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Abstract    
The topography and wettability of the underside of English weed (Oxalis pes-caprae) leaves and of their biomimetic rep-

licas are investigated. Polyvinyl siloxane molds were cast from the leaves and then filled with an epoxy pre-polymer to produce 
replicas. The particular topographical structures of leaves and replicas were evaluated by optical microscopy and Scanning 
Electron Microscopy (SEM) analysis. The static wettability of leaves and replicas was assessed by contact angle measurements, 
while the dynamic wettability was characterized by estimating contact angle hysteresis and studying the dynamic behavior of 
impacting water droplets. A smooth glass slip and its replica were used as control surfaces. The replica moulding method used 
was able to transfer the characteristic pattern of irregular 100 µm – 200 µm × 60 µm convex papillae interspersed with stomata 
of the original leaf to the epoxy replicas. The static contact angle of 143˚ ± 3˚ and the contact angle hysteresis of 2˚ indicate that 
the underside of the English weed leaf is close to superhydrophobic. The lower contact angles (130˚ ± 4˚) and higher hysteresis
(31˚) observed for the replica when compared with the original leaves were associated to an inaccurate replication of the 
chemistry and structures of the three-dimensional wax projections covering the plant surface. Also, trichomes in the original 
leaves could not be accurately reproduced due to their flexibility and fragility. Differences in wetting behavior were also evident 
from droplet impact experiments, with rebound regimes prevailing in the original leaves and regimes characterized by higher 
adhesion and larger dissipation predominating in the replicas. Nevertheless, the morphological features of the leaf transferred to 
the replica were sufficient to promote a clear hydrophobic behavior of the replica when compared with the smooth epoxy ref-
erence surface. 
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1  Introduction 

Biomimetics or biologically inspired design relies 
on an understanding of biological functions, structures 
and principles found across various entities in nature 
with the goal of designing products, processes and sys-
tems of commercial and/or industrial value which mimic 
certain features of the biological counterparts[1]. Par-
ticularly interesting applications in this realm concern 
the production of plant-inspired surfaces. For instance, 
functional processes such as the heat and mass transfer 
(e.g. in transpiration) occurring at the leaves are impor-
tant issues explored in bionics and biomimetic engi-
neering[2,3]. Surface properties of the leaves are also an 

important topic given their potential in many industrial 
and commercial applications. Many leaf surfaces are 
characterized by a hierarchical topography built up of a 
combination of microstructures and superimposed 
nanostructures which influence physical properties such 
as adhesion, wettability and spectral characteristics[4,5]. 
The replication of the superhydrophobic and 
self-cleaning ability of the lotus leaf is one of the best 
known examples in this area[6,7]. Other examples of in-
teresting properties displayed by plant surfaces include 
the high adhesion of water droplets to the superhydro-
phobic rose petals[1,8], the anti-algae fouling of natural 
Trifolium sp. leaves[9], the ability to retain air underwater 
of Salvinia molesta leaves[10] and the pointillist structural 
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color displayed by Pollia condensata fruit[11]. Highly 
hydrophobic (i.e. superhydrophobic) leaves are espe-
cially interesting given the potential applications that 
surfaces, which are extremely difficult to wet, may have 
(e.g. self-cleaning, drag reduction, anti-icing)[5]. From a 
biological point of view, superhydrophobic leaves re-
duce the water availability and thus minimize the pro-
liferation of harmful microorganisms, and prevent the 
decrease in gas exchange that is associated to the for-
mation of a liquid layer[5]. The superhydrophobic char-
acteristics of leaves are usually associated with the 
presence of micro and nanostructures, cuticular folds 
and epicuticular or intracuticular hydrophobic waxes[5]. 

Although one may find several successful examples 
of biomimetics applied to the creation of modified sur-
faces in the current literature, much research is yet re-
quired to identify and understand the hierarchical struc-
tures of natural surfaces that depict unusual self-cleaning 
and wetting properties. Low-cost effective methods that 
accurately replicate and transfer relevant micro and 
nanostructure’s patterns onto polymeric materials are 
especially useful to identify the hierarchical architec-
tures that generate such particular properties. For ex-
ample, Koch et al. proposed a fast, precise and low-cost 
soft lithography method that uses an impression material 
(e.g. an elastomer like polyvinyl siloxane, PVS) to retain 
the high aspect ratio features and complex hierarchical 

architectures of biological surfaces. This negative matrix 
is then filled with a resin material to obtain a positive 
replica of the original surface without the need for 
complex nanofabrication techniques[12]. With this 
methodology, the influence of topographic features in 
properties such as wetting and biological adhesion can 
be assessed without the interference of the chemical and 
mechanical characteristics of the natural surfaces. 

Oxalis pes-caprae (English weed) is a native plant 
of South Africa which is widespread throughout Medi-
terranean climate regions as an invasive weed. It pre-
sents high rates of nutrient uptake and dispersion, al-
lowing a fast colonization of gardens and cultivated 
lands. Moreover, the aerial biomass of the plant is rich in 
oxalic acid and other natural organic compounds (phe-
nols, esters and cinnamic acids)[13]. The species presents 
itself with green to purple leaves comprised of three 
heart-shaped leaflets attached to the tip of a long stem 
(Fig. 1a). Leaves often close and fold downward in in-
tense light at night. The funnel shaped flowers are 
characterized by a calyx composed of five free or 
slightly fused bright yellow sepals. The hydrophobicity 
of O. pes-caprae leaves is readily apparent from an ob-
servation of the behaviour of water droplets on the sur-
face. While the micromorphology of O. pes-caprae 
petals has already been characterized[14], the topography 
of the leaves has not been the object of study yet. 

