the back of grub is mainly in contact with
soil, which might provide a robust friction force. The whole processes
can be seen in the supporting material of Video S1.

3. Experimental Sections

3.1. Sample preparation

3.1.1. Pin
In the natural world, grubs can move in soil of different moisture

contents without smearing their skin. Hence, by completely drying soil,
grinding it to fine powder (under 2800 mesh number), drying it again,
and then changing the mass ratio of water to soil, soil specimens of
different moisture contents of 25%, 27%, 29% and 33% are prepared.
The moisture contents range between the liquid limit (above 35.6%,
soil turns into liquid state) and plastic limit (under 21.2%, soil turns
into powdery state) [33]. All specimens are kept to cylinder shapes with
dimensions of 5mm in diameter and 12mm in height for friction and
adhesion tests.

3.1.2. Disk
The epidermis on the back of grub is cut to a specified dimension of

15× 15mm, ultrasonically cleaned in ethanol to remove impurities,
and stored in a drying box for tests. It is experimentally found that the
epidermis is joined together with the subcutaneous tissue, and no exact
boundary exists between the epidermis and subcutaneous tissue. Its
hardness and modulus of elasticity are ∼0.467 GPa and ∼6.434 GPa,
respectively (detailed measuring processes and curves are shown in Fig.
S3). Three living grubs are used for tests and their body size are
∼80mm in length. Besides, typical materials of rubber, glass, stainless
steel, and PTFE are employed for comparison. In reality, the tire and
dust proof parts of ground machinery are mainly made from rubber,
and the contact parts are made from stainless steel [25]. PTFE is a ty-
pical material of low friction coefficient and excellent chemical stabi-
lity, and glass is widely used in ground machinery.

3.2. Adhesion and friction measurements

Fig. S4 shows the schematic diagrams of the experimental appara-
tuses. In order to measure the adhesion and friction forces between the
soil and grub, a PMMA chamber is designed to fix the grub. The pre-
pared epidermis is flatly attached on a glass slide via double-sided
adhesive tape. All measurements are conducted at an ambient

Fig. 1. (a) Sketch of a grub and Japanese rhinoceros beetle. (b) Three typical moving processes of a grub against soil.
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temperature of ∼25 °C and humidity of ∼50%.
The adhesion testing process is as follows: driving the pin (soil)

down onto the disk surface (grub, epidermis, and other materials) with
a preload, holding for some time, retracting the pin until the two sur-
faces are detached, then the static adhesion force can be measured.
Repeating the above-mentioned processes and moving the disk in the
horizontal direction at the same time, the dynamic adhesion force can
be measured. The adhesion force of per unit area (P) is used for com-
parison, which is mathematically expressed as: =P F A. F and A re-
present the preload and contact area, respectively. After the adhesion
testing, the cross-section shape of soil pins is roughly circular, and the
real contact area is obtained by measuring the changed-diameter.

The friction force is measured by a pin-on-disk type friction tester,
and the process is as follows: contacting the surfaces of the pin (soil)
and the disk (grub, epidermis, and other materials) with a dead load,
moving the disk in the horizontal direction circularly, and then the
friction force can be measured. More detailed of these apparatus are
available in our previous papers [34,35].

4. Results and Discussion

4.1. Soil adhesion performances

4.1.1. Static and dynamic soil adhesion performances
Fig. 3a shows the influence of soil moisture content on the static

adhesion force under a preload of 2.5 N and a holding time of 50 s. A

higher soil moisture content yields a larger static adhesion force. The
adhesion force on the grub is smallest, and on other surfaces, it is in
ascending order of epidermis, glass, rubber, stainless steel, and PTFE.
Fig. 3b presents the influence of holding time on the static adhesion
force under a preload of 2.5 N and a moisture content of 29%. It can be
seen that the static adhesion force on each tested surface increases
smoothly with increasing holding time, and this force maintains in a
lowest magnitude on the grub. An increasing preload would enhance
the adhesion force significantly, when it increases from 0.5 to 4.5 N, the
adhesion force increases nearly 300% on the glass surface, as shown in
Fig. 3c. The overall trend of static adhesion forces on the tested surfaces
is similar under different conditions, while the adhesion forces on the
grub are always much lower than these on the others.

