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Liquid fresh water is scarce in arid and semi-arid regions. Some organisms in these stressful habitats are
well adapted to the environmental conditions and obtain fresh water directly from the atmosphere. This
ability of ‘‘moisture harvesting” relies on specific microstructural features organisms exhibit at their
external surfaces. In this respect, the dew harvesting ability of the arid plant species Opuntia stricta
(Cactaceae) has been investigated. Its tiny stem spines, known as glochids, have a unique microstructure,
ordered in hierarchical manner with an anisotropic surface. The glochids are covered with cone-shaped
barbs and have dense mats of hygroscopic trichomes at the base. Dew harvesting ability in O. stricta
seems to be controlled by three driving forces, namely: Laplace pressure difference, Wenzel relation
and differences in wettability. The formation of special external microstructural features supporting this
ability represents an adaptive trait in O. stricta to dry arid environments. Studying such structures in
detail will give insights on how biomimetic inspired devices may contribute to optimize moisture har-
vesting in dry regions.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Of planet earth́s mainland, about one-third is classified as arid
or semiarid (Whitford, 2002). Drought represents the prominent
environmental condition of these areas, controlled largely by cli-
matic factors, especially temperature and precipitation. In all arid
or semiarid regions, annual rates of evaporation exceed that of pre-
cipitation, resulting in shortage or absence of surface fresh water.
Organisms in such habitats must cope with water shortage, thus
often morphological and metabolic adaptations enable them to
acquire enough amounts of water (Cloudsley-Thompson, 1996;
Batanouny, 2001). Most organisms obtain liquid water through
absorption or imbibition, ingestion of hydrated solids, or metabol-
ically from the food (O’Donnell and Machin, 1988). As liquid water
is usually scarce in arid and semiarid habitats, many organisms
inhabiting such environments are adapted to obtain water directly
from the atmosphere (i.e. airborne moisture) (Henschel and Seely,
2008; Malik et al., 2014). These ‘‘moisture harvesters” include
some animals like desert beetles, frogs, lizards and spiders
(Parker and Lawrence, 2001; Zheng et al., 2010; Malik et al.,
2014), and many plants (Ju et al., 2012; Malik et al., 2014, 2015;
Azad et al., 2015; Sharma et al., 2016; Gürsoy et al., 2017).

Fog and dew are most prominent sources of airborne water that
emerge from excess water vapour in the air, condensing on sur-
faces as water droplets. If droplets are suspended in the air and vis-
ible as shallow clouds, they are called fog (Fessehaye et al., 2014).
Fog is formed through cooling of air below dew point that con-
denses as water drops on surfaces. Dew is formed when the humid
air condenses on a surface as water drops (Beysens, 1995). In many
arid and semiarid regions, fog and dew represent a constant water
source depending on prevailing climatic conditions (Jacobs et al.,
1999; Eckardt et al., 2013) and may even exceed the amount of
annual rain during severe drought years (Evinari et al., 1971).
Therefore, fog and dew play an important role in those environ-
mentally demanding habitats.

To condensate atmospheric moisture to a dew-drop, preceding
nucleation must progressively enhance. Nucleation means the for-
mation and coalescence of minute, thermodynamically stable dro-
plets from water vapour (Beysens, 1995). In a favorable
microclimate, nucleation is largely dependent on the microstruc-
ture of the surface (Beysens, 1995; Agam and Berliner, 2006).

Important for drop formation on a solid surface is the contact
angle (hc), the angle that forms at the three-phase boundary
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(where the liquid–vapour interface meets a solid surface (Koch and
Barthlott, 2009)). When the contact angle is less than 90�, the sur-
face is called hydrophilic, which means that wetting occurs and a
drop will cover a large area on the surface. Whereas with a contact
angle more than 90�, the surface is called hydrophobic with less
wettability. A water drop on a hydrophobic surface tends to take
a more spherical shape (Fig. 1a) and will only touch a small area
on the surface. When the drop is moving on the surface, the contact
angles of both sides of the drop tend to take a maximum (expand-
ing) and a minimum (contracting) value, called advancing contact
angle (ha) and receding contact angle (hr), respectively (Fig. 1b)
(Yuan and Lee, 2013).

