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ARTICLE INFO ABSTRACT

Keywords: In this article, we report the observation of an air-encapsulating elastic mechanism of Dandelion spherical seed
Dandelion heads, namely blowballs, when submerged underwater. This peculiarity seems to be fortuitous since Taraxacum is
T‘_lmxacum . living outside water; nevertheless, it could become beneficial for a better survival under critical conditions, e.g. of
I?r‘;;:rappmg temporary flooding. The scaling of the volume of the air entrapped suggests its fractal nature with a dimension of

2.782 and a fractal air volume fraction of 4.82 x 1072 m®2!8, resulting in nominal air volume fractions in the

range of 14-23%. This aspect is essential for the optimal design of bioinspired materials made up of Dandelion-
like components. The miniaturization of such components leads to an increase in the efficiency of the air
encapsulation up to the threshold (efficiency = 1) achieved for an optimal critical size. Thus, the optimal design is
accomplished using small elements, with the optimal size, rather than using larger elements in a lower number.
The described phenomenon, interesting per se, also brings bioinspired insights toward new related technological
solutions for underwater air-trapping and air-bubbles transportation, e.g. the body surface of a man could allow
an apnea (air consumption of 5-10 1/min) of about 10 min if it is covered by a material made up of a periodic

Compliant mechanisms

repetition of Dandelion components of diameter 218 pm and having a total thickness of about 3-6 cm.

1. Introduction

The ability of nature to show sophisticated features has stimulated
the researchers — starting from the Italian Renaissance genius Leo-
nardo da Vinci — toward the realization of innovative bioinspired de-
vices [1,2]. For instance, animals show very efficient compliant
mechanisms to move in the air, water, and/or on the ground, giving
rise to new research fields, for instance, soft-robotics [3,4], e.g. in un-
derwater propulsion [5] or actuators [6-9]. Natural organisms are
known for their complex hierarchical from nano- to macro-sized ar-
chitectures that allow them the achievement of extreme physical and
mechanical characteristics, both in static and in dynamic regimes. The
hierarchy of the microstructure also plays a crucial role in peeling and
adhesion phenomena [10-12]. For instance, the feet of geckoes are
covered with elastic hairs whose ends split into nanoscale structures,
called spatula: such a hierarchical microstructure allows them to adhere
to almost any type of material [13-15]. Another intriguing property of
living organisms concerns the water-air-solid interaction, e.g. the super
hydrophobicity of surfaces of certain plant leaves, mainly because of its
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wide range of application and cross-disciplinary interest, e.g.
self-cleaning surfaces. This phenomenon, known as ‘lotus-effect’, is
observed in nature both in plants and animals [16-18]. By contrast,
hydrophilicity and surface charge are responsible for attracting water
and the folding propensity of a membrane [19,20]. Within this frame-
work, an important role is played by underwater air-retaining surfaces
because of their technological high-impact. In nature, there are some
examples of plants and animals that developed a peculiar air-retaining
mechanism depending on their specific purpose. Some insects and
spiders (diving bugs, beetles, and spiders) that spend most of their lives
underwater developed peculiar air-retaining mechanisms. These species
can survive for a long time in the water because of an air-store bubble
that acts as a physical gill to obtain dissolved Oy from the water [21].

For instance, diving bell spider or water spider [22], a species that
lives mostly underwater, developed ingenious air-encapsulating mecha-
nisms. This spider can survive for a long time in the water, although it
breathes air because of a clever silk-based microstructure allowing the
storage of oxygen supply. Such a structure, called the diving bell, is made
up of hydrophobic hairs that permit the trapping of air-filled bubble on
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its abdomen and legs by giving them a silvery coloring. The diving bell
works as a physical gill, where the air remains trapped by the surface
tension between the silk-fibers of their underwater web [23,24].

A different mechanism for long-term air-retention underwater is
exhibited by the floating water fern Salvinia Molesta. In particular, the
work by Barthlott et al. [25] showed that the sophisticated microstruc-
ture of Salvinia, when dived in the water, combines high-hydrophobicity
and hydrophilicity to create a very efficient yet elegant air-retaining
mechanism. In this case, the air-water interface is due to the eggbeater
shape of the leaves and the presence on the surface of hydrophilic tips
that prevent its failure [26-28]. Accordingly, several studies focused on
the artificial replication of the Salvinia leaf [29-37].

