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We report surprising morphological changes of suspension droplets (containing class II hydrophobin
protein HFBI from Trichoderma reesei in water) as they evaporate with a contact line pinned on a rigid
solid substrate. Both pendant and sessile droplets display the formation of an encapsulating elastic film as
the bulk concentration of solute reaches a critical value during evaporation, but the morphology of the
droplet varies significantly: for sessile droplets, the elastic film ultimately crumples in a nearly flattened
area close to the apex while in pendant droplets, circumferential wrinkling occurs close to the contact line.
These different morphologies are understood through a gravito-elastocapillary model that predicts the
droplet morphology and the onset of shape changes, as well as showing that the influence of the direction of
gravity remains crucial even for very small droplets (where the effect of gravity can normally be neglected).
The results pave the way to control droplet shape in several engineering and biomedical applications.
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The shape of a liquid drop resting on a rigid solid surface
is governed by a balance between capillary forces and
hydrostatic pressure. For small water droplets, capillarity
dominates this balance and the droplet adopts the shape of a
spherical cap—a label its shape retains even if it sub-
sequently evaporates, albeit with changing contact angle or
radius [1]. While larger water drops may be influenced by
gravity, and hence start with more exotic shapes, upon
evaporation they must ultimately reach the small droplet
limit, and hence adopt the spherical cap shape too. This
simple picture of droplets always evaporating as spherical
caps does not, however, hold for the evaporation of more
complex droplets such as mixtures of water and solid
particles or emulsions. In particular, the evaporation of such
drops may lead to nonspherical shapes [2–5], reflecting the
nontrivial behavior of interfaces including solidlike films
formed on the surface from the aggregation of contami-
nants [3–8]. In these settings and others [9–12] the

nontrivial changes in shape that occur are controlled by
various balances between surface tension and elasticity and
are not generally sensitive to body forces such as gravity.
At the same time, the creation of a capsule around a

droplet is useful to protect the inner material from the
external environment and, possibly, to selectively release
the droplet’s contents under specific conditions [13].
Encapsulation is achieved using a variety of methods [14],
including in situ polymerization [15], self-assembly of
the capsule [16], elastocapillary interactions [17], spray
drying [18], and gravity-induced encapsulation [19].
Perhaps the simplest method of capsule formation

involves a surface-active molecule spontaneously adsorb-
ing at an interface. Here, the properties of the capsule
depend on the interfacial concentration of molecules: at low
concentrations the interface has a simple interfacial tension
but at higher concentrations also develops a solidlike shear
modulus [20]. In this Letter, we show that the combination
of concentration dependence and external fields (specifi-
cally gravity) gives rise to morphological changes in
hydrophobin-water droplets, on a solid substrate, as the
water phase evaporates. Specifically, we use class II
hydrophobin protein HFBI from Trichoderma reesei.
HFBI is a water soluble protein and yet is very amphiphilic,
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readily assembling at air-water or oil-water interfaces [21].
As shown in Fig. 1(c), a sessile droplet (supported against
gravity by the surface) starts off as a cap shape but
ultimately forms a flat region close to its apex.
Conversely, a pendant droplet (which hangs beneath the
surface under gravity) forms wrinkles close to the contact
line. While the edge wrinkling of pendant drops has been
modeled previously as an elastocapillary instability [22],
the formation of a central flat spot in the sessile case is still
debated: it has previously been proposed that the buoyancy
of HFBI molecules drives them to form a raft that
then floats to the top (sessile case) or sinks to the edge
(pendant case) and forces the interface to be flat in these
regions [7,8]. While these experimental observations (and
others on a slope in which the normal to the flat region is
parallel to the direction of gravity) strongly suggest that
gravity plays a key role in the phenomenon, it stretches
credulity that individual molecules (albeit large ones) are
affected by gravity to this extent—a simple calculation
shows [23] that the sedimentation length [40] for these
molecules is ls ≈ 200 m. Given this gravitational height is
so much larger than any length scale in the experiment, we
seek to understand how gravity enters the problem, focus-
ing on the role played by its effect on droplet shape. We
begin by outlining our own experimental procedures.
Water droplets, with initial volume Vi in the range