 

 
Fig. 1  (a) English weed (O. pes-caprae) leaf; (b) optical microscopy image (200× magnification, scale bar = 150 μm) of the underside of 
the leaf showing an array of micropapillae; (c) SEM image showing epicuticular waxes on top of a papilla (scale bar = 1 μm); (d) optical 
microscopy (200× magnification, scale bar = 150 μm) and (e) SEM images of the epoxy replica of the leaf (scale bar = 200 μm); (f) SEM 
image highlighting the replication of epicuticular waxes on top of a papilla (scale bar = 10 μm).    
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The present work explores the topographical and 

wetting properties of the underside of the leaf of the 
English weed. The particular topographical structures of 
the leaf are evaluated by optical microscopy and Scan-
ning Electron Microscopy (SEM) analysis, and trans-
ferred to epoxy replicas using the Koch’s molding tech-
nique[12]. The static and dynamic behavior of water 
droplets on the leaves and replicas was studied to de-
termine wettability properties of the surfaces. The static 
wettability is assessed by contact angle measurements, 
while the dynamic wettability is characterized by esti-
mating contact angle hysteresis and studying the dy-
namic behavior of impacting water droplets. 

2  Theoretical background 

2.1  Contact angle analysis  
Characteristics of plant surfaces like self-cleaning, 

drag reduction, adhesion, condensation and evaporation 
kinetics or biofilm formation[5] are strongly associated 
with wettability, a property governed by intermolecular 
interactions that characterizes the degree of wetting of a 
solid surface by a liquid droplet. A common way to 
characterize wettability is through the measurement of 
the static contact angle, θeq, resulting from equilibrium 
between the interfacial tensions between solid, liquid 
and vapour phases. The exact boundaries between each 
class are quite controversial, particularly regarding the 
limits separating hydrophilicity/hydrophobicity and 
hydrophobicity/superhydrophobicity. For instance, ac-
cording to Vogler[15] hydrophobicity starts for θeq > 65˚, 
while for Koch et al.[5], hydrophobicity starts only at  
θeq ≥ 90˚. The different classifications can be attributed 
to different reasons. Vogler[15] justifies the dissimilar 
hydrophobic response of the biomaterials (which occurs 
at low values of the static contact angle) presumably 
because of the influence of the absorbed proteins. In this 
work, one followed the classification according to Koch 
et al.[14], for which the surfaces are: i) superhydrophilic 
(θeq < 10˚), ii) hydrophilic (10˚ < θeq < 90˚), iii) hydro-
phobic (90˚ < θeq < 150˚) or iv) superhydrophobic (θeq > 
150˚). In general, contact angles larger than 120˚ cannot 
be obtained on smooth surfaces. Several authors[16] 
stress that for a surface to be truly superhydrophobic the 
contact angle hysteresis (i.e. the difference between the 
quasi-static advancing and receding contact angles) must 
be below 10˚. 

The wettability of plant surfaces is closely deter-
mined both by the chemistry of the hydrophobic wax 
coating that cover most leaves and by the micro and 
nano features of their topography[5]. For such grooved, 
non-smooth surfaces, an apparent contact angle, θR, is 
defined, which can be related to the contact angle of a 
smooth surface of the same material, θeq. While a few 
alternative attempts have been made to describe the 
wetting regimes of micro nanostructured surfaces[16], 
two main theories hold: the Wenzel’s theory[17], which 
describes the homogeneous wetting regime and is valid 
for surfaces with the same chemistry, and the 
Cassie-Baxter theory[18], describing the heterogeneous 
wetting regime. The classification of the wetting re-
gimes, the applicability of the Wenzel and Cassie- Bax-
ter theories and the transition between regimes are still 
hot topics for discussion, as recently revisited by Mar-
mur[19]. Usually the transition between the Wenzel and 
Cassie-Baxter regimes is associated to the transposition 
of energy barriers, for instance when droplets impact 
over a surface at a certain velocity, instead of being 
deposited. Hence, besides the static analysis, dynamic 
wetting conditions are studied considering droplet in-
teractions over the natural surfaces and their corre-
sponding replicas. 

 
2.2  Dynamic wetting 

When a droplet impacts on a surface with a certain 
velocity, the fast momentum transference from the ver-
tical to the horizontal direction leads to the formation of 
a liquid film which spreads radially over the surface. 
Here, the velocity of the contact line is quite high, so that 
dynamic advancing and receding contact angles become 
also relevant. Several outcomes may result from droplet 
impacts onto a cold, rigid and dry surface, depending on 
the boundary conditions at impact, including liquid and 
surface properties. The analysis of these outcomes is 
often performed making use of dimensionless numbers, 
which relate the most relevant forces acting on the 
droplet. 

