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1. Objectives and Detailed Description 

The goal of D2.6 concerns the publication of project results on hydrodynamic modelling, 
therefore, a summary of the knowledge gathered during the investigation in WP2 and a 
finalization of thoughts formulated during task 2.5 “Theoretical modelling”. 
 
Task 2.5 hereby aimed at understanding of how the fluid transport on the bark bug cuticle is 
realized and how the underlying mechanism for micro- and nanostructured polymer and steel 
models can be utilized. First ideas towards this end have been previously stated within the 
internal WP 2 report, released on November 9th, 2017.  
 
On December 29th, 2017, a manuscript with the title “The external scent efferent system of 
selected European true bugs (Heteroptera): a biomimetic inspiration for passive, 
unidirectional fluid transport” was submitted to the Journal of the Royal Society Interface. 
Containing an overview of the natural ante-type for the passive, unidirectional fluid transport 
(bug cuticle), the abstraction process and technical realization in different substrates (steel, 
polymers), different tested fluids (watery solutions, oils, cooling lubricants), and a conclusive 
chapter/supplement material about the physical model behind observed fluid behaviour, the 
manuscript was reviewed and revised on February 16th and February 28th and finally 
accepted for publication on March 8th.  
 
The article was fully released as an open access (gold) article on March 28th/29th, 2018. All 
supporting data (e.g. supplement) is likewise freely accessible. The paper title is shown in 
Fig. 1. 
 
Towards modelling, the paper follows a semi-analytical approach of fluid transport around 
structures with microstructured-shapes like those found in the external scent efferent system 
(ESES) of different European bugs (Fig. 2) and the abstracted, technical counterparts, as 
realized in Poly-Imide foils, polymers and steel.  
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Figure 1: Title-screenshot of the journal article. 
 
 
 

 

 

 

Figure 2: SEM overview of 

investigated species’ ESES. 

Depicted parts of this system 

are the ostiole (os), the 

peritreme (pe) and the 

evaporioum (ev). A Palomena 

prasina. B Magnified box from 

A, showing a detail of the 

orientated microstructure of 

the peritreme close to the 

ostiole. C Rhaphigatser 

nebulosa. D Magnified box 

from C, again depicting the 

microstructure of the peritreme 

close to the ostiole. E 

Tritomegas bicolor. F 

Magnified box from E, 

showing a detail of the 

orientated microstructure of 

the peritreme. In this case the 

structure is located away 

farther from the ostiole than in 

A and C, closer located to the 

edge of the evaporium. 
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Geometries and structures, used as input for the model, follow the general morphology of the 
bug`s structures found in the ESES, meaning the resemble a drop like shape with different 
radii of curvature, as well as an inclined slope from base to top (see Fig. 3). 
 

 
 
 
 
 
 
 
 
 
Figure 3: Abstracted geometry of modelled 
microstructures. Top: View from above  the drop like 
shape becomes apparent. Bottom: Cross section view, 
revealing the sloped inclination from base to tip. 
Depicted dimension are only exemplary (design of steel 
prototype), while for the model only ratios are of interest 
(e.g. length:width, or hight:width). 
 
 
 
 
 
 
 
 
 

 
 
 
The physical model towards the explanation of investigated liquid transport, uses the 
approach of Laplace’s equation (Laplace, 1805) for the pressure at a curved liquid surface 
(liquid meniscus):  

𝑝 =  𝛾 ∙ (
1

𝑟1
+

1

𝑟2
) (1) 

 

with the pressure p, the surface tension 𝛾 and the principal radii of curvature r1 and r2, (the 
maximum and minimum values of the radius of the osculating circle. The directions of the 
normal plane where the radius takes its minimum and maximum are always perpendicular). 
Here, we assume equilibrium and that the overall liquid pressure around a single unit cell 
(e.g. a single microstructure) is zero. This would be the case if the liquid were connected to 
an infinite liquid reservoir. In equilibrium, the liquid around a microstructure will form a so-
called constant zero curvature surface if it fulfills: 

𝛥𝑝 = 0 ⇒ 𝐻 = 0 ⇒
1

𝑟1
+

1

𝑟2
= 0 (2) 

 
with H being the local curvature. A comprehensive deduction of the physics behind the 
observed fluid transport can furthermore be found in the attached supplementary material. 
 