8.63–18.68 mm3, containing HFBI molecules were placed
on Parafilm substrate; the experimental setup is sketched in
Fig. 1(a). The initial concentrationC of the HFBI molecules

is kept in the range 2 μmol L−1 ≤ C ≤ 4 μmol L−1. The
droplets aremonitored using an optical tensiometer and their
profile captured using a CCD camera; experimental images
are processed using ImageJ and the library openCV [23].
Sessile droplets are found to develop a flattened region
during evaporation that is made by a crumpled HFBI
monolayer, as shown in Figs. 1(c) and 1(d). Pendant
droplets are obtained by quickly inverting the substrate
after droplet deposition; during evaporation they display a
circumferential wrinkling in the vicinity of the contact line,
see Figs. 1(c) and 1(d).
The crumpling of the flattened region indicates that the

elastic film is not flat in its relaxed state and exhibits a
nonzero Gaussian curvature. (Similar crumpling has been
observed previously in polydopamine-stabilized droplets
deflated by syringe suction [3], in polypyrrole droplets [5],
as well as in water drops partially covered by a flat
polystyrene sheet [41].) Moreover, the formation of wrin-
kles in pendant droplets suggests that the HFBI film is also
present on the entire free surface of the droplets. Therefore,
a key first question is to identify the critical threshold for
the onset of encapsulation of HFBI droplets.
Analyzing the experimental images, we find that the

critical volume Vf at which the flattening of sessile droplets
is first observed is linearly proportional to the initial
amount of HFBI contained in the droplet CVi (with C
the initial concentration and Vi the initial volume), see
Fig. 2, top. Assuming that flattening starts soon after the
encapsulation of droplets, the plot of Fig. 2 suggests that
the encapsulation takes place when the bulk concentration
of HFBI reaches a given threshold, such that the interfacial
concentration (assumed in equilibrium with the bulk)
reaches a critical value. Thus, we adopt the following
phenomenological law for computing the volume Ve at
which the droplet is encapsulated:

Ve ¼
CVi

Ce
; ð1Þ

where Ce is a constant representing the critical bulk
concentration at which the encapsulating membrane is
formed. Moreover, in Fig. 2 (bottom) we show the diameter
d of the flattened region in sessile droplets as a function of
the evaporated volume. Interestingly, the experimental
curves display a universal scaling law, since all dimension-
less data collapse onto a master curve taking a length scale
V1=3
i , suggesting a universal geometrical scaling indepen-

dent of gravity [23].
We now introduce a theoretical model to unravel the key

mechanisms of the observed droplet morphology before
and after the formation the elastic film. We distinguish two
main phases during the evaporation process. Before the
formation of the elastic film, the shape of the drop is
dominated by the interplay between gravity and capillarity.
We assume axisymmetry and we fix the center of a

FIG. 1. (a) Sketch of the experimental setup. A droplet is placed
on a Parafilm substrate and its shape is recorded from above and
the side by cameras. After the formation of the flattened region, a
highly ordered pyrolytic graphite (HOPG) substrate was brought
in contact with the top of the droplet to perform imaging through
an atomic force microscope (AFM). (b) AFM image of HFBI
monolayer at the air-water surface. (c) Sessile (top) and pendant
(bottom) droplet shapes at different times during evaporation. The
initial volume is Vi ¼ 13.1 mm3 in both cases, while the initial
concentration of HFBI 2 μmol L−1 for the sessile drop and
4 μmol L−1 for the pendant drop. (d) Plan views of a crumpled
sessile (top) and a wrinkled pendant (bottom) droplet.
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Cartesian frame ðx; y; zÞ at the apex of the drop. Let
½rðt; SÞ; zðt; SÞ� be the curve describing the shape of the
droplet at time t, where r is the radial distance from the
z axis and S is the arclength of the curve.
In our experimentswe use droplets of characteristic length