Fig. 4 presents a comparison between the static and dynamic ad-
hesion forces of different surfaces against soil under varying soil
moisture contents. The sliding speed, preload, and holding time are
15mm/min, 2.5 N and 30 s, respectively. The epidermis is not tested
due to the limited dimension for sliding. Since grubs can only move
forward in soil, the dynamic adhesion force is measured within the
processes from head to tail. Generally, the dynamic adhesion forces on
these surfaces are much higher than the static ones. Note that the
rubber has a relative low static adhesion force while a high dynamic
one, which might attribute to its elasticity. Statically, the deformation
of rubber under a specific load diminishes the real contact area, redu-
cing the adhesion force; while dynamically, this deformation generates
significant resistances in both tangential and normal directions,

Fig. 2. (a) Motion configuration of a grub in soil; (b) Sketch map of the locomotion path.
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yielding a higher adhesion force. Note that for the grub, the static and
dynamic adhesion forces maintain in a significant low magnitude, and
only a slight difference exists between them. It reveals the fact in the
natural world, the grub always has the “non-sticky soil” feature, no
matter it moves or stays still.

4.1.2. Wetting and soil adhesion
Fig. 5a shows the apparent contact angles (θ) of deionized water on

the surfaces of epidermis, grub (on the back), stainless steel, glass,
rubber and PTFE, which were measured via a sessile drop method and
more details of the measurement is available in [36]. It can be seen that
the stainless steel, glass, and rubber are hydrophilic, while the epi-
dermis, grub and PTFE are hydrophobic. Referring to the overall trends

of static and dynamic soil adhesion performances shown in Figs. 3 and
4, there should be a correlation between the soil adhesion performances
and wetting properties.

Figs. 5b and c exhibit the enlarged sketch maps of the contact
models at the interfaces of soil/hydrophilic and soil/hydrophobic sur-
faces, respectively. Since soil surfaces are rough and porous, water and
air could easily penetrate inside soil [37]. When a soil specimen of a
specific moisture content contacts a solid surface, partial soil directly
contacts the solid surface, generating a soil adhesion (Fsoil); while the
others are linked to the solid surface via a water film, trapping air at the
interface [38], forming a Cassie-like wetting interface. This water film
could generate an irregular water loop, yielding a meniscus tension and
Laplace pressure (capillary pressure) at the interface [39].

Fig. 3. Influences of (a) soil moisture content, (b) holding time, and (c) preload on the static adhesion forces between the soil and grub, epidermis, and other
materials.

Fig. 4. Comparison between the static and dynamic adhesion forces of different surfaces against soil under varying moisture contents.
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When the soil moisture content and contact condition are steady-
state, besides the Fsoil, the work of adhesion (W) between solid and li-
quid can be expressed by the Young-Dupré equation [40]:

= +W γ θ( cos 1) (1)

where γ represents the surface tension of liquid. According to this
formula, the apparent contact angle quantifies the work of soil adhe-
sion, that is, the larger the contact angle is, the lower the work of ad-
hesion will be. The experimental results basically follow this rule.

Since the wettability region of the hydrophilic surface (d1) is larger
than that of the hydrophobic one (d2), the meniscus tension at the
hydrophilic interface would make a greater contribution to the adhe-
sion force. Moreover, it should be noticed that the capillary pressure in
the loop would affect the adhesion force between the soil and solid
surface within detaching processes [39]. Attributed to the different
concave and convex liquid/air menisci (Fig. 5b and c), the generated
capillary pressure for the hydrophilic interface (ΔP1) is from inside
(liquid) to outside (air), while from outside (air) to inside (liquid) for
the hydrophobic one (ΔP2) [41]. As a separation progresses, the adhe-
sion force would be enhanced by ΔP1, while weaken by ΔP2 on the

contrary. Moreover, most solids are rough and associated with the
pinning of the contact line on surface defects, the separation process of
the soil and solid surface involves the contact angle hysteresis effect
[42]. As reported by Tong et al. [43], this hysteresis effect at the in-
terface would contribute to the adhesion force.

Overall, the soil adhesion (Fsoil) and liquid film induced meniscus
tension and capillary pressure together contribute to the adhesion force.
The adhesion force between the soil and hydrophobic surfaces is
weaker than that of hydrophilic ones. Increasing the moisture content
can contribute to this liquid capillary pressure, enhancing the adhesion
force (Figs. 3a and 4). Meanwhile, a higher preload or a longer holding
time makes a better contact condition between the surface and soil,
strengthening the adhesion effect (Fsoil).

