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Controlling wet adhesion with elasticity’

Camille Duprat ¢, Camille No(s ” and Suzie Protiére ¢

We consider the wet adhesion between two deformable fibers. We show that a strong adhesive
force can be maintained by coupling the fibers deformation with capillarity. We further identify
a regime where, contrary to capillary adhesion, the pull-off force remains constant throughout
debonding. In this peeling regime, elasticity, which tends to minimize the deformation of the object,
is balanced by capillarity which maximizes the liquid spreading. We show that the adhesive force
and the existence region of this self-adjusted peeling regime depend on a single dimensionless

parameter, and can thus be controlled by tuning the material properties.

1 Introduction

The adhesion between two soft solids is strongly affected by the
presence of a small amount of liquid. For example, capillarity
controls the bioadhesion of insects tarsii™ and condensation can
modify the propagation of a crack tip®"” or affect the measurement
with an AFM probe®2. Conversely, elastic deformation affects the
wet adhesion of soft materials1%M) and in particular fibers12/13,
Determining the exact force balance characterizing this type of
adhesion requires to link the spreading of the liquid, the defor-
mation of the solid and the adhesive force. Previous efforts to
characterize these interactions have focussed on the adhesion of
deformable spheres and substrates, extending the Hertz theory of
contact to account for the effect of a capillary meniscus 14, or
on the spreading induced by the soft solid deformation152°, In
this paper, we directly measure the forces generated when two de-
formable slender objects are bonded by a finite volume of liquid.
We find a regime where the adhesion force remains stable as the
substrates are pulled apart. Moreover this force can be controlled
by adjusting the tension or varying the material’s properties. This
behavior is then compared to the peeling test classically studied
when removing an adhesive tape.

2 Experiments

As a model system, we consider two fibres of radius r clamped at
both ends and wetted by a droplet of a perfectly wetting liquid
(figure [1) a). The effective modulus of the fibres can be adjusted
by controlling the tension within the fibres, i.e. imposing a pre-
strain &, to span a large range of flexibilities, from rigid-like to
soft and deformable. The deformability, i.e. the amount of de-
formation that can be sustained by capillary forces, depends on
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Fig. 1 (a) Schematic of the experiment with the initial configuration of a
drop placed between two elastic fibres. Force exerted by the drop (b) for
rigid nylon fibres (1 > 1, circles), and (c) for flexible elastomeric fibres
(Aes = 2769, triangles).

the material and geometrical properties (size r, effective elastic-
ity Eg, liquid surface tension y), and is quantified by comparing
tension (7 = Eer?) and capillary force (F = yr) to define a dimen-
sionless capillary-stretchingZ18 number . 4., = Eer/y. Rigid fibres
(A2s > 1) are obtained using nylon fibres of radius r = 0.2 mm
under large pre-strain. Flexible fibers are obtained by moulding
an elastomer (Polyvinyl Siloxane (PVS), Zhermack elite double) in
capillary tubes of radii r =0.2,0.3 and 0.4 mm with various Young
moduli £ = 0.4,0.5 and 0.9 MPa. The fibres are then attached to
a laser-cutted rigid structure with a pre-strain 1% < € < 30%. We
used droplets of mineral oil (y =30 mN/m, contact angle 6 ~ 0°,
no contact angle hysteresis) with a fixed volume V = 3 uL. The top
fibre is attached to a micro-sensor (Lauda Scientific tensiometer,
precision 10 uN) while the bottom one is attached to a micro-
controlled platform on which we perform steps of 15 um. We
measure the adhesive force F exerted by the liquid on the fibre
as we increase or decrease the interfibre distance d incrementally.
At each step, we wait for equilibrium to be reached (stable force
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Fig. 2 Evolution of the wetted length when varying the inter-fibre distance
for rigid (circles) and flexible fibres (triangles), with the same parameters
as Fig. [T} As the fibre are pulled apart, we observe two different scenarii
as shown in (i)-(iv): liquid retraction (grey arrows) and fibre deformation
(purple arrows). Colors and symbols match the different configurations
throughout the figures.

and spreading length), typically obtained after 1 minute for short
capillary bridge and up to 30 minutes for zipped liquid columns, to
ensure that the interfibre distance is changed quasi-statically and
no dynamical effects are present.