Few cacti inhabiting arid and semiarid regions are known to
collect fog and dew with their spines or glochids (Mooney et al.,
1977; Ju et al., 2012; Liu et al., 2015; Malik et al., 2015). Although
there are hundreds of cacti species, their spines, and especially glo-
chids vary greatly in surface microstructure (Gibson and Nobel,
1986; Mosco, 2009; Liu et al., 2015). Since dew condensation on
a surface is controlled by air temperature, humidity and the surface
microstructure (Beysens, 1995), spine microstructure determines
the ability of a cactus species for effective dew harvesting under
a suitable microclimate (Malik et al., 2015; Guo and Tang, 2015).
To date, only a few cacti species have been confirmed to be effi-
cient moisture harvesters (Malik et al., 2014, 2015; Guo and
Tang, 2015).

Opuntia stricta (Haw.) Haw. is a spiny stem succulent of the Cac-
taceae family, native to southeast America, eastern Mexico and
Caribbean islands, and is invasive in other regions including south
and east Africa, south-western Saudi Arabia, Yemen, India and Aus-
tralia (Masrahi, 2012; Masrahi and Sayed, 2017; Shackleton et al.,
2017). So far, no studies describe this species as an atmospheric
moisture harvester. Therefore, this study aims to investigate the
microstructure of O. stricta glochids in relation to its dew harvest-
ing ability. For this, SEM imaging was used to characterize
microstructural features of glochid. Mist stream generator was
used to simulate dew formation events on the glochids in the field.
Glochid microstructural features and dew harvesting ability have
been discussed with the applicable physical principles.
Fig. 1. A. Drop behavior on the surface. Value of contact angle (hc) represents the measure
contact angles of both sides tend to take a maximum and minimum value, called advan
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2. Materials and methods

2.1. Plant materials

The stem of O. stricta consists of segments. Every segment has
scattered bud areas (areoles) bearing spines (2–3, each 10–
25 mm) and many glochids (tiny spines) with dense minute tri-
chomes at the base (Fig. 2a,b, Fig. 4a). Samples of stem segments
were collected in May 2018 from rocky habitats east of Tihama
of Jazan region (Saudi Arabia), at an altitude of 300–400 m, in
which the plant invaded vast areas (Masrahi and Sayed, 2017).
The areoles bearing spines and glochids were carefully selected
for subsequent analyses. The spines of this cactus species are
almost glabrous without any prominent structures on their sur-
faces, and did not show efficient dew collection ability. Thus, they
were ignored in this study.

2.2. SEM imaging

Glochids and trichomes were examined with a scanning elec-
tron microscope (JSM-IT300 - Jeol, Japan) to investigate their
microstructure in details. Dried glochids and trichomes were
mounted on the stub with double side carbon tap, sputter-coated
with gold and examined under high vacuum with an accelerating
voltage of 5 keV using the secondary electron detector. Measure-
ment of the microstructural features were conducted directly from
SEM images.

2.3. Dew harvesting experiment

From the segment, one areole with dry spines and glochids was
selected and put in front of a purifying mist stream. The stream
was generated by a cold mist humidifier (BLACK + DECKER
HM3000), at a distance of 15 cm from the mist outlet. Flow of
the mist stream was adjusted by a control dial to low flow rate
of ~1 ml/h (lower than in other experiments, in which flow rate
was 2–7 times higher (Azad et al., 2015; Sharma et al., 2016).
The speed flow of the mist stream was ~0.7 m s�1. This low flow
of hydrophobicity or hydrophilicity of the surface. B. In the state of drop motion, the
ced contact angle (ha) and receding contact angle (hr), respectively.



Fig. 2. A. Stem segments of Opuntia stricta that bearing bud areas (areoles) with spines and glochids. B. One areole with its spines and glochids (one glochid enclosed by
rectangle). C. SEM image of a single glochid with oriented barbs on the surface. D and E. Apex angle for glochid tip (d1) and barb (d2), respectively. In E, it’s clear that tip of each
barb is smooth whereas the base is rougher with microgrooves (arrowheads).

Table 1
Some characteristics of glochids in Opuntia stricta.