Droplet impacts are usually characterized by the 
impact energy or by an appropriate time scale. Follow-
ing the extensive classification proposed by Moreira et 
al.[20], three basic outcomes are usually identified 
namely: stick, spread and disintegration. The later may 
in turn occur according to four different mechanisms as 
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recently identified by Rioboo et al.[21] and by Moita and 
Moreira[22]: prompt splash, receding break-up, partial 
rebound and finger break-up. Transition between these 
outcomes (also termed impact regimes) can be estab-
lished using criteria which are associated to critical 
Weber number, 2

0crit 0 / ,We U Dρ σ= where ρ and σ are the 
liquid density and surface tension, respectively. D0 and 
U0 are the droplet’s initial diameter and impact velocity. 
Although there is not yet conformity between the vari-
ous criteria proposed in the literature, they are usually 
established as a function of both surface topography and 
wettability. Hence, droplet dynamics may provide im-
portant information regarding particular surface proper-
ties and determine how much superhydrophobic the 
surface remains under dynamic conditions. In the pre-
sent work, the dynamic behaviour of impacting water 
droplets is used to evaluate the hydrophobicity of the 
surfaces. The impact regimes of both natural surfaces 
and replicas are compared, as a function of their wet-
tability and topography (as quantified by the mean 
roughness). 

3  Materials and methods 

3.1  Sample preparation 
English weed leaves were collected at Instituto 

Superior Técnico campus (Lisboa, Portugal) until 12 
hours before casting. After collection, the leaves were 
stored in a box, under a saturated humidity atmosphere 
and at 4 ˚C, to prevent collapsing or deformation of the 
features under study. The samples were rinsed with mil-
liQ water and dried with compressed air, to remove 
adherent particles from the surface. Glass microscope 
cover slips were also replicated and used as a “smooth 
surface” reference. The slips were rinsed in milliQ water 
and washed with acetone to remove organic contami-
nants before replication. 

 
3.2  Molding technique 

English weed leaves were replicated using Koch’s 
molding technique as described next. A relatively ho-
mogeneous square piece with 2 cm × 2 cm was cut out of 
each sample and fixed with the lower side up to a 
moulding box with two-sided tape (Fig. 2a). A negative, 
hydrophilic polyvinyl siloxane (PVS) replica was pro-
duced by dispensing the two-component dental impres-

sion material Light LV from CharmFlex over the sample 
(Fig. 2b). The PVS components were previously cooled 
to 4 ˚C to decrease the viscosity and increase the time 
during which the mixture is still fluid. In order to assure 
an accurate casting of the surface, the impression mate-
rial was pressed over the sample to remove air and en-
sure that every crevice in the sample’s microstructures 
would be filled with PVS. Following polymerization and 
hardening of PVS for 5 min –10 min at room tempera-
ture, the vegetal sample was peeled off the rubbery 
negative mould of PVS (Fig. 2c). The mould was 
washed with chloroform to remove traces of wax crys-
tals or other biological material from the master sample 
and left overnight at room temperature for relaxation. 
Positive replicas were made in Spurr’s resin using the 
Spurr’s Low Viscosity Embedding Kit from Electron 
Microscopy Sciences. The resin was prepared according 
to the manufacturer’s instructions and used to fill the 
negative PVS mold, avoiding bubble formation (Fig. 2d). 
Orbital agitation was used for 5 minutes to allow the 
resin to impregnate the micro and nano-features on the 
PVS surface and molds were left to cure overnight in an 
oven at 70 ˚C. Finally, the hardened Spurr’s resin with 
the positive replica of the surface was separated from the 
negative PVS mold. 
 

 
Fig. 2  Overview of the steps involved in the replica moulding 
technique. (a) Plant specimen mounted on the moulding box; (b) 
polymerization of PVS over the original sample; (c) negative PVS 
mould after peeling showing the cavity where the leaf topography 
is impressed; (d) negative PVS mold filled with fluid Spurr’s 
resin.   
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3.3  Characterization of the surfaces 
Leaves and replicas were characterized in terms of 

their topography, static wettability and dynamic wet-
tability. 
 
3.3.1  Surface topography 

Topographic profiles were measured with a Dektak 
3 contact profilometer (Veeco) with a precision of  
±100 Ǻ. The obtained data was further used to determine: 
i) the average roughness, Ra, defined as the arithmetic 
mean amplitude of the asperities relative to a reference 
mean-line (standard BS1134) and ii) the average 
peak-to-valley height, Rz, defined as the average of sin-
gle peak-to-valley heights from the five adjoining sam-
pling lengths (standard DIN4768). 
 
3.3.2  Microscopy visualization 

Leaves and replicas were observed under a Leica 
DMLB optical microscope with an external visible light 
source to allow visualization of surfaces in reflection 
mode. Photographs were taken with an Olympus E-PM1 
camera. The details of the complex hierarchical structure 
of leaves and replicas were examined by SEM. Leaves 
were sliced and fixed with 2.5% glutaraldehyde in PBS 
(0.1 M saline phosphate buffer, pH 7.2), washed with 
PBS buffer and then dehydrated in a series of solutions 
with increasing concentration of acetone. Drying was 
preformed through critical-point drying with CO2. 
Fixed/dehydrated leaves and resin replicas were covered 
with a conductive layer of gold-palladium particles and 
observed on a Hitachi S2400 SEM microscope in the 
low vacuum mode. 
 