V1=3
i on the order of millimeters. The Bond number of the

droplet (whose sign is positive or negative for sessile or
pendant droplets, respectively) Bo ¼ �ρgV2=3

i =γ, is there-
foreOð1Þ in all the experiments. Hence, gravitational forces
are of the same order as capillary forces. The adsorption of
HFBI molecules at the interface leads them to self-assemble
to form a highly ordered protein film, with a stretching
modulus of similar order to the surface tension [22,42].
Because of gravity, the pressure inside the drop is

p ¼ pT − ρgz where pT is the pressure at z ¼ 0. Thus,

before the elastic membrane forms, the droplet shape is
governed by the Young-Laplace equation at the interface

ρgz − pT ¼ γκ; ð2Þ

where γ is the surface tension and κ is twice the mean
curvature. If ϕ denotes the angle between the tangent and the
radial direction, κ ¼ �ðdϕ=dSþ sinϕ=rÞ, where the sign is
positive or negative for sessile or a pendant droplets,
respectively. Using as initial conditions rðt; 0Þ ¼ zðt; 0Þ ¼ 0,
we numerically solve the Young-Laplace equation (2) for a
fixed value of pT in the interval S ∈ ð0; SendÞ with rðt; SendÞ
equal to the fixed contact radius rc [23].
Once the bulk HFBI concentration reaches the critical

value Ce, i.e., the droplet reaches the critical volume Ve
given by Eq. (1), HFBI molecules at the free surface self-
organize into a monolayer with a hexagonal structure, as
shown in Fig. 1(b). In this second phase, the shape of the
droplet is dictated by the interplay between the film
elasticity and the gravitational forces on the droplet.
Since the bending modulus B of the HFBI film is propor-
tional to the cube of the membrane thickness (proportional
to the size of a HFBI droplet), the bendability γV2=3

i =B is
much larger than 1 and the elastic film can be modeled as an
elastic membrane [43].
Denoting by r0 and z0 the radial and axial coordinates,

respectively, of the membrane cross-section as the HFBI
film forms, let s0 ∈ ½0; L� be the arclength of this initial
curve. Its current configuration during evaporation is
described by the current coordinates r and z, with the
interface parametrized by the arclength s ¼ sðs0Þ.
Taking account of both elastic and capillary forces, the

membrane assumption for the meridional and hoop stresses
τs and τθ gives

τs ¼
E

1 − ν2
1

λθ
½ðλs − 1Þ þ νðλθ − 1Þ� þ γ;

τθ ¼
E

1 − ν2
1

λs
½ðλθ − 1Þ þ νðλs − 1Þ� þ γ; ð3Þ

where E is the 2D Young’s modulus, ν is the 2D
Poisson’s ratio, while λs ¼ ds=ds0 and λθ ¼ r=r0 are the
meridional and hoop stretches, respectively [44]. We
remark that the elastic membrane is in tension at the instant
of film formation (when λs ¼ λθ ¼ 1) thanks to capillary
forces.
Assuming quasistatic deformations, the following force

balance equations must be imposed:

d
ds

ðrτsÞ − τθ cosϕ ¼ 0;