Character Value

no. of spine 2–3
no. of glochids 79.7 ± 7.2
length of glochid (mm) 4.9 ± 0.8
diameter of glochid (in the middle portion, mm) 123.6 ± 5.1
cone-apex angle (d1) of the glochid 9.25� ± 2
cone-apex angle (d2) of the barb 41.5� ± 8.6
ha of growing droplet on the glochid 76.25 ± 16.8�
hr of growing droplet on the glochid 52.5 ± 12.6�
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rate was chosen to mimic realistic environmental conditions for
dewy nights, and to obtain the efficiency of dew harvesting with
higher precision. Three sets of observations of the dew harvesting
ability were performed on three areoles, each for 1 min. and imme-
diately photographed with a digital camera adjusted to a stereomi-
croscope (SONY FD Mavica 2.0 MP). The ability for dew harvesting
is visualized by the ability of the glochids to capture tiny droplets,
and gradual growth of the droplets to bigger drops, moving to the
base of the glochids. The contact angle (ha) of droplets was calcu-
lated by direct optical method (Yuan and Lee, 2013) using a pro-
tractor on the enlarged images.

3. Results

3.1. Glochids surface microstructure

Fig. 2 illustrates the general habit of areoles bearing spines and
glochids on the stem segments. Every areole has ~80 glochids, each
around 5 mm in length, and a diameter (in the middle portion) of
123.6 ± 5.1 mm (Table 1). Fig. 2c–e shows the glochids with more
microstructural details of tip and surface. The surface of glochids
is covered with oriented retrorse barbs, whereby grooves appear
to be more prominent from the middle portion on until the base
of the glochid. The tip of each barb is almost smooth with micro-
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grooves on the base making the surface of the base rougher than
the tip (Fig. 2e). The glochid has a conical shape with an apex
angle (d1) of 9.25 ± 2�, whereas the apex angle of the barb (d2)
is = 41.5 ± 8.6� (Fig. 2d, e; Table 1). A dense mat of trichomes is
located on the areoles at the base of glochids and spines, whereby
each trichome is a ribbon-like structure (Fig. 4a).

3.2. Dew harvesting observations

After one minute, glochids located in front of the mist stream
show deposited water droplets on their surfaces. A progressive
manner of droplet growth is observed at the glochids, whereby



Y.S. Masrahi Journal of King Saud University – Science 32 (2020) 3307–3312
in the first step droplets nucleate at the tip of the barbs and also on
the glochid tips (Fig. 3). Then small droplets move from the tip to
the base of the glochid and coalesce together to form bigger dro-
plets. The bigger droplets of ~130 mm diameter start to move down
to the glochid base (Fig. 3a–c). Analyses reveal a big advancing con-
tact angle (ha) and relatively small receding contact angle (hr) (76.
25 ± 16.8� and 52.5 ± 12.6�, respectively) for the ‘‘moving” droplets.
Although most glochids in the experiment are vertical or semi-
vertical, droplet deposition also happens at glochids with semi-
horizontal orientation (tilt angle ~ 0). The mean diameter of grow-
ing droplets that start to move towards the base of the glochids
is = 131.25 ± 40.3 mm, which is appears as a critical size for droplet
moving.
4. Discussion

The glochids of O. stricta have a unique microstructure ordered
in a hierarchical manner, and organized into substructures that
contribute to dew harvesting ability. The glochids and barbs cover-
ing them have a conical shape in the range of cone-apex angles of
9.25–41.5�. The conical shape of such morphological features pro-
duce a Laplace pressure gradient on the surface (Lorenceau and
Quéré, 2004; Ma et al., 2015; Masrahi and Al Shaye, 2017). The
tip of the cone (tip of the glochid or barb) has a larger Laplace pres-
sure than the base of the cone (base of the glochid or barb). This
difference is generated by the small radius-high curvature at the
tip of the cone to the large radius-low curvature at the base of
the cone (Fig. 4b), which can expressed by the Laplace theorem
(Eggers and Villermaux, 2008):

Dp ¼ cð1=R1 þ 1=R2Þ

where R1 and R2 are the radii of curvature, c is the surface tension of
water droplet. The Laplace pressure gradient along the cone, from
Fig. 3. A-C. Optical microscopic images of water collection on the glochids. Each glochid
of the barbs and also on glochid tips. D. Diagram of starting deposition of droplets and the
base.
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the tip to the base, and hence between the two sides of the droplet,
represent one of the driving forces that lead to a spontaneous move-
ment of the droplet from the tip of the glochid (and tip of the barb)
to the base, but only when a critical size of ~130 mm of the droplet is
reached.