The walls of each microstructure meet the bottom of the channel in a perpendicular way, 
hence for contact angles below 45° a capillary around each microstructure is formed. 
Assuming that the pressure around each structure is zero and the surface tension does not 
change, the surface of a liquid slug in the capillary around a single microstructure is 
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determined by the two main radii of curvature. Convex parts of the microstructure (tip and 
end) therefore “force” the liquid into expressing a concave radius of curvature in order to 
have pressure zero, hence holding the liquid front at close distance from the microstructure 
(Fig. 4 A), while straight parts of the microstructure (Fig. 4 C) allow for straight curvature of 
the liquid and therefore maximum distance of the liquid front from the microstructure. 
Consequently at transitioning zones of the structure (Fig. 4 B) there is a transitioning in liquid 
front distance from close to far and vice versa. 
 
Following above approach it becomes obvious why our produced structures transported fluid 
unidirectional. PI foil prototypes as well as up-scaled replicas keep the liquid front at short 
distance at both curved ends of each individual microstructure while the liquid front is able to 
reach further out at the straight part in between. Hence, the liquid front is able to reach the 
next iteration of microstructures in forward direction (straight part faces a curved part), but 
not in backwards direction (curved part faces curved part), as also depicted in following Fig 
5. 
As long as there is fluid coming from a reservoir, this process of fluid surrounding an 
individual microstructure in the above-depicted way, reaching towards the next iteration of 
microstructures in forwards direction and so on, is repeated until the microstructured channel 
is filled or the reservoir is depleted. This also explains the always-observed v-shape in stop 
direction. 
 

 
 
Figure 4: Distance of the waterfront calculated with regard to the main curvature of the 
microstructure at different zones (A, B, C). Θ is the contact angle, dw the calculated distance 
with regard to the corresponding zone and h is the height of the structure. 
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Figure 5: Schematic of the liquid slug around a single unit, reaching the next iteration of 
microstructures in forward direction. A A single unit cell surrounded by fluid as described in 
Figure 8. In direction of the microstructures` tip, fluid can reach the next iteration of 
microstructures, but not in direction of the base. B Newly reached structures are surrounded 
by fluid and forming a new fluid front. Fluid can jump from iteration to iteration in the forward 
direction but not in backwards direction, thus forming the observed v-shaped stopping front. 
 
The model can be used as a starting point for simulation an optimization of drop like 
microstructures in even arrays, with regard to two main inputs: 1) Structure size and 
geometry (especially: main radii of curvature at base and tip, length of the straight part), and 
2) the contact angle (needs to be <45° for a given liquid-surface combination). Varying these 
parameters will determine mainly how well the unidirectional aspect of the transport is 
covered (e.g. transport against gravity). 
 
The influence of viscosity and surface tension can be accounted for, when looking at the 
analytical description of the dynamics of capillary liquid spreading in rectangular open 
channels as given by Berthier, Brakke & Berthier (2016). In an open rectangular channel with 

width w and height h the velocity of a liquid with viscosity 𝜂 and surface tension 𝛾, the 
velocity at penetration length l is given as 

𝑣 = 2 ∙
𝛾

𝜂
∙

ℎ

𝑙
∙ 𝑓2        𝑤𝑖𝑡ℎ 𝑓2 =

(
𝑤
ℎ

+ 2) ∙ 𝑐𝑜𝑠𝜃 −
𝑤
ℎ

12 ∙ 𝑤
ℎ

+
24 ∙ ℎ

𝑤

 (1) 

 
With identical geometry, i.e. with constant geometry factor f2 and the same height and length, 
the liquid velocity is solely dependent on the ratio of surface tension and viscosity. For the 
shown approach, this means that the overall velocity of fluid transport is mainly depended 
from the chosen viscosity of the liquid and not so much from geometry of channels and 
structures. 

2. Evaluation of Goals and Resulting Actions 

 
The overall goal of D2.6 was successfully reached by m33 in form of the scientific article 
published in the Journal of the Royal Society Interface, as stated above, including a lot of the 
knowledge gained mainly throughout WP2, and especially during task 2.5.  
 
The paper proves that the research in Tasks 2.3 until 2.5 was conducted fully in line with the 
work initially proposed in the GA and was fully achieved. 
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Supplementary Material: 
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