In the present article, we show that also Dandelion ripe seed heads
(‘fluffy ball’ composed of seeds with pappus parachute fluff), show a very
efficient compliant mechanism to retain air underwater. Dandelions are
not new to exhibit peculiar behaviors. The passive flight mechanism of
dandelion seeds drawn the attention of researchers because of its high
effective; recently, Cummins et al. [38] conducted a detailed study on the
physics behind such a mechanism: they visualized the flow around
dandelion seeds discovering a peculiar type of vortex. Our present study
concerns the analysis of an efficient Dandelion air-retaining mechanism
underwater, as shown in Fig. 1, outside its usual living condition that
however could have a role under critical condition, e.g. for surviving to
temporary flooding. In the literature, there are examples of bioinspired
air retaining mechanisms, but they are based on different working
principles. The mechanism presented in the article is a complaint
mechanism that represents a very sophisticated way for air-trapping.

Fig. 2 shows the working principle of such a mechanism. The hy-
drophilic bristles (the pappus) close elastically encapsulating a small
water droplet [39-41]. Different confined water droplets of the different
bristles connect each other again thanks to elastic compliance of the
structure and doing so create a water wall able to retain air when the seed
head is submerged. It is interesting to notice that the mechanism is
reversible. The mechanism is fully or partially reversible depending on
the time that elapses between when the seed head is removed from the
water and it is submerged again. For an almost ‘instantaneous’
re-immersion the mechanism is partially reversible since the seeds
remain partially wet when the flower is removed from the water and the
subsequent air encapsulation is less efficient. For a time long enough to
dry the seeds completely, the mechanism becomes fully reversible and
the seed heads returns to its initial shape. Concerning the elastic mech-
anism, it is clear that the seeds are loosely fixed on the stem, but such
mechanical fuse is designed to release the seeds only when the proper
dispersion period and environmental conditions are reached. Thus, our
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experiments were conducted before that period and the same flowers
resist for several repetitions. Even natural flowers can thus be sufficiently
strong and artificial bioinspired solutions are expected to be much
stronger, even just simply removing the mechanical fuse present in na-
ture. The little umbrellas at the top of each seed heads are made up of a
cluster of thin hydrophilic hairs. We have observed that as soon the hairs
make contact with water, they instantaneously close trapping a water
droplet. Then, each seed head connects with those nearby to create a thin
air-retaining surface. Therefore, the little umbrellas' complaint nature
combined with the hydrophilic hairs generates a very thin water film able
to trap a non-negligible volume of air inside.

A video showing the reversible air-trapping compliant mechanism is
available as supplementary material. This study provides a clear evidence
of a potential new way of thinking about bioinspired materials with
respect to the bioinspired air-trapping mechanisms already present in the
literature. In particular, the compliant mechanism discussed in the article
brings new bioinspired insights towards new related technological so-
lutions for underwater air-trapping and air-bubbles transportation.

2. Analytical model and experimental protocol

A specific procedure, schematically shown in Fig. 3, was developed
and used in the experiments to estimate the volume of the air, Vg,
encapsulated from the Dandelion seed heads when dived in the water.
First, both the weight of the whole Dandelion clock (seed heads + stem),
Wi, and diameter of the seed head, Dseedheadsdry, Were measured
(Fig. 3(a)). Then, the Dandelion clock was dived into a water tank
(Fig. 3(b)). In so doing, each of the little umbrellas at the top of the seeds
closes forming a thin water film trapping a non-negligible volume of air
inside.

The upward floating reaction force, R, measured at the load cell, is
equal to the difference between the buoyant force Fp 1o: and the weight of
the Dandelion clock Wy,

Riot = Fpior — Wit = p,,8 (them + Vieeas + Vair) —8 (p:lem Vitem + Pseea Vxeeds)-

(€Y

The same procedure was repeated to determine the floating force
provided by the stem (Fig. 3(c)) defined as

Rslem = FB,.&/em - Wslem = pwgvslem - /).‘,emngmw (2)

Finally, the stem was weighted (Fig. 3(d)) to determine, indirectly,
the weight of the seeds, Wieqs, through the relation

W:eed: = ‘/me - Wslem = gpsgedVSeed:~ (3)

air bubbles

Fig. 1. Example of a Dandelion ripe seed heads (fluffy ball) before the immersion in the water (a) and when dived in the water (b). In the latter case, the little
umbrellas at the top of each pappus close encapsulating a non-negligible volume of water. All the wet umbrellas create a barrier to additional water forming a kind of
balloon containing air. Such air causes an up-thrust, as can be noted observing the tensioned fishing wire. (c) A seeds balloon is squeezed. The air entrapped inside the

balloon comes out in the form of bubbles rising to the top of the tank.
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Fig. 2. Snapshots extracted from a movie, taken during an experiment, to show the air-trapping mechanism of the Dandelion composite seed heads. (top) The seed
heads is dived in water. The hydrophilic seeds close and create a very thin air-retaining hydrophobic surface. (bottom) The seed heads is removed from the water

revealing the reversibility of the air-trapping mechanism.