Note that there is a slight difference between the wetting property of
living body and epidermis, while the adhesion force on the living body
is much lower than that on the epidermis under varying moisture
content, holding time, or preload. These results are quite interesting,
and reasons for the differences need to be further clarified.

Fig. 5. (a) Apparent contact angles of deionized water on the tested surfaces. Contact models at the interfaces of: (b) soil/hydrophilic and (c) soil/hydrophobic
surfaces.

Fig. 6. (a) Measured variation in action potentials between two surface points of a living grub. (b) Influences of alternating, direct, and pulse potentials on the static
adhesion force.
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4.1.3. Biological electroosmosis
Electroosmosis flow describe a phenomenon that water can be made

to flow through a plug of clay by applying an electric voltage [44]. It
has been reported that earthworms moving in soil are subjected to a
local deformation by soil, generating action potentials on their surfaces
[45]. For grubs, whether this phenomenon exists or not is still un-
known. Therefore, we measured the variation in action potential be-
tween two surface points of a living grub (inset in Fig. 6a, and the
detailed measuring process is shown in Fig. S5). Fig. 6a shows the
measured action potentials and the calculated absolute values. When
the grub remains stationary, the action potential is in a low amplitude
of ∼7mV; as it moves, this potential jumps to ∼0.16mV. When it
keeps moving, this action potential maintains in a high amplitude of
∼0.13mV. The results reveal the fact that action potentials do exist on
the grub surface when it moves. Then, we modified the experimental
setup to measure the soil adhesion force under different electric po-
tentials, as the inset shown in Fig. 6b. Experiments are performed be-
tween the stainless steel and soil (moisture content of 29%) under a
preload of 2.5 N and a holding time of 30 s. Alternating, direct, and
pulse potentials are imposed between the two surfaces via a signal
generator. It can be seen that the alternating potential has little effect
on the adhesion force, while adhesion forces decrease to varying de-
grees when encountered with a direct or pulse one. Pulse potential has
an excellent adhesion reduction effect, which is as high as 56.7% for a
potential of 1000mV.

The results indicate that a pulse or direct potential could ooze water
from soil, forming a water-lubricated contact interface, reducing the
direct contact part between soil and solid surface (Fsoil), and then the
adhesion force decreases correspondingly. Referring to Fig. 6a, the
measured action potential is just between two surface points of the
body, while the real locomotion of a grub in soil contains multiple
parts, which could yield abundant action potentials. Moreover, the
generated action potential is similar to the pulse potential. It can be
inferred that these generated action potentials will yield a significant
adhesion reduction effect between the grub and soil. The biological
electroosmosis might be the reason for the non-sticky feature of grubs.

4.2. Soil friction performances

Fig. 7 shows the variation of friction forces of the grub and other
materials against soil (moisture content of 27%) under a cycle speed of
15mm/min and a load of 1 N. Limited by the dimension, the epidermis
is not tested here. The friction force of PTFE is lowest due to its low-
friction and self-lubricating abilities, and the measured results of
rubber, stainless, and glass are basically consistent to the reference
values of themselves [46]. It is interesting to see that for the grub, a
huge difference exists between the friction forces in the forward and
backward directions. Within each cycle, the backward friction force is
nearly three times higher than that of the forward.

As mentioned in the Motion configuration of grubs in soil section,
grubs mainly resort on the successive stretching and contracting of
body segments to move in soil, and its back provides a robust forward
friction force. Referring to the surface morphology of the back shown in
Fig. S2, the micro setae are uniformly oriented from the head to tail,
which should has some internal correlations with the friction behavior.
Therefore, back epidermis is prepared via a standard biological sample
preparation method [47], on which the micro setae structures are fur-
ther conformed via the SEM. As shown in Fig. 8a, all setae incline in the
same orientation, and each seta is of ∼40 - 50 μm in diameter and
∼100 μm in length. To enlarge the area on the back, it is found that the
back is featured with pattern of secondary projection structures of
∼2.5 μm in diameter. More importantly, these secondary projection
structures also oriented in the same direction. In general, hierarchical
micro structures pattern is conformed on the back epidermis of grubs,
and all structures are uniformly oriented from the head to tail.