κsτs þ κθτθ ¼ ρgz − pT; ð4Þ

where κs and κθ are the principal curvatures along
the meridional and hoop directions, respectively. In (4),
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FIG. 2. Top: experimental data for the droplet volume Vf at
which sessile droplets start to flatten as a function of the total
number of HFBI molecules contained in the droplet (the product
of initial concentration C and initial droplet volume Vi).
The orange, green, and red dots represent the data for
C ¼ 2; 3; 4 μmol L−1, respectively. The blue solid line shows
the linear fit of the experimental data. (Bottom) The diameter d of
the flat spot increases with the volume of liquid lost to
evaporation, Vi − V. Raw measurements for droplets with C ¼
2 μmol L−1 and Vi ¼ 8.63; 13.05; 18.68 mm3 (orange, red, and
brown, respectively) shown in the inset collapse onto a master
curve when lengths are rescaled by V1=3

i . The blue dashed curve
shows the prediction of a purely geometrical model, see Eq. (S22)
in Supplemental Material [23].
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the first equation represents in-plane equilibrium, while the
latter represents equilibrium normal to the interface and
hence is the elastic counterpart of the Young-Laplace
equation (2). Setting the boundary conditions rð0Þ ¼
ϕð0Þ ¼ 0, the ordinary differential system is numerically
solved by fixing the value of τsð0Þ and by performing a
shooting method with the parameter pT until the boundary
condition rðt; LÞ ¼ rc is satisfied [23].
As water evaporates, surface tension is counteracted by

compressive elastic stresses within the membrane, depend-
ing on the dimensionless elastocapillary ratio E=γ. Since
the film has negligible bending stiffness, it buckles
immediately upon compression forming wrinkles (if the
compression is uniaxial) or crumples (if the compression is
biaxial). To understand the shape evolution beyond the
onset of crumpling or wrinkling, we apply a far-from-
threshold analysis [22,43], assuming that the membrane
undulations have small amplitude and short wavelength. In
particular, we describe the elastic film through an axisym-
metric pseudosurface ½rðt; s0Þ; zðt; s0Þ� around the buckled
(nonaxisymmetric) midsurface.
For sessile droplets, our theory predicts that the apex of

the membrane becomes crumpled during evaporation. We
assume that the stress is completely released therein, i.e.,
τs ¼ τθ ¼ 0 in a portion of the membrane s0 ∈ ½0; sf�; since
both τs and τθ vanish in this region, the HFBI film cannot
sustain a pressure difference across it, and so we must have

pT ¼ 0 and the interface is flat. Hence, a flat spot appears at
the apex of the droplet, as observed experimentally. Beyond
the flat spot, (4) continues to hold. It is possible to show
that the actual radius of the flattened region is given by
rðt; sfÞ ¼ E=ðEþ γ − γνÞr0ðt; sfÞ [23]. Using this boun-
dary condition, we numerically integrate the system (4) for
s0 ∈ ½sf; L� by fixing sf and using a shooting method to
find the value of ϕðt; sfÞ at which the boundary condition
rðt; LÞ ¼ rc is satisfied. The resulting diameter of the
crumpled region collapses on a master curve when plotted
versus the evaporated volume, in excellent agreement
with the experimental findings (see Fig. 2, bottom). This
collapse can be explained using a geometrical argument
that makes explicit the closeness of the droplet shape to a
spherical cap [23]. A similar numerical scheme is applied to
model pendant droplets [22]; here we find that only the
hoop stress vanishes in a region ½sa; sb� ⊆ ½0; L�; radial
wrinkles therefore form and the balance equations (4) are
modified by setting τθ ¼ 0 for s0 ∈ ½sa; sb� [23].
In the numerical simulations, we set E ¼ 400 mNm−1,

ν ¼ 0.5, γ ¼ 55 mNm−1, and Ce ¼ 4.17 μmol L−1. The
numerical results display excellent agreement with experi-
mentally determined profiles for both sessile and pendant
droplets. Two illustrative examples of the morphological
evolution of the pendant and the sessile droplets during
evaporation are shown in Fig. 3. We remark that, despite the
morphological differences between the pendant and the

(a) (b) (c)