The buoyant force generated by the air encapsulated inside the seeds
balloon can be easily computed noting that the difference between the
reaction forces mentioned above, both measured in the experiments,
reads

ARB = Rpor — RB,:zem =pPu8 (VSeeds + Vair) — 8Pseea Vseeds- 4

Under the reasonable assumptions that Vs < Vg, the up-thrust,
Fp qir, due to the air trapped within the seeds balloon can be approx-
imatively estimated as

FB,air = gpwvair = ARB + ered.r~ (5)

By inverting the previous equation, it is trivial to determine the cor-
responding volume of the air trapped within the seeds balloon
_ F, B.air

Vair - . (6)
Pw 8

With a view to make the encapsulated air in terms of volumetric
content, it is convenient to introduce the dimensionless quantity

D wﬁiﬂ water

FB,tot I

i

R

wt({t

(a) (b)

7 Vair

Vair = (7)

)
Vseed —headsdry

where Vieed heads,dry Tepresents the nominal volume of the seed head prior
the immersion in water.

The experiments were performed exploiting the experimental setup
shown in Fig. 4.

A glass tank, filled by water, is used to capture the charming air-
encapsulating mechanism of the Dandelion seed head when immersed
in water. The floating force was measured through a load cell (Lean
DBBSM RC 10N) mounted on a rigid aluminum frame. The weight of the
seed head and stems were measured using an Orma EB 200 scale,
sensitivity £0.0001 g. After being weighted, both the seed heads and the
stems were dived in the tank.

The Dandelion is hooked via a magnetic clip to a black PMMA sup-
port. Such a basement is connected to the load cell with a metal stinger,
as shown in Fig. 4, realizing, for the involved forces, a rigid cantilever
beam. The floating force was measured through a load cell (Lean DBBSM
RC 10N) mounted on a rigid aluminum frame out of the tank. At

water

FB,stem T

IR

stem

(c) (d)

Fig. 3. Schematization of the experimental protocol followed to determine the air volume encapsulated within the pappus balloon generated when the seed heads is
dived in the water. (a) First, the Dandelion clock (stem and seeds) is weighted, and the dry diameter of the seed heads is measured. (b) The Dandelion clock is dived
into a water tank, and the buoyant force R, is measured. (c) The buoyant force for the stem Rg,n, is also measured. (d) Finally, the stem is weighted.
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Fig. 4. A photograph of the experimental setup used to measure up-thrust
provided by the encapsulated air.

beginning of each weighing session, the load cell (hanging the metal
stinger, the magnetic clip, the hook used to attach the seed heads and the
black PMMA support) was tared to zero. Therefore, the weights of the
suspended objects are irrelevant to the procedure and the loads measured
by the load cell are precisely the wanted buoyant forces Ry and Rggem.
Alongside the execution of the experiment, pictures were taken with a
Sony alpha9 camera and movies with a Sony PXW FS-5 high-speed
camera. The Dandelion clocks used in the experiments were collected all
in the same meadow located near our University. The proposed experi-
ments, that at first sight could seem easy, were quite challenging and
required several repetitions. The success of the tests was strictly con-
nected with the temperature (or better the daily temperature variation)
experienced by the flower in the two/three days before the opening of
the seeds balloon. In fact, the mechanical fuse of the flower is designed to
release the seeds only when the proper dispersion period and environ-
mental conditions are reached. Thus, our experiments were conducted
before that period and the same seed head resists for several repetitions.

3. Results and discussion

Following the experimental-analytical approach discussed in the
previous section, several experiments were performed to estimate the
volume of the air entrapped in the seeds balloon. All the results are
collected in Table 1 and show that the average dimensionless volume,
Vair, of the air encapsulated by the air-trapping mechanism is equal to
0.185+ 0.026. This value corresponds to a buoyant force of about
105.043 + 28.22 mN.