3.3.3  Static wettability 

Static contact angles were measured on an optical 
tensiometer THETA (Attension) using 2 μL – 3 μL drops 
of distilled water at room temperature (ca. 25 ˚C). Four 
to five consistent measures were taken for each sample 
using the sessile drop method. Images of the deposited 
droplet were taken using a monochrome video-camera 
coupled with a microscope. The images size is 640 × 480 
pixels and the spatial resolution of the system for the 
current optical configuration is 15.6 μm/pixel. The im-
ages were post-processed by a drop detection algorithm 
based on Young-Laplace equation (One Attension soft-
ware). The accuracy of the algorithm is argued to be of 
the order of ± 0.1˚ (e.g. [23]). Contact angle hysteresis 

was assessed at room temperature as described by 
Kietzig[24]. Briefly, a small water drop is dispensed from 
a needle and brought into contact with the surface. The 
volume of the drop is increased and the advancing con-
tact angle is taken as the one just before the interface 
diameter increases. Afterwards, the drop diameter is 
decreased and the receding contact angle is taken as the 
one just before the interface diameter decreases[24]. 
 
3.3.4  Dynamic wettability: droplet impact assays 

Droplet impact assays were performed under a 
range of size that is expected to influence droplet dy-
namics (e.g. [25]): D0 = 3.5 mm and D0 = 2.4 mm.  In-
dividual droplets of distilled water were generated at the 
tip of a hypodermic needle fed by a programmable liquid 
pump and allowed to fall by action of gravity. The im-
pact velocity U0 was varied by changing the falling 
height, H, estimated as U0 = (2gH)1/2 and checked by 
image post-processing. The working conditions for the 
droplet impact assays were as follow: 0.3 ≤ U0 ≤ 2.0, 5 ≤ 
We ≤ 194, 1210 ≤ Re ≤ 7952 and 1.75 ≤ Oh ≤ 1.82. 
Properties of distilled water (ρ, σ, μ) at room tempera-
ture were determined using the WolphramAlpha com-
putation engine (http://www.wolframalpha.com/). Each 
impact condition was reproduced until a regime was 
coherently observed at least three times. Impact spots on 
the surface were chosen based on structure homogeneity, 
clear field of view and contact angle. The post-impact 
process is recorded by a Phantom v4.2 high speed cam-
era with 512 × 512 pixels at 2100 fps (Vision Research 
Inc.). The spatial resolution was 25 μm/pixel and the 
temporal resolution 0.45 ms. For the rebound meas-
urements, sequences of images were analyzed using a 
homemade routine implemented in Image-Pro Plus 
software (MediaCybernetics) that identifies the drop and 
returns its diameter and centroid position as output. All 
other parameters (initial and rebounding droplet vol-
umes, impact and detachment velocities) were calcu-
lated based on these outputs. The accuracy in the 
evaluation of the impact velocity U0 is better than 3%, 
while for the droplet diameter D0 is ±1.4%. 

4  Results and discussion 

4.1  Analysis of surface topography of leaves and 
replicas  
The underside of English weed leaves and the 

corresponding epoxy replicas was inspected by optical 
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and SEM images (Figs. 1b–1f). Inspection by optical 
microscopy shows that the leaves are completely cov-
ered with a pattern of large, irregular papillae with 
characteristic dimensions around 50 μm – 150 μm  
(Fig. 1b). Stomata can be found sporadically at the 
junctions between papillae (as indicated by the arrows in 
Fig. 1b) and trichomes are observed in most specimens 
(not shown). The magnified SEM image of the leaves in 
Fig. 1c reveals that the surface of the papillae is slightly 
undulated and covered by very small features resem-
bling three dimensional wax crystals. The essential 
features of this complex, hierarchical topography of 
papilla and three-dimensional wax projections were 
replicated by Koch’s method, as shown by optical mi-
croscopy, (Fig. 1d) and by the high resolution SEM 
images (Fig. 1e). The details of the smallest wax features 
are also apparently captured, as shown in the SEM im-
ages of the replicas (Fig. 1f). The Koch’s molding tech-
nique[12] was applied using casting. Stamping would not 
be an alternative, given the time necessary for the epoxy 
to solidify. On the other hand stamping is more aggres-
sive to the samples (e.g. the applied impactful pressure 
would destroy the trichomes and probably other parts of 
the complex structure of the leaf) and favors the forma-
tion of bubbles, thus jeopardizing the fidelity of the 
replica. In the casting, the resin has time to completely 
penetrate into the micro-structures, thus assuring good 
fidelity, which was confirmed by microscopic observa-
tion of both positive and negative molds. In addition, the 
SEM analysis of the replicas, as discussed in the previ-
ous paragraphs demonstrates good fidelity, even for the 
smaller (wax) structures. 