FIG. 3. (a) Theoretical predictions of the droplet profiles during evaporation of a sessile (top, Vi ¼ 13.05 mm3, C ¼ 2 μmol L−1,
Bo ¼ 0.99) and a pendant droplet (bottom, Vi ¼ 7.77 mm3, C ¼ 4 μmol L−1, Bo ¼ −0.70). The green solid curves are obtained from
the fluid equation (2), which remains valid while the bulk concentration C < Ce; while for C ≥ Ce the elastic equations (3), (4) are
solved. Blue and orange solid curves indicate the elastic regions and wrinkled or crumpled regions of the interface, respectively.
(b) Dimensionless meridional (dashed curves) and hoop stress (solid curves) versus the dimensionless radial position r=rc at different
volumes V (V ¼ 3.57; 4.91; 5.26; 5.60; 5.93 mm3 for the sessile droplet, while V ¼ 5.77; 6.15; 6.43; 6.76; 7.10 mm3 for the pendant
droplet), the arrows indicate the direction of increasing evaporated volume ΔV. (c) Predicted (solid curves) and experimental droplet
profiles (dotted curves) at a given time for a sessile (top, V ¼ 3.57 mm3) and a pendant droplet (bottom, V ¼ 5.77 mm3). Here, color
shows the predicted wrinkled or crumpled (yellow), or tensile (blue) regions.
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sessile droplets, in both the cases the hoop stress exhibits
huge variations along the radial direction and is maximal
near the contact line (namely, for s0 close to L), while the
meridional stress is nearly constant. Specifically, at the
apex the stress is a locally convex or concave function in
the radial coordinate if the droplet is sessile or pendant,
respectively, see Fig. 3. This stress distribution is key to
whether crumples or wrinkles form: for both sessile and
pendant drops, the stress is isotropic close to the apex, i.e.,
τs ≈ τθ [23]. An asymptotic analysis for small Bond
number [23] shows that for sessile droplets this isotropic
stress is a global minimum so that both stresses become
compressive simultaneously, leading to crumpling at the
apex. For pendant droplets both stresses are locally
maximal at the apex, with a global minimum in τθ close
to the contact line—compression occurs with τθ ¼ 0,
τs > 0 and wrinkles appear.
Figure 4 shows a morphological diagram for evaporating

HFBI-water droplets in terms of the dimensionless param-
eters Bo and E=γ. This plot emphasizes the unusual change
in behavior seen as Bo changes sign: the two drop shapes
with Bo ¼ �0.07 and fixed E=γ are very similar (as should
be expected for small jBoj). Nevertheless, the location at
which wrinkles or crumples are nucleated is very different
in the two cases. Figure 4 also shows that at fixed drop
volume (fixed Bo) a smaller volume decrease is required to
induce compression as the dimensionless elasticity E=γ
increases.
In this Letter, we have presented a theoretical framework

to predict the morphological changes observed during the

evaporation of sessile and pendant HFBI-water droplets.
Our experiments show that the HFBI molecules self-
assemble creating an encapsulating monolayer when the
bulk concentration of HFBI molecules reaches a critical
value Ce. Upon further evaporation, the stress in this layer
becomes compressive and the layer wrinkles or crumples.
Surprisingly, these changes strongly depend on the direc-
tion of gravity, with a discontinuous transition between
a flat spot at the apex, and wrinkles near the contact
line as Bo changes sign. This distinction is observed
experimentally and quantitatively explained by our gravito-
elastocapillary model. The droplet morphology results from
the interplay between elasticity, capillarity, evaporation,
and gravity, as summarized in Fig. 4. This new under-
standing may be used to propose effective mechanisms to
encapsulate droplets that change their shape on demand.
Controlling the morphological changes that take place as
the volume of the encapsulated droplet decreases (through
either evaporation or the controlled release or removal of
the encapsulate [45]) has many applications. For example,
a change of shape can be used to target adhesion
on surfaces [46], to regulate drag in fluid-structure inter-
action [47], or to control depinning of heated droplets in
microgravity conditions [48]. Future efforts will be devoted
to the study of picoliter HFBI droplets, as well as droplets
resting on a nonrigid substrate (e.g., elastic or liquid
substrates).
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