In Fig. 5, the air trapped by the submerged seed head is plotted as a
function of its diameter (before its immersion in the water). The result

Table 1
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shows that the volume of the air scales as Vi = fDseed—heads.ary® (Purple/
dashed line), where the exponent o = 2.782 is the fractal dimension of
the air-entrapping domain, in contrast to the classical Euclidean scaling
law dimension of 3 (dashed/blue line) and f = 4.82 x 102 m%?18is a
constant prefactor with anomalous physical units representing the fractal
air-entrapped volumetric content. In the same Figure it is also reported
the scaling law dimension of 2 (dashed-dotted/green line). In particular,
a scaling law with a characteristic dimension lower than 3 implies that
the percentage of the entrapped volume of air is not constant but depends
on the nominal size of the seed head. This aspect plays a crucial role in
the optimal design of bioinspired materials made up of Dandelion-like
components. The lower is the characteristic dimension of the basic
component, the higher is the efficiency of the resultant material in terms
of encapsulated volume fraction. Of course, this efficiency reaches the
threshold value of 1 for a critical size, namely

)
Dseed—head:.uprimal = (f_> ‘%" (8)

T

For dimension lower than Dieq peadsopimat the efficiency remains
maximal.

Thus, thinking to the optimal design of Dandelion-like bioinspired
materials or devices it is convenient, for simultaneously maximizing air
trapping and minimizing used material/weight/cost, increasing the
number of elements with the size reported in eq. (8), rather than using
larger elements in a lower number (less efficiency) or vice-versa (more
weight). This scaling is understandable, considering the example shown
in Fig. 5(c and d). The same volume is filled with just 1 seed head
(diameter D; = L) in Fig. 5(c) or with n® smaller seed heads (diameter
D, = L/n) in Fig. 5(d).

The volume of the air entrapped using 1 seed head or n® seed heads

(with the same total volume) is equal to V; g =f L* or V,(lill?fp liting) _

a
f (ﬁ) n®, respectively. Taking the ratio between these values we end up

with the relation

(3D splitting)
VT: ne. ©
For a number of components n > 1 and an exponent a < 3 the right-
hand side term in eq. (9) is higher than 1. This result proves mathe-
matically that the splitting — the use of more miniaturized components
— leads to a higher volume of the entrapped air. This is true up to the
physical threshold defined by eq. (8).
To give comparative goodness of fit analysis in predicting the
observed data, we computed the root mean square error (RMSE), defined
as

RMSE = Z(y;—y”b 10)

i

Experimental results. For each seed head, the volume of the air entrapped inside the balloon is determined.

Sample Dyeed —heads.dry [cm] Vieed—heads.dry [cm’] Wit [mN] Witem [mN] Wieeds [mN] R [mN] Rytem [mN] Fp qir [mN] Vair [em®] Varl-1
1 5.324 79.02 9.7334 6.7189 3.0145 301.13 141.04 163.10 16.63 0.210
2 4.671 53.36 7.3814 5.2146 2.1668 222.07 123.03 101.20 10.32 0.193
3 4.706 54.57 5.3234 2.5656 2.7577 184.67 102.97 84.46 8.61 0.158
4 4.729 55.37 4.2816 1.7758 2.5059 181.65 84.67 99.49 10.14 0.183
5 5.622 93.04 7.2461 4.1366 3.1095 236.88 113.88 126.11 12.86 0.138
6 4.503 47.81 6.8453 4.1513 2.6940 182.35 120.62 64.42 6.57 0.137
7 5.133 70.81 6.1613 3.6505 2.5108 242.98 116.49 129.00 13.15 0.186
8 4.361 43.43 4.5795 1.8845 2.6950 192.90 122.54 73.05 7.45 0.171
9 4.460 46.45 8.6985 6.1946 2.5039 202.68 113.77 91.41 9.32 0.201
10 4.710 54.71 10.1146 7.8077 2.3069 251.08 132.79 120.60 12.29 0.225
11 4.821 58.67 6.6473 3.7740 2.8734 212.65 112.77 102.76 10.48 0.179
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Fig. 5. (a) Log-log plot of the volume of the trapped air within the seed head. The results are best fitted with a scaling law characterized by a fractal exponent of 2.782
and a fractal air entrapped volumetric content of 4.82 x 102 m%218 (purple/dashed line). The classical Euclidean scaling law with a dimension of 3 (blue/dashed line)
and the scaling low with dimension 2 (dashed-dotted/green line) are also reported for comparison. (b) A human body covered with about 360 Dandelion seed heads
(180 seed-head/m?) can survive 4-8 min (air consumption of 5-10 1/min) in apnea. (c,d) The optimal design, for the same volume, is attained increasing the number
of small elements rather than using larger elements in a lower number. (c) The same volume is filled with just 1 seed head (diameter D; = L) and (d) with n® smaller
seed heads of diameter D, = L/n (3D splitting). (d) The same area L x L is covered with n? smaller seed heads (2D splitting). In the figure n = 3.