Complementary information on the topography of 
the surfaces was obtained by performing a profilometric 
analysis of the epoxy replica. The representative profile 
shown in Fig. 3 is characterized by a series of conical 
peaks with heights up to 60 μm. The widths at the base of 
up to 200 μm are consistent with the dimensions of pa-
pillae observed in SEM images. The different peak sizes 
observed in the profile may result from the fact that 
papillae with different heights/lengths are present in the 
surface or can be attributed to the fact that the stylus of 
the profilometer in its straight movement through the 
undulated surface covered both peaks and anticlines of 
papillae. Overall the surface is characterized by a mean 
roughness, Ra of 12.3 μm and by an average 
peak-to-valley height, Rz of 31.7 μm. For comparison 

purposes, a replica of a smooth glass slip is characterized 
by an Ra of 0.13 μm and an Rz of 0.4 μm. Profiles of the 
original leaves could not be obtained since the pro-
filometer stylus would damage the surfaces during the 
measuring process. 
 
4.2  Static wetting 

The static wettability of the leaves and replicas was 
characterized by measuring the equilibrium contact an-
gles (Table 1). The effect of the chemistry of the Spurr’s 
epoxy resin used to produce the replicas was first as-
sessed by measuring contact angles of a smooth glass 
slip (Ra = 0.02 μm, Rz = 0.05 μm) and of its replica  
(Ra = 0.13 μm, Rz = 0.4 μm). A significantly higher 
contact angle of 84˚ ± 5˚ was obtained for the replica 
when compared with a contact angle of 41˚ ± 4˚ for the 
original glass slip (Table 1). Even though the slight 
roughness introduced during the casting of the replica 
(not shown) cannot be neglected altogether, these results 
indicate that the hydrophobicity of the resin is largely 
responsible for the wetting behavior of the glass slip 
replica. 

Significantly larger contact angles of 143˚ ± 3˚ and 
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Fig. 3  Topographic profiles of the replica of the underside of the 
English weed leaf. Data from the plot was used to determine the 
mean roughness Ra = 12.3 μm and the peak-to-valley height Rz = 
31.7 μm. 
 
Table 1  Equilibrium contact angles and contact angle hysteresis 
of English weed leaves and replicas. Glass cover slips were used 
as a control surface 

Static contact angle (˚)  Contact angle hysteresis (˚)
Surface 

Original Replica  Original Replica
English weed 

leaf 143 ± 3 130 ± 4  2.0 31.0 
Glass cover 

slip 41 ± 4 84 ± 5  39.6 59.0 
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130˚ ± 4˚ were obtained respectively for the English 
weed leaf and its replica (Table 1). This shows that the 
surface roughness associated with the 60 µm convex 
papillae plays a critical role in the wetting properties of 
the surfaces, contributing to an increased hydrophobicity. 
According to Wenzel’s equation, since the smooth epoxy 
surface has a contact angle lower than 90˚, the increase 
in the surface roughness of the leaf replica should have 
rendered the surface more hydrophilic. However, the 
opposite effect is observed, which suggests that the 
wetting regime is closer to a Cassie- Baxter regime. The 
micro-to-nano-hierarchical topography revealed by 
SEM imaging and the microscope observation of small 
air pockets underneath water droplets deposited on the 
original leaves and replicas (not shown) are both con-
sistent with a Cassie-Baxter or transition regime. The 
lower contact angles observed for the replicas (130˚ ± 4˚) 
when compared with the original leaves (143˚ ± 3˚) can 
be associated with an inaccurate replication of the 
smaller nanoscopic wax crystal structures (Fig. 1c). 
Differences in the hydrophobicity of the wax cover in 
the originals when compared with the hydrophobicity of 
the Spurr’s resin are also likely to contribute to the ob-
served differences. Finally, the structural hierarchy re-
sponsible for the hydrophobicity of the original English 
weed leaves includes a set of flexible trichomes (hairs), 
which are rarely present in the replica. While the main 
micro and nanostructures of the English weed leaves 
were successfully replicated by the Koch’s technique[12], 
using a casting method, leading to an improved hydro-
phobicity in relation to the smooth material, it is clear 
that other techniques should be used (e.g. deposition of 
waxes[26,27], application of hydrophobic coatings[24]) if 
we wish to fully replicate their hydrophobicity associ-
ated to the nature of the material. 

 
4.3  Dynamic wetting 
4.3.1  Contact angle hysteresis 

The dynamic wetting of the English weed leaf, 
glass slip and corresponding replicas was studied by 
measuring contact angle hysteresis and performing 
droplet impact experiments. The low contact angle 
hysteresis of the English weed leaf of 2˚ (Table 1) is 
consistent with a Cassie-Baxter state and indicates that 
droplets resting on the surface will be highly mobile, 
rolling off easily at small tilt angles. The contact angle 
hysteresis of the English weed replica, however, was 

quite high (31˚) and consistent with the observed adhe-
sion of water droplets to the surface (not shown). This 
suggests that the Cassie-Baxter regime is not fully 
achieved in the replica, indicating instead the presence 
of a transition regime. The increased hysteresis observed 
in the replica can be associated with the inability to rep-
licate the smaller nanoscopic wax crystal structures of 
the leaves mentioned previously. Nevertheless, it is 
worth noting that hysteresis is lower in the plant replica 
(31˚) than in the glass replica (59˚). The values depicted 
in Table 1 are similar to those reported by Bhushan and 
Jung[28] for epoxy replicas of a lotus leaf without wax 
crystal coverage. 