For rigid fibres, the force increases rapidly with decreasing dis-
tance as the liquid bridge spreads (figure[I]b), and decreases as the
fibres are pulled apart and the liquid retracts in a reversible man-
ner, which is typical of capillary adhesion. We now proceed to the
same experiment with slightly more elastic fibres of same radius,
wetted by the same liquid (figure|l|c). Starting from the same ini-
tial condition, the force first increases in a similar fashion, until a
critical interfibre distance at which we observe a jump in the force.
As the fibres are pulled apart, the force keeps on increasing until
it reaches a maximum, after which it decreases sharply. We can
link the variations in these measured adhesive forces with changes
in the liquid/fibre system morphology, whose evolution is moni-
tored by measuring the wetted length 2/, normalized by the initial
length of the liquid bridge 2/, (figure[2). Starting from a drop, the
liquid between the fibres remains as a spreading liquid bridge as
we decrease d and the evolution of the liquid length is identical for
both rigid and elastic fibres. However, for elastic fibres, the liquid
spreads spontaneously at a critical interfibre distance d, resulting
in the formation of a zipped state!” where the fibres are parallel
and almost completely in contact at the center with a spreading
length 2¢,, with a deformation confined to the edges where the
menisci are formed (figure iii)). We note that in this zipped
state the fibers are not in contact as a small amount of liquid is
always present between the fibers. As the fibres are pulled apart,
two different scenarii are observed: for rigid fibres, the liquid sim-
ply retracts without hysteresis (figure [2|(i-ii)), whereas for flexi-
ble fibres there is first a small region where the wetted length is
constant and the fibres are deformed (purple arrows, figure 2Jv))
before the length decreases to jump back to the initially observed
liquid bridge, i.e. unzip, at a critical distance d,, corresponding to
a wetted length 24, (figure [2)(iv-vi)).
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Fig. 3 Evolution of the force normalized by the characteristic capillary
force yr as a function of the spreading length ¢/r throughout a bonding
and debonding cycle. Experimental data for rigid fibres (light blue), ¢, =
2769 (green), 4. = 2077 (light purple), 4. = 1500 (purple), A4z = 750
(red), ;s =517 (orange). Solid line: force exerted by a capillary bridge
F =3.2y¢. Rigid fibres follow this behaviour (grey arrows) while elastic
fibres depart from this behaviour as they deform (purple arrows).

3 From wetting to peeling

For rigid fibres, the force is directly linked to the wetted length:
as the liquid spreads or retracts, the force increases or decreases.
However, for flexible fibres, the force depends on both the wetted
length and the fibre deformation. The jump in the force is asso-
ciated with the "zipping" transition as the liquid spreads between
the fibres. As we pull on the fibres, we first increase their defor-
mation with a constant wetted length and the force must increase,
until the liquid starts to retract and the force decreases. The maxi-
mum in the force is thus due to a combined elasto-capillary effect.
We plot the force as a function of the wetted length (figure [3)) for
different fibre elasticity. For rigid fibres, the force is proportional
to the length (blue points), as expected from a capillary bridge.
We found here that F = 1.6y 2¢. The prefactor 1.6 is close to 2, as
expected for a liquid bridge, but depends on the complex three-
dimensional shape of the drop and is thus dependent on the drop
volume; in fact, the force decreases as the volume increases1220,
However, a complete characterization of this force is beyond the
scope of this study and we thus keep the volume constant here.
The force can be increased by bringing the fibres close together.
With elastic fibres, the deformation induces a spontaneous maxi-
mal spreading and thus a strong increase of the force. However,
this force is smaller than the force that would be obtained in the
rigid case for the same wetted length. The force increases as the
length remains constant and then reaches a maximum. As we in-
crease the fibre flexibility, this maximum force decreases. More-
over, for even more flexible fibres, instead of observing a maximum
in the force we observe a plateau; the force is constant for a large
range of lengths that increases with flexibility.

In this plateau regime, we then plot the corresponding force and
length in figure [4a-b. We also report the value of the angle 6 be-
tween the deformed fibres, as a measure of the deformation (figure
—c). In addition to the spreading, retraction and deformation



3 FROM WETTING TO PEELING

16
(a) 00 - (b)
O T Pete | b &
\\L\\\\ 141 ez/g()
05 (& > 1 |
¥ . i 121 i
o
—~ |
Z 04+ 7 101
g .
N— !
0.3+ 4 =81 .
i ol
—— Sl §
0.2+ E §
n
0.1F \ oo 1, \
retraction |
0 L L :‘3 L 0 | ; i |
0 1 2 4 5 0 1 2 3
d/?” d,/r

Fig. 4 Evolution of (a) the force, (b) the wet length (open symbols, left axis) and angle (filled symbols, right axis) between the fibers 6 for deformable
fibers (s = 461). (c) Images of the deformed fibres as they are pulled apart, highlighting the constant angle (in red).

states observed previously, we have an additional "peeling" state
during debonding: the fibres deform and the liquid retracts simul-
taneously (orange points in figure[d). The fibres are parallel along
a certain distance which decreases linearly when d increases (fig-
ure[4p). The deformation of the fibres is confined to the meniscus
region where the fibres form a constant angle 0 (figure |4]c) remi-
niscent of the peeling of an adhesive. While in the classical peeling
test2l' the force depends on the prescribed angle, here with wet
elastic fibres the deformation self-adjusts with the decrease in wet
length, thus leading to a constant intrinsic angle and a resulting
force plateau.