where y; represents each data points, yz; the regression value provided by
the fitting law and m the number of data points. We calculated the RMSE
for the three fitting laws reported in Fig. 5, namely with exponents «
equal to 2 (a bad fit), 2.782 (the best fit) and 3 (a good fit). The lower the
error in the regression analysis relative to total error; the lower the RMSE
value will be, with a best value RMSE = 0 for a perfect fit. From the
analysis, we estimated an RMSE = 1.70 mm? for the best fit (exponent
2.782), RMSE =~ 1.75 mm? for the good fit (exponent 3), and RMSE =
1.78 mm? for the bad fit (exponent 2).

4. Example of a potential technological application of the
dandelion air(gas)-trapping mechanisms: underwater life vest

This section is devoted to providing some insights into the potential
technological applications of the Dandelion air(gas)-trapping mechanism
towards the realization of bioinspired devices.

Thinking about the engineering of a Dandelion-like material, it is
convenient to consider the case of a self-similar splitting over the surface
(2D splitting) rather than in the volume (3D splitting), as shown in
Fig. 5(e). This different scaling can be obtained imagining the number of
layers N independent from the diameter of the n x n seed heads over the
surface. In this case, eq. (9) modifies in:

V(ZD splitting)

n,air —
e = Nn*C.

11
Vi air b

From egs. (8) and (11) the optimal design, i.e. optimal size and
required number of layers N, can be derived.

For the sake of illustration, we consider the example reported in
Fig. 5(b), where N layers of miniaturized seed heads covers a human
body. The seed heads have the optimal diameter provided by eq. (8) and
thus equal to about 18 pm. Each seed head can retain approximatively
3.44 x 10721 of air. The volume of the air retained by a surface of 1 m?
(containing more or less 5 x 10° seed heads) is about 0.015 I/m> Thus, a
human body (surface area of about 2 m?) could remain in apnea (air
consumption of 5-10 1/min) for 10 min if covered with a Dandelion-like
material made up of N=21700-3400 layers of such seed heads with a total
thickness of ~3-6 cm.

The described mechanism could be also exploited to create an inno-
vative bioinspired bubble-trap device capable to avoid gas nucleation
[42,43] and safely guiding away dangerous gases bubbles that, changing
their intrinsic physical properties, could lead to serious problems in
fluidic/microfluidic systems.

The fractal nature of the volume of the trapped air plays a crucial role
in the design of bioinspired devices, e.g. the realization of a prototype
made up of artificial Dandelion flowers. In particular, a scaling law with a
characteristic dimension lower than 3 — as expected and observed —
implies that the percentage of the entrapped volume of air is not constant
but depends on the nominal size of the flower. Essentially, an exponent
lower than 3 suggests that a miniaturization of Dandelion-like compo-
nents leads to an increase in the efficiency of the air encapsulation that has
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thus to be maximized increasing the number of layers of small elements
rather than using larger elements in lower number of layers. This scaling
would be absent for an exponent equal to 3 that is the nominal thus
Euclidean value, in spite of the similar fit compared in Fig. 5.

Conclusions

In this article, we have reported the observation of an interesting air-
encapsulating elastic mechanism of Dandelion seed heads when sub-
merged under water. The scaling of the volume of the air entrapped
suggests its fractal nature with a dimension of 2.782 and a fractal air
volume fraction of 4.82 x 1072 m%2!®, resulting in nominal air volume
fractions in the range of 14-23% with a mean value of 0.185+ 0.026
corresponding to a buoyant force of 105.043 + 28.22 mN. We have
shown that the fractal nature of the seed heads suggests that the minia-
turization of Dandelion-like components leads to an increase in the ef-
ficiency of the resultant bioinspired material for 3D or 2D splittings.
Moreover, an optimal size for simultaneously maximizing efficiency and
reducing material/weight/cost emerges of about 18 pm. This interesting
air-retaining mechanism paves the wave toward the realization of
innovative biomimetic devices and new related technological solutions
for conveying air-bubbles under water.
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