 
4.3.2  Droplet impacts 

The outcomes of droplet impact over the original 
surfaces and replicas were determined by taking snap-
shots with a high speed camera (Fig. 4). For each surface, 
the impact velocity was gradually increased and the 
various impact regimes were identified from the images. 
The effect of droplet diameter was inferred by per-
forming experiments with D0 = 3.5 mm and D0 = 2.4 mm 
as suggested in previous studies[21]. Each regime was 
only considered after being observed at least three times, 
for the same impact conditions. The spreading behavior 
is only presented for the larger droplets since no sig-
nificant effect of the initial droplet diameter was ob-
served, in agreement with previous studies[25]. 

Differences between the original surfaces and their 
replicas were readily observed from the droplet impact 
images which can be attributed to the dissimilar topog-
raphy and wettability of the surfaces. For example, a  
3.5 mm droplet hitting the underside of an English weed 
leaf at 0.6 m·s−1 is deformed during the first 5.5 ms and 
then retracts and bounces completely off the surface (Fig. 
4a). By the end of the process the droplet sits at the 
surface with a shape consistent with the 143˚ contact 
angle measured in static experiments. However, the 
behavior of a similar droplet hitting the leave replica at 
the same velocity is quite different (Fig. 4b). Now, and 
as shown in the images, the deformation phase is fol-
lowed by a partial rebound of the droplet. In some ex-
periments, the period of time during which the drops 
stay on flight during rebound was remarkable. Multiple 
rebounds could also be observed for impacts onto the 
English weed leaf, which could not be observed on the 
replica (results not shown). 
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Fig. 4  Snapshots of 3.5 mm water droplets impacting on the surfaces of the underside of the English weed leaf surface (a) and of the 
corresponding replica (b) with a velocity of 0.6 m·s−1. The reference time t = 0 ms is taken at the instant the droplet impacts on the surface 
and the Weber number is equal to 17.5. 
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Fig. 5  Hydrodynamic regimes observed in water droplet impact experiments. (a) Underside of English weed leaf and glass slip; (b) 
replicas of the underside of English weed leaf and of the glass slip. DL and DS refer to impacts with 3.5 mm and 2.4 mm droplets, re-
spectively. Impact regimes maps were constructed on the basis of droplet impact experiments. 

 

4.3.3  Impact  regimes 
The impact regimes observed in the droplet impact 

experiments were mapped as a function of the critical 
Weber number, Wec

[22]. Slight differences in the maps 
were observed as a result of the use of droplets with 
different sizes (Fig. 5). 

Droplet rebound was present in most impact ex-
periments performed on the lower side of the English 

weed leaves, which was generally associated with 
spreading, fingering or break up (Fig. 5a). In the replicas, 
however, the higher adhesion and larger dissipation 
occurring at the contact line prevented complete rebound 
from occurring, and spreading, fingering and prompt 
splashing regimes predominate (Fig. 5b). Since the liq-
uid contact is enhanced in the replica, and the surface 
roughness is quite high, the papillae can disrupt the  
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lamella more easily, leading to the occurrence of prompt 
splashing, which is not observed in the plant surface. In 
some impact conditions (10 < Wec < 25) partial rebound 
occurs and very fast recoiling lead to conditions very 
close to rebound (Fig. 5b). Influence of the droplet size 
was only observed for the English weed replica, proba-
bly because, since the droplet cannot rebound, the higher 
inertia of the larger droplets aids the occurrence of the 
break-up. 

The predominant regime observed in the glass slip 
was spreading, which occurred over a much larger range 
of Wec when compared with its replica. Furthermore, 
fingering only occurred for Wec > 204, which is consid-
erably higher than for the replica (Wec > 65). This is 
attributed to the higher contact angle and larger surface 
roughness of the replica. For these values of contact 
angles (84˚) the average roughness of the replica Ra = 
0.1 μm is not large enough to promote prompt disinte-
gration of the droplet (prompt splash), but is enough to 
promote the finger break-up that is identified with the 
replicas but not with the original surface. 

Regarding the smooth glass replica, the high hys-
teresis is related to large energy dissipation at the contact 
line during the spreading stage, which associated to the 
viscous dissipation tends to attenuate the occurrence of 
disturbances at the rim of the spreading liquid film. 
 
4.3.4  Spreading behavior (adhesion) 

In order to compare the energy dissipation occur-
ring at the contact line, the interface or spreading di-
ameter was measured from the images and its temporal 
evolution was observed. This analysis was performed 
for three dissimilar impact velocities, taken for the 
droplets with the larger diameter of 3.5 mm. Results are 
shown in Fig. 6, together with indication of the maxi-
mum (Dmax) and equilibrium (Deq) diameters. 

The behaviour of droplets impacting on the glass 
slide is characterized by a very fast spreading, until Dmax 
is reached, as a result of the balance between inertial, 
viscous and surface tension forces (Fig. 6a, left). Then, a 
small recoiling phase follows, until Deq is reached, 
which is the result of the large  dissipation  occurring at  
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Fig. 6  Temporal evolution of the interface diameter of 3.5 mm water droplets impacting on (a) a glass slip, (b) a replica of a glass slip, (c) 
the underside of the English weed leaf and (d) a replica of the underside of the English weed leaf. Data was obtained for three impact 
velocities. 
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the contact line (high hysteresis). As expected, the 
maximum diameter increases for larger impact velocities. 
Significant recoil however is observed for the impacts 
over the replica of the glass surface (Fig. 6b, right), 
which is related to the higher contact angle and lower 
hysteresis. 

