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持続可能社会を実現するための生物模倣技術
バイオロジー ナノテクノロジー

生き物、特に昆虫や爬虫類虫は、”気持悪い”かもしれませんね。しかし、彼らはびっ
くりするような構造や機能を持っています。例えば、人間が発明した「歯車」とそっ
くりの構造を使って飛び跳ねる虫や、雨が降っても濡れない蓮の葉の表面や、雨が降
ると自然に汚れが落ちるカタツムリの表面など、目から鱗が落ちるようなことがいっ
ぱいです。そして、虫たちが持つ機能は私たちの生活でも役に立つのです。雨が降る
ときれいになる建材があれば、雨の日も憂鬱じゃない？かも。さらに虫や植物は、
石油や原子力のような地球環境に負担をかけるようなエネルギーを使わずに、何億
年も生きてきました。生物は、長い進化と適応によって環境に優しい「技術」を培っ
てきた、と言う事ができます。生物が形作る構造と、構造が生み出す機能、そして構
造を作り出すプロセスを生物から学ぶことで、人類が抱えるエネルギー、資源、環
境の問題を解決する新しい技術が生まれるのです。
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adhesive proteins) because of reduced opportunities for H-binding  
and polar interactions. Coatings based on PDMSe also have typi-
cally low elastic moduli, and the release of hard-fouling is pro-
portional to ( E)½; where  is the surface energy and E is the 
modulus32. Although PDMSe exhibit the desired combination of 
low surface energy (to minimize the work of adhesion) and low 
modulus, such coatings suffer from some disadvantages. Because 
of their low surface energy, they are difficult to bond to a substrate 
without an appropriate tie coat. They are less durable, more easily  
damaged than other types of coating and they frequently ‘fail’ to 
brown slimes dominated by diatoms that attach more strongly to 
hydrophobic surfaces19,33. The fouling-release technology is also 
most effective when applied to high-activity, fast-moving ( > 15 
knot) vessels and is less suitable for vessels that spend long periods 
in port or which cruise at lower speeds to maintain fuel efficiency. 
For these and other reasons, there has been extensive research on 
newer fouling-release technologies31, which may either ‘toughen 
up’ silicones through the use of new tie-coats and the incorpora-
tion of fluoropolymers or which seek to create a surface complexity.  
Currently in vogue are amphiphilic coatings, which incorporate 
some of the benefits of both hydrophobic and hydrophilic func-
tionalities, for example, the latest fouling-release coating from Inter-
national Paint, Intersleek 900. Such coatings, through phase sepa-
ration, for example, of mutually incompatible block copolymers, 
create a dynamic surface with local variations in surface chemistry, 
topography and mechanical properties. The general aim is to create  
a dynamic and compositional surface complexity that deters  
settlement stages of fouling organisms and reduces the interfacial 
bonding with adhesive polymers.

Here we review the range of experimental coating technolo-
gies currently being explored as the basis for future practical AF 
coatings. Only a few of these technologies have reached the stage 
of evaluation in the field, for example, as test panels on rafts, and 
there are no published reports of field performance. The main focus 
will be on polymer-based experimental systems that can be envis-
aged as the basis for future practical coatings for application to ship 
hulls. The accent will be on studies that demonstrate clear coating 
structure/property/performance correlations and the importance 
of using surface characterization techniques under in situ (that is, 
immersed) conditions in order to assess surface reorganization and 
to understand the type of surface that the settling stages (cells and 
larvae) encounter. The section will also consider the current inter-
est in biomimetic/bioinspired technologies and efforts to rationalize 
the influence of surface roughness through predictive models.

Bioinspired engineered topographies. It is often observed that  
many marine organisms do not become colonized by other  
species8,34–37. A diverse range of mechanisms has been implicated in 
natural defence, including settlement-inhibiting micro- and nano-
topographies, secreted bioactive molecules, sloughing surface layers,  
mucus secretions and hydrolytic enzymes (see ref. 38 for review). 
Natural mechanisms may be used as the basis for ‘biomimetic’ 

or ‘bioinspired’ coatings, and most attention has been devoted to  
designs based on topographical features. The surfaces of many  
marine animals ranging from shells of molluscs to the skin of sharks 
and whales have a complex surface topography, and by analogy with 
the ‘self-cleaning’ lotus-leaf effect, it is often speculated that this sur-
face roughness may have a role in either deterring fouling organisms 
from attaching or promoting their easy release. These thoughts have 
encouraged research on a number of bioinspired surface designs35 
of which the most prominent for marine applications are those that 
mimic sharkskin39 and invertebrate shells40.

Moulded topographies in PDMSe (Box 1), inspired by the skin 
of fast-moving sharks at ~1/25th of the scale (Sharklet AF, Fig. 5), 
resulted in an 85% reduction in settlement of zoospores (motile 
spores) of the macroalga Ulva compared with smooth PDMSe39. 
The Sharklet AF topography consists of 2 m wide rectangular-like 
(ribs) periodic features (4, 8, 12 and 16 m in length) spaced 2 m 
apart. Further studies based on 2 m features correlated zoospore 
settlement with an empirically derived ‘engineered roughness index’ 
(ERII) for various surface designs41,42. ERII is a dimensionless ratio 
involving several geometric parameters of the surfaces: 

ERII
r df

s1

where r is the Wenzel’s roughness factor, (1 − s) is the area frac-
tion of feature tops (that is, the ratio of the depressed surface area 
between features and the projected planar surface area) and df is the 
degree of freedom of spore movement (1 or 2). Spore settlement 
decreased with an increase in ERII. Sharklet AF with an ERII of  
9.5 showing a 77% reduction in settlement compared with the 
smooth surface.

Schumacher et al.43 introduced the concept of nanoforce gradi-
ents to explain how different feature geometries based on the Shar-
klet design might exert an influence on the settlement of spores. 
It was hypothesized that nanoforce gradients caused by variations 
in topographical feature geometry will induce stress gradients 
within the lateral plane of the cell membrane of a settling cell dur-
ing initial contact. Perception of such stress gradients by presumed 
mechanotransducer proteins in the cell membrane could, through 
intracellular signal cascades, lead to modification of the settlement 
response. The generation of the nanoforce gradients was envis-
aged as a function of the bending moment or stiffness of the topo-
graphical features with which the cell is in contact. The geometric  
dimensions, including width, length and height of the topographi-
cal feature, as well as the modulus of the base material, define its 
stiffness. By introducing geometric variations in features contained 
in the engineered topography, an effective force gradient between 
neighbouring topographical features is developed. To test the  
nanoforce gradient hypothesis, modifications were made to the 
design of Sharklet AF, resulting in a range of nanoforce gradients43.  
The surfaces were then challenged with spores of Ulva. Surfaces 
with nanoforce gradients ranging from 125 to 374 nN all signifi-
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Figure 5 | Bioinspired topographies to deter fouling. The scanning electron micrographs show the skin denticles of spinner shark in face (a) and end  
(b) views and (c) image of Sharklet AF topography moulded in PDMSe. Scale bars are (a) 500 m, (b) 250 m and (c) 20 m. Images courtesy of:  
Professor A.B. Brennan.
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