The glochid exhibits more prominent grooves towards the base.
The same surface features also appear on the barbs, in which
microgrooves increase toward the base. This increasing ‘‘rough-
ness” of the surfaces of glochids and barbs from the tip to the base,
may generate another driving force for droplet movement from the
tip to the base of cone structures, according to the Wenzel relation
(Quéré, 2008; Zhao et al., 2014; Guo and Tang, 2015):

cosh� ¼ rcosh

where r is surface roughness, h* and h are the apparent and intrinsic
contact angles on rough and smooth surfaces, respectively.

In the principle of surface energy gradient, water droplets tend
to be driven along a gradient of wettability, from low surface
energy (less wettable) to high surface energy (more wettable)
(Brochard, 1989; Chaudhury and Whitesides, 1992). In general,
spines and glochids of plants from the family of Cactaceae have a
similar character. They are waterproof due to cuticle and sclerified
cells (Gibson and Nobel, 1986), while the trichomes in the base of
the glochids have high wettability (Kim et al., 2017). The tips of
glochids and barbs have a low surface energy, compared to the
hygroscopic trichomes at the base of glochids that have high wet-
tability. This gradient of surface energy seems to be the third driv-
ing force for the droplet movement, especially when droplets move
and coalesce with each other to become a larger drop that gets
absorbed by the highly wettable trichomes.

The experimental observations reveal the mechanisms behind
dew harvesting of O. stricta enabled by a specialized microstructure
of its glochids and barbs with anisotropic surfaces. Under favorable
conditions, water molecules are captured as very small droplets on
reveals a progressive manner of droplets growing, which appeared to start at the tip
gradually growing (coalesce with each other) to become a large drop moving to the



Fig. 4. A. Optical image of areole with its glochids and dense mat of trichomes in the base. The insertion is SEM image of trichomes. B. Geometry of barb and glochid (cone-
shape). In the cone shape, the difference between small radius (R1) and large radius (R2) generate Laplace pressure gradient that drives the drop to the base.
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the tip of the cone structure (Cao et al., 2014). At the glochids and
barbs, once the droplet is captured by the tip, it moves to the base,
and all droplets from the barbs move by the same manner and coa-
lesce together forming larger droplets, progressively forming larger
drops that move towards the base where the trichomes are located
(Fig. 3d). The trichomes then absorb the drops (Fig. 4). A big
advancing contact angle (ha) and a small receding contact angle
(hr) result in a ‘‘movement” of the droplets (Yuan and Lee, 2013).
The droplet movement proceeds always towards the base of the
glochids, even if the tilt angle is semi-horizontal. The mean volume
of the growing droplets on the glochids is small (131 mm). When
the droplet volume is small, the surface energy overcomes the
gravitational force, and vice versa if the droplet volume is too large
(>500 mm) (Ren et al., 2010; Chou et al., 2011). This range in size of
growing droplets is preferential if the glochids was down or semi-
down vertical in direction.

5. Conclusion

The dew harvesting ability of the glochids in Opuntia stricta was
investigated and can be attributed to the microstructure of glo-
chids with a hierarchical manner and an anisotropic surface. The
water droplet is nucleating on the tip of the cone structure (tip
of the glochid and tips of the barbs on the glochid surface) and
starts to move towards the base. Tiny droplets coalesce with each
other, becoming larger drops and become absorbed by trichomes
at the base of glochids. This ability of dew harvesting appears to
be controlled by three forces, Laplace pressure difference, Wenzel
relation and differences in surface wettability. Ability of dew har-
vesting in O. stricta represents an adaptive trait in this plant that
inhabits mostly arid land. On the other hand, the ability of dew
harvesting in O. stricta with its glochid microstructure may act as
template for biomimetic inspired designs and contribute to solve
the problem of water shortage in dry regions.
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