The opposite trend is observed for the English weed 
leaf (Fig. 6c, left) and its replica (Fig. 6d, right): on the 
replicas, after Dmax is attained there is little recoiling and 
thus Deq ≈ Dmax. Furthermore, both Deq and Dmax depend 
on the impact velocity. On the original leaf, however, the 
same Deq is achieved after recoiling which is inde-
pendent of the impact velocity (Fig. 6c, left). Addition-
ally, the lower hysteresis causes the appearance of a 
minimum during recoiling, which even reaches zero at 
higher impact velocities, as the droplet detaches com-
pletely from the surface during rebound (Fig. 6c, left). 
For the two highest impact velocities, Dmax is virtually 
unchanged, meaning that the dissipated energy on 
spreading is unchanged and that the extra surface energy 
is converted again in kinetic energy during rebound. 
Apart from these two cases, the maximum interface 
diameters of droplet impact on replicas are close to those 
on the original surfaces. 

 
4.3.5  Rebound (hydrophobicity) 

An indirect quantification of the surface hydro-
phobicity can be made by evaluating the amount of ki-
netic energy of the rebounding droplet. Indeed, droplets 
rebounding up to higher positions and ejected at faster 
velocity dissipate less energy at the surface, a situation 
which is usually associated with the low hysteresis and 
high contact angle characteristics of hydrophobic sur-
faces. The rebounding velocity was computed from the 
temporal evolution of the diameter and position of the 
droplet centroid determined from image post processing. 
Additionally, the following quantities were determined: 
maximum height reached by the rebounding droplet, 
impact velocity of the descending rebound droplet Ui, 
initial droplet volume Vi, rebounding droplet volume Vr, 
the velocity with which the droplet detaches from the 
surface Ur and the restitution coefficient, defined as the 
ratio between the momentum of the incoming to the 
rebounding droplets: 

 .r r r r

i i i i

mass U V U
Restitution coefficient

mass U VU
ρ
ρ

= =        (1) 

The temporal evolution of the position and velocity 
of droplets rebounding from original English weed leaf 
and corresponding replica are plotted in Figs. 7 and 8, 
while Tables 2 and 3 summarize the values of the main 
aforementioned quantities. 

Total rebound of the large 3.5 mm droplets was 
systematically observed for all the impact conditions 
tested (Fig. 7 and Table 2). 

The rebound height and velocity increase while 
increasing the impact velocity up to 1 m·s−1, decreasing 
afterwards. The maximum rebound height is 2 mm and 
the maximum rebound velocity is 0.53 m·s−1. The results 
are particularly impressive for the assays with the 
smaller droplets, especially in terms of multiple re-
bounds (Fig. 8 and Table 3). 

The lower weight of these droplets reduces the in-
ertial forces and the interface area for energy dissipation. 
Consequently, the droplet has more energy available for 
the rebound. Also for the smaller droplets, there is a 
propensity for the rebound velocity to increase up to  
0.8 m·s−1 and decline afterwards. Not all the values of 
the heights and velocities of the droplets after the first 
rebound are presented since when the droplet was too 
close to the surface, the image contrast was not good 
enough to allow a correct functioning of the edge de-
tection algorithm. 

Considering the analysis of Jung and Bhushan[29] 
the pinning velocity for the English weed leaf is nearly 
1.0 m·s−1, so after this value the liquid tends to penetrate 
deeply through to rough peaks, increasing the interface 
area for energy dissipations. Consequently, after this 
value the rebound height and velocity tend to decrease 
for the impact of both small and large droplets. In con-
trast to the original plants’ surfaces, only partial rebound 
was observed with the replica (at most only 7% of the 
droplet rebounds). The impact height and rebound ve-
locities are consequently higher since they are given for 
the small secondary droplet that detaches from the rest of 
the mass which stays attached to the surface. Given that 
the outcome was similar for the various impact condi-
tions, the rebound of the droplets on the replica is only 
presented for one impact height (H = 20 mm). These 
measurements confirm the important role of the low 
hysteresis of the original plant surface to promote su-
perhydrophobicity. Nevertheless the replica is hydro-
phobic enough to promote partial rebound, which does 
not  occur  on the replicas of the control surfaces despite 
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Fig. 7  Temporal evolution of the position and velocity of large water droplets (D0 = 3.5 mm) impacting on the English weed leaf and 
corresponding replica, for various impact velocities. (a)–(c) are for the English weed leaf; (d) is for the replica.  

