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INTRODUCTION

Biomimetics: lessons from nature — an overview

By BuARAT BHUSHANY

Nanoprobe Laboratory for Bio- €& Nanotechnology and Biomimetics,
Ohio State University, 201 West 19th Avenue, Columbus,
OH 48210-1142, USA

Nature has developed materials, objects and processes that function from the macroscale
to the nanoscale. These have gone through evolution over 3.8 Gyr. The emerging field of
biomimetics allows one to mimic biology or nature to develop nanomaterials,
nanodevices and processes. Properties of biological materials and surfaces result from
a complex interplay between surface morphology and physical and chemical properties.
Hierarchical structures with dimensions of features ranging from the macroscale to the
nanoscale are extremely common in nature to provide properties of interest. Molecular-
scale devices, superhydrophobicity, self-cleaning, drag reduction in fluid flow, energy
conversion and conservation, high adhesion, reversible adhesion, aerodynamic lift,
materials and fibres with high mechanical strength, biological self-assembly, antireflection,
structural coloration, thermal insulation, self-healing and sensory-aid mechanisms are
some of the examples found in nature that are of commercial interest. This paper provides
a broad overview of the various objects and processes of interest found in nature and
applications under development or available in the marketplace.

Keywords: biomimetics; bionics; biomimicry; biognosis; lessons from nature;
nanotechnology

1. Introduction

Nature has gone through evolution over the 3.8 Gyr since life is estimated to
have appeared on the Earth (Gordon 1976). Nature has evolved objects with high
performance using commonly found materials. These function on the macroscale
to the nanoscale. The understanding of the functions provided by objects and
processes found in nature can guide us to imitate and produce nanomaterials,
nanodevices and processes. Biologically inspired design or adaptation or
derivation from nature is referred to as ‘biomimetics’. It means mimicking
biology or nature. Biomimetics is derived from the Greek word biomimesis.
The word was coined by polymath Otto Schmitt in 1957, who, in his doctoral
research, developed a physical device that mimicked the electrical action of a
nerve. Other words used include bionics (coined in 1960 by Jack Steele of
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Wright-Patterson Air Force Base in Dayton, OH), biomimicry and biognosis.
The field of biomimetics is highly interdisciplinary. It involves the under-
standing of biological functions, structures and principles of various objects
found in nature by biologists, physicists, chemists and material scientists, and
the design and fabrication of various materials and devices of commercial
interest by engineers, material scientists, chemists and others. The word
biomimetics first appeared in Webster’s dictionary in 1974 and is defined as
‘the study of the formation, structure or function of biologically produced sub-
stances and materials (as enzymes or silk) and biological mechanisms and
processes (as protein synthesis or photosynthesis) especially for the purpose of
synthesizing similar products by artificial mechanisms which mimic
natural ones’.

Biological materials are highly organized from the molecular to the nanoscale,
microscale and macroscale, often in a hierarchical manner with intricate
nanoarchitecture that ultimately makes up a myriad of different functional
elements (Alberts et al. 2008). Nature uses commonly found materials. Properties
of the materials and surfaces result from a complex interplay between the surface
structure and the morphology and physical and chemical properties. Many
materials, surfaces and devices provide multifunctionality. Molecular-scale devices,
superhydrophobicity, self-cleaning, drag reduction in fluid flow, energy conver-
sion and conservation, high adhesion, reversible adhesion, aerodynamic
lift, materials and fibres with high mechanical strength, biological self-assembly,
antireflection, structural coloration, thermal insulation, self-healing and sensory-
aid mechanisms are some of the examples found in nature that are of
commercial interest.