Fig. 8b shows the sketch map of the hierarchical micro structures

pattern on the back epidermis. Seen from this, the friction results pre-
sented in Fig. 7 is understandable. Actually, the anisotropic structures
pattern on the back yields the anisotropic frictional behavior. When
moving in the forward direction, these structures could reduce the real
contact surface between the body and soil, yielding a lower friction
force. When moving in the backward direction, these structures would
not only act as barbs embedding into soil, but also furrow the soil
within the movement, together increasing the friction force.

4.3. Further discussion

The non-sticky property of grubs can be determined by compre-
hensive impacts of the hydrophobic body surface, biological electro-
osmosis effect, and the unique motion configuration. Firstly, the surface
of grubs is hydrophobic, the water oozing from soil could obstruct the
direct contact between the soil and grubs, maintaining a clean body.
Moreover, during a moving process, the biological electroosmosis effect
provides enough water around the hydrophobic body, which further
reduces the adhered soil on the body. Thirdly, grubs mainly resort on
the successive stretching and contracting of body segments to move in
soil, which generates a retrograde wave travelling along the body. The
retrograde wave would strip down the adhered soil. Compared to the
living body, the epidermis is dead tissue, on which the hierarchical
micro structures patterns might be less upright (or less rough), based on
the Cassie-Baxter wetting model [48], the apparent contact angle on the
epidermis is slightly smaller than that on the living body. Besides, the
epidermis no longer has biological electroosmosis effect and the unique
motion configuration. These together contribute to a higher adhesion
force of epidermis than the grub.

The reported investigations by Chen et al. [49,50] have revealed the
fact that most biological tissues are anisotropic, which could leads to
anisotropic or reversible mechanical properties. In this study, it is be-
lieved that the free-forward characteristic is attributed to the idiosyn-
cratic motion configuration and uniformly oriented hierarchical micro
structures pattern on back epidermis. Referring to Fig. 2, the for-
warding movement of grub in soil is invariably accompanied with the
process of body rotating. Its back keeps in contact with soil, providing
the main friction force. Physically, the motion configuration can be
regarded of as a retrograde wave travelling along the body. This ret-
rograde wave activates the locomotion via the friction-induced traction.
The measured soil friction forces (Fig. 7) and the uniformly oriented
hierarchical micro structures pattern on back epidermis (Fig. 8) reveal
the fact that as the segments stretching, the hierarchical micro struc-
tures on the back epidermis yield a significant friction force against soil,
preventing the body sliding backward. When the segments contracting,
these structures yield a low friction force, making the forward move-
ment possible.

In general, when designing the soil-engaging components, imposing
a pulse potential or hydrophobic treating the surfaces are feasible
manners to weaken the soil adhesion behavior. While fabricating mi-
crometer, millimeter or even macro-scale anisotropic structures on
surfaces is recommended to reduce the friction force.

5. Conclusions

In the present work, to determine the mechanism of “non-sticky”
soil and “free-forward” characteristics of grubs against soil, morphology
and motion configuration of grubs in soil are investigated. Adhesion
and friction performances of grubs are examined and compared with
other materials. The relationship between the adhesion/friction prop-
erties and the morphology, mechanical and bioelectrical features of
grubs are highlighted. The conclusions drawn from this study are as
follows:

1 Grubs mainly resort on the successive stretching and contracting of
body segments to move in soil. The generated retrograde wave
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Fig. 7. Variation of friction forces of the grub and different surfaces against soil.

Fig. 8. (a) Progressively enlarged SEM images of the setae pattern and secondary projection structures on the back of a grub; (b) Sketch map of the hierarchical micro
structures on the back epidermis.
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travelling along the body activates the locomotion via the friction-
induced traction. Uniformly oriented hierarchical micro structures
pattern on back epidermis is firstly reported, and this anisotropic
structures pattern contributes to the anisotropic frictional behavior.

2 The static and dynamic soil adhesion forces on the living grub’s back
are much lower than these on the back epidermis, as well as other
typical materials of glass, rubber, stainless steel and PTFE.
Increasing the moisture content of the soil, preload or longer
holding time could increase the soil adhesion force. The surface of
living grub’s back is hydrophobic, which could yield a lower soil
adhesion force than the hydrophilic ones.

3 Action potentials on grubs do exist when they move. Multiple action
potentials could reduce the soil adhesion force effectively. Pulse
potential is highly preferred to achieve an excellent soil adhesion-
reduction effect.
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