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A B S T R A C T

Displacement of floating polymer (polyolefin) rafts by steady magnetic field is reported. The effect is due to the
interplay of gravity deforming the water/vapor interface, contact angle hysteresis and diamagnetic properties of
the liquid support. Magnetic field (ca.0.06 T) deformed the water/vapor interface and impacted the interfacial
apparent contact angle. This deformation gave rise to the propulsion force, displacing the polymer raft. The
velocity of displacement of center of mass of rafts ≅v 0.015cm

m
s was registered. The effect is related to the

contact angle hysteresis affected by the magnetic field, enabling the change in the apparent interfacial contact
angle. The semi-quantitative model of the process is suggested.

Contact angle hysteresis, exerted to intensive research recently, is
responsible for a diversity of interfacial phenomena, including: equili-
brium of a liquid column, trapped in a vertical capillary tube [1],
equilibrium and sliding of droplets on inclined planes and curved sur-
faces [1,2], adhesion of droplets [3], stability of Cassie-like wetting on
superhydrophobic surfaces [4] and last but not least for floating of
micro-boats [5]. Contact angle hysteresis, which is the difference be-
tween the maximum (advancing) and minimum (receding) contact
angle, inherent for a certain triad: solid/liquid/vapor is partially caused
by adhesion hysteresis in the solid–liquid contact area (2D effect [6–8])
and partially by pinning of the solid–liquid-air triple line due to the
surface roughness (1D effect [9–13]). The physical origin of the contact
angle hysteresis remains debatable and it is reasonable to suggest, that
it arises from a complicated interplay of chemical and physical sources
[12–16].

It is noteworthy, that the contact angle hysteresis usually retains the
motion of droplets or solid objects [1,7]. In contrast, we report sur-
prising, paradoxical, experimental findings describing the situation,
where contact angle hysteresis promotes the motion of floating polymer
(polyolefin) rafts. In our experiments circular polyethylene (PE) and
polypropylene (PP) rafts were placed on the water/vapor interface, as
shown in Fig. 1. De-ionized water was prepared from a synergy UV
water purification system from Millipore SAS (France). The specific
resistivity of water was  = ×ρ 18.2 MΩ cm at 25 °C. The diameter of
polymer rafts were 5.6 ± 0.1 mm with the thickness of
0.6 ± 0.05 mm and the mass of 0.0134 ± 0.0001 g for the PE rafts
and the thickness 0.9 ± 0.05 mm and the mass of 0.0172 ± 0.0001 g

for PP ones. The density of rafts was ρPP = 0.95 × 103 kg/m3;
ρPE = 0.92 × 103 kg/m3. The rafts were cut from polyolefin films,
manufactured by hot pressing. The advancing apparent contact angles
for rafts wereθadPP = 102.2 ± 0.5°; θadPE = 122.3 ± 0.5°, as estab-
lished with the Rame-Hart 500 goniometer by the sessile droplet
method. Thus, the rafts were hydrophobic. The motion of rafts was
registered from above with a rapid camera (Casio EX-FH20). The ex-
periments were carried out under ambient conditions.

Cylindrical Neodymium permanent magnets producing magnetic
fields B ≅ 0.1 ± 0.05T were placed above the water/vapor interface,
as depicted in Fig. 1. The distance h between the magnet and the water
level was h = 1.0 ± 0.1 mm; the maximal lateral distance between the
magnet and the margin of the raft was L = 2 ± 0.1 cm (see Fig. 1). In
a contra-intuitive, paradoxical way, the rafts moved with a character-
istic velocity of the center of mass vcm ≅ 0.015 m/s, as shown in Fig. 2
(see also the Supplementary materials, Video 1). When the magnet was
moved away it attracted polymer rafts (both PP and PE). Why do the
observed displacements of rafts are surprising? Indeed, PE and PP are
pronounced diamagnetic materials with the specific magnetic suscept-
ibility of χ ≅ − 1.01 × 10−8 m3/kg [17–19]. Thus, the expected in-
teraction of the magnet with the aft is negligible; moreover, magnetic
fields push out diamagnetic materials [19]. In contrast, in our experi-
ments the attraction of rafts to the permanent magnet was observed.