 
Fig. 8  Temporal evolution of the position and velocity of small water droplets (D0 = 2.4 mm) impacting on the English weed leaf, for 
various impact velocities.   
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Table  2  Summary of the main parameters determined from image post-processing to characterize the rebound of large water droplets  
(D0 = 3.5 mm) impacting on the English weed leaf and corresponding replica, for various impact velocities 

Parameter Original Replica 

Height of fall (mm) 10 20 60 90 20 

Height of rebound (mm) 0.9 0.6 2.0 0.8 1.7 

Impact velocity (measured) (m·s−1) 0.44 0.56 1.01 1.25 0.54 

Impact velocity after rebound (m·s−1) 0.11 0.53 0.21 0.15 0.35 

Velocity of detachment (m·s−1) 0.05 0.04 0.28 0.27 0.08 

Restitution coefficient 0.12 0.07 0.28 0.22 0.01 

Type of rebound Total Total Total Total Partial 

 
Table 3  Summary of the main parameters determined from image post-processing to characterize the rebound of small water droplets  
(D0 = 2.4 mm) impacting on the English weed leaf, for various impact velocities 

Parameter Original 

Height of fall (mm) 5 20 40 60 100 125 150 180 

Height of 1st rebound (mm) 1.4 3.0 3.3 4.8 3.2 1.2 0.8 1.9 

Height of 2nd rebound (mm) 0.4 1.1 1.9 – 1.2 0.2 – – 

Impact velocity (measured) (m·s−1) 0.35 0.57 0.83 1.04 1.32 1.46 1.62 1.76 

Impact velocity after 1st rebound (m·s−1) 0.18 0.35 0.83 0.34 0.23 0.2 0.36 0.17 

Impact velocity after 2nd rebound (m·s−1) 0.11 0.14 0.19 – 0.12 0.05 – – 

Velocity of detachment (1st rebound) (m·s−1) 0.23 0.15 0.34 0.24 0.18 0.12 0.16 0.16 

Restitution coefficient 0.64 0.27 0.40 0.23 0.13 0.08 0.10 0.09 

Velocity of detachment (2nd rebound) (m·s−1) 0.07 0.18 0.18 – 0.07 0.06 – – 

Restitution coefficient 0.41 0.51 0.22 – 0.32 0.27 – – 

Type of rebound Total Total Total Total Total Total Total Total 
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Fig. 9  Restitution coefficient as a function of the impact velocity 
for water droplets impinging on the English weed surface and 
corresponding replica. Only the first rebound is considered here. 
 
the contact angle of the resin material is already quite 
high. This strengthens the conclusion that the main 
features of the surface topography of the English weed 
leaf were successfully transferred to the replica. 

Regarding the restitution coefficient, as depicted in 
Fig. 9, there is no any clear trend on this parameter with 
the impact velocity. Here, only the restitution coefficient 
for the first rebound is considered. Overall the higher 

restitution coefficient of the original plant in comparison 
to that of the replica is clear in the plot. Comparing these 
results with those reported by Stratakis et al.[30], in which 
a biomimetic surface of the lotus leaf was produced 
through femtosecond laser process of a silica surface and 
posterior coating, who obtained with this surface a res-
titution coefficient between 0.1 m·s−1 and 0.45 m·s−1, 
which is higher than those of the current work. Despite 
the surface of the lotus leaf is slightly more hydrophobic 
than that of the English weed, the difference between the 
restitution coefficients of the replicas is clear. This is 
probably due to a better reproduction of the higher 
resolution of the technique used in Ref. [30]. Also, the 
scope of the present study was to identify and charac-
terize the particular properties of the English weed leaf, 
while Stratakis et al.[30] tailored directly the features on 
the surface and optimized it specifically to be hydro-
phobic. 

All the data presented here highlights the difference 
between the replicas and the original surfaces in terms of 
dynamic wettability. The wetting behavior is different, 
mainly due to the higher hysteresis found in the replicas 
and in the very dissimilar flexibility of the materials. 
Hence, besides confirming the importance of the 
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nanoroughness, these results stress the relevance of the 
additional features of natural plants such as the wax and 
the trichomes to assure the superhydrophobicity that was 
observed on the natural plant surfaces. Despite the 
aforementioned differences between the static and dy-
namic wettabilities of the English weed leaf and corre-
sponding replica, the transfer of the particular morpho-
logical features was successful enough to promote a 
non-negligible hydrophobicity on the produced replicas. 

5  Conclusion 

The topographical and wetting (static and dynamic) 
properties of the underside of English weed leaves and 
of their biomimetic replicas were studied using SEM 
analysis, profilometry, contact angle analysis and drop 
impact experiments. A smooth glass slip and corre-
sponding replica were used as control surfaces. The 
replica moulding method used was able to transfer the 
characteristic pattern of irregular 100 µm –200 µm × 60 
µm convex papillae interspersed with stomata of the 
original leaf to the epoxy replicas. The lower contact 
angles (130˚ ± 4˚) and higher hysteresis (31˚) observed 
for the replica when compared with the original leaves  
(143˚ ± 3˚ and 2˚) were associated to an inaccurate rep-
lication of the chemistry and structures of the 
three-dimensional wax projections covering the plant 
surface. Differences in wetting behavior were also evi-
dent from droplet impact experiments, with rebound 
regimes predominating in the original leaves and re-
gimes characterized by higher adhesion and larger dis-
sipation in the replicas. Nevertheless, the morphological 
features of the leaf that were transferred to the replica 
were sufficient to promote a clear hydrophobic behavior 
of the replica when compared with the reference, smooth 
epoxy surface. 
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