In this peeling regime, the shape of the fibres is thus given by
a balance between elasticity that minimizes the deformation, i.e.
minimizes the dry length L, = L — ¢, and capillarity that maximizes
spreading of the liquid, i.e. the wetted length 2¢ (figure [4]c). We
assume a simplified model for the system where the capillary force
is generated by a liquid column in the coalesced part of the fibres
of length 2/, i.e we neglect the effect of the liquid stored in the
menisci at the edges of the column. The elastocapillary balance is
then obtained by minimizing the total energy of the system & =
Eenr?d® /Ly —2yrt, giving the dry length

Ld = C()d\/ 4/1{-5

where the constant ¢y ~ 1.25 has been determined previously1Z.,
As we pull on the fibre, we increase the distance d and the dry
length L, increases, i.e. the liquid retracts as the deformation in-
creases. The length of liquid decreases linearly with the distance d
as observed in figure [4b. This equilibrium implies that the angle
between the fibres remains constant as seen in Fig. [4|c. Since the
angle is always small, it is given by

€5

0~ d 1
7Ld \/t/Vcs.

The peeling process is represented in the inset of Fig. The
pulling force is given by the balance between the work necessary to
displace the fibre Fr8(1—cos ) and the adhesion ayré (o depends
on the complex shape of the liquid column between the fibres and

(2)

of the menisci), i.e. the force only depends on the peeling angle 6.
The vertical force is thus given by

FZFTQZQZC”/I‘\/(/VCS, (3)

20
which is independent of the distance d or the liquid length ¢. We
measure the maximum force for fibres of different radii and mod-
uli, i.e. several .#;; and aspect ratios, as reported in figure [5| a.
The constant force in the "peeling" region only depends on the ma-
terial properties .4, in good agreement with equation with a
constant c¢; = 1.6.

As s decreases, the length of the plateau region increases, i.e.
the fibres are in the constant force peeling region for a wider range
of distances (Fig. [3). The length of the plateau can be estimated
by comparing the maximum spread length at zipping 2¢, and the
length at unzipping 2¢,. Zipping occurs when the distance be-
tween the fibres reaches a critical distance d, at which spreading
is favored. In the case of fibres, we found d, = 0.57rZ. In general,
the zipped length can be expressed as

20, =2(L—Ly(d = d.)) :2(L7dz\/</1{-s>. 4)

As the distance between the fibres increases, the dry length in-
creases until reaching the center of the fibres (L; ~ L), leading
to the unzipping of the fibres at a distance d,. We measure the
critical unzipping as L;(d = dy,) = coL, where ¢, < 1 and we find
experimentally that ¢, ~ 0.61Z, The unzipping length can thus be
estimated as

2, =2(L—Ly(d =d,)) =2L(1—c2). 5)
The plateau length 2¢, = 2(¢; — {,) can then be written as
@ =C)—C3 N (6)
L 2 < ICsy

where ¢3 = df We measure the extent of the plateau region for
several .., and aspect ratios. The expression (6 is in good agree-
ment with experimental data (figure [5|b). For highly flexible fi-
bres (s < 1), the plateau length is close to L, i.e. peeling is
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Fig. 5 (a) Measurement of the maximum adhesion strengths for various fibre-liquid systems as a function of the capillary-stretching number N. Line:
F/yr=1.6\/ 4. (b) Peeling length as a function of N.; and aspect ratio. Fibres of lengths L = 40 mm and radius r = 0.2 mm (circles), r = 0.3 mm
(square), r = 0.4 mm (triangle) and modulus E = 0.9 MPa (yellow), E = 0.5 MPa (blue), E = 0.4 MPa (pink), and various tensions. Inset: sketch of the
peeling process. Line: eq. @ with ¢, = 0.5 and ¢3 = 0.011, in agreement with the expected range of values.

always favored. Increasing .#(s, i.e. increasing the rigidity of the
fibres, reduces the length of the plateau until a critical value £, =0
at which no peeling occurs. The critical peeling value, given by
Ng = (%)2, strongly depends on the aspect ratio r/L through
the critical distance at zipping. We have performed preliminary
experiments on thin (600 microns) and narrow (1.5 mm) plates
and obtained qualitatively similar results, with a zipping transition
and a force plateau. It would be interesting to extend our results
to other geometries, in particular to investigate situations where
three-dimensional effects will occur, as will be the case for larger
plates where the liquid takes the form of a cylindrical capillary
bridge rather than a drop, i.e. does not wet the entire width of the
plate.

4 Conclusions

Here we have shown that the adhesive force between wet flexi-
ble objects reaches a plateau with a maximum value and a range
that are completely determined by a single parameter 4. It is
thus possible to control both the value of the force and the ex-
tent of the plateau by dynamically adjusting the tension within
the fibres, or choosing the desired material properties. While large
forces could be reached with rigid objects, it requires to bring them
in close contact as the force increases linearly with the spreading
length, which is difficult to obtain due to alignement or rough-
ness. With flexible slender objects, large adhesion forces can be
reached more easily as flexibility favors spreading, even for large
distances. In addition, in rigid wet adhesion, a small variation
in gap size induces larges variations in the adhesive force; with
the self-adjusting peeling, the force can be kept stable for a larger
range of distances. Furthermore, for highly flexible objects, i.e. at
small .4, the unzipping distance d, can reach large values, and
in particular distances which are too large to maintain a capillary
bridge between the fibres after unbonding''Z; through zipping and
the self-adjusting peeling, flexibility thus extends the adhesion to
inter-fiber distances impossible to reach with rigid fibers. These
findings open new routes towards the design and optimization of

novel materials or processes using wet adhesion%22,
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