All the observed effect is due to the interplay of gravity, contact
angle hysteresis and the diamagnetic properties of water
(χwater ≅ − 9.1 × 10−9 m3/kg). When the magnetic field acts on
water, the water/vapor interface it is deformed, as depicted in Fig. 1
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(see also the Supplementary materials, Video 2); consequently the ap-
parent interfacial contact angle is changed from α to β. This change
gives rise to the horizontal force on the order of magnitude of ca. γl
(cosβ − cos α), moving the raft, where l is the characteristic lateral
dimension of the raft (i.e. its radius in our case), and γ is the water/air
surface tension. The similar strategy of actuation of droplets was re-
ported recently in Ref. [20], where diamagnetic liquid marbles [21]
were displaced by the steady magnetic field of ca. 50 mT. In turn, we
demonstrate the same idea may be exploited for the actuation of the
motion of floating solid polymer rafts.

The change is the apparent contact angle arising from the action of
the magnetic field is illustrated with Fig. 3. The menisci and interfacial
apparent contact angles were visualized with the goniometer Rame-
Hart 500. Note, that the Young contact angles are insensitive to external
fields (gravitational, electric and magnetic) as demonstrated in Refs.
[22, 23]; contrastingly, apparent contact angles are affected by these
fields. Hence, the reported effect is at least partially due to the contact
angle hysteresis [11,7]. Note also, that the interfacial angles should not
be mixed with the apparent and receding contact angles denoted by θ
and θR[23–24]. The interrelation between contact angles is obvious:

= −α θ π
2 and = −β θR

π
2 . It is reasonable to suggest that the contact

angle hysteresis in the described experiments origins in the pinning of
the triple (three phase) line to the circumference of rafts [5].

Why do we recognize the reported effect as surprising? At the first
glance, it seems that extremely weak magnetic properties of involved
media will demand very high magnetic fields for displacing the polymer
boat. It turns out, that moderate fields on the order of magnitude of
0.1 T will be sufficient for performing this task. Consider a spherical
water droplet of radius R placed into the magnetic field B. Equating the
surface energy of the droplet to the magnetic one yields:
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where μ is the magnetic permeability of water. Assuming μ ≅ 1 (water is
a weak diamagnetic material, μ= 1 + χm, where χm is the molar
magnetic susceptibility of water, |χm| < < 1), and omitting the
numerical coefficients, gives rise to the dimensionless number, denoted
by ψ, relating the effects owing to the surface tension to those due to the
applied magnetic fields, supplied by Eq. (2):

=ψ B R
μ γ

2

0 (2)

It is seen from Eq. (2), that the effects due to the applied magnetic
field became comparable when the value of the magnetic fields is on the
order of magnitude of the value B∗, given by Eq. (3):

≅
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It is plausible to assume that the value of R is close to the so-called
capillary length inherent for water, labeled lca (see Refs. [1, 7, 23]).
Thus, finally we derive:

=ψ B l
μ γ

ca
2

0 (4a)
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Fig. 1. Polymer raft floating on the water surface is depicted; α and β are the interfacial
contact angles. The green dashed line shows the water level far from the raft. The in-
terfacial contact angle α corresponds to the zero magnetic field; the interfacial contact
angle β < α arises from the deformation of the water/vapor interface by the permanent
magnet, creating the maximal magnetic field of B ~ 0.1 T. A. The enlarged area of the
water/vapor interface close to the floating raft is depicted. B. Side view of the floating
raft. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. The time dependence of the velocity of the center of mass of the polymer rafts vcm
is depicted. Black circles correspond to the PE raft. Open circles correspond to the PP raft.
The initial horizontal distance of rafts measured from vertical axis of symmetry of the
magnet was 20 mm. The motion stopped when rafts came to the magnet, as shown in
Fig. 4.

Fig. 3. Deformation of the water/vapor interface in the vicinity of the floating PE raft
induced by the permanent magnet is shown. a) The non-deformed interface is presented;
b) the same interface deformed by the magnetic field of ca. 0.1 T is depicted. c) The
magnified fragment of the water/vapor interface deformed by the magnetic field is
shown.
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