(a) Industrial significance

The word biomimetics is relatively new; however, our ancestors looked to nature
for inspiration and development of various materials and devices many centuries
ago (Ball 2002; Bar-Cohen 2006; Vincent et al. 2006; Anon. 2007; Meyers et al.
2008). For example, the Chinese tried to make artificial silk some 3000 years ago.
Leonardo da Vinci, a genius of his time, studied how birds fly and proposed designs
of flying machines. In the twentieth century, various products, including the design
of aircraft, have been inspired by nature. Since the 1980s, the artificial intelligence
and neural networks in information technology have been inspired by the desire to
mimic the human brain. The existence of biocells and DNA serves as a source of
inspiration for nanotechnologists, who hope to one day build self-assembled
molecular-scale devices. In molecular biomimetics, proteins are being used to
control materials formation in practical engineering towards self-assembled, hybrid,
functional materials structure (Grunwald et al. in press; Sarikaya & Tamerler
in press). Since the mid-1990s, the so-called lotus effect has been used to develop a
variety of surfaces for superhydrophobicity, self-cleaning, drag reduction in fluid
flow and low adhesion (Bhushan et al. in press). Replication of the dynamic
climbing and peeling ability of geckos has been carried out to develop treads of wall-
climbing robots (Cutkosky & Kim in press). Replication of shark skin has been used
to develop moving objects with low drag, e.g. whole body swimsuits. Nanoscale
architecture used in nature for optical reflection and antireflection has been
used to develop reflecting and antireflecting surfaces. In the field of biomimetic
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materials, there is an area of bioinspired ceramics based on seashells and other
biomimetic materials. Inspired by furs of the polar bear, artificial furs and textiles
have been developed. Self-healing of biological systems found in nature is of
interest for self-repair. Biomimetics is also guiding in the development of sensory-
aid devices.

Various features found in nature’s objects are on the nanoscale. The major
emphasis on nanoscience and nanotechnology since the early 1990s has provided
a significant impetus in mimicking nature using nanofabrication techniques for
commercial applications (Bhushan 2007a). Biomimetics has spurred interest
across many disciplines.

It is estimated that the 100 largest biomimetic products had generated
approximately US $1.5 billion over 2005-2008. The annual sales are expected to
continue to increase dramatically.

(b) Objective

The objective of this paper is to provide a broad overview of the field of
biomimetics. It will provide a description of objects and processes of interest
found in nature and applications under development or available in the
marketplace. The paper will end with an outlook of the field.

2. Lessons from nature and applications

There are a large number of objects, including bacteria, plants, land and
aquatic animals and seashells, with properties of commercial interest. Figure 1
provides an overview of various objects from nature and their selected
functions, whose detailed descriptions follow. Figure 2 shows a montage of
some examples from nature. These serve as the inspiration for various techno-
logical developments.

(a) Bacteria

The flagella of bacteria rotate at over 10 000 r.p.m. (Jones & Aizawa 1991).
This is an example of a biological molecular machine. The flagella motor is driven
by the proton flow caused by the electrochemical potential differences across the
membrane. The diameter of the bearing is approximately 20-30 nm, with an
estimated clearance of approximately 1 nm.

(b) Plants

(i) Chemical energy conversion

Several billion years ago, molecules began organizing into complex structures
that could support life. Photosynthesis harnesses solar energy to support plant
life. Molecular ensembles present in plant leaves, which include light-harvesting
molecules such as chlorophyll (green pigment) arranged within the cells (on the
nanometre to micrometre scales), capture light energy and convert it into the
chemical energy that drives the biochemical machinery of plant cells. Live organs
use chemical energy in the body. This technology is being exploited to develop
dye-sensitized polymer-based solar cells by various industries such as Konarka
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Figure 1. An overview of various objects from nature and their selected functions.

Technologies in the USA and Dyesol in Australia (Benniston & Harriman 2008).
These cells are not as efficient as photovoltaics, in which solar photovoltaic
arrays (solar cells) are used to convert energy from the Sun into electricity, but
they are significantly cheaper and more flexible.

(ii) Multifunctional properties and surface structures of plant leaves

Diversity in the structure and morphology of plant leaf surfaces provides
multifunctional properties (Koch et al. 2008, 2009, in press a). The outermost
layer of the primary plant surface is known as the cuticle, and its most prominent
functions are presented in figure 3. One of the most important attributes of the
cuticle is its hydrophobicity that enables plants to overcome the physical and
physiological problems connected to an ambient environment, such as
desiccation. The cuticle also stabilizes the plant tissue and has several protective
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Figure 2. Montage of some examples from nature. (a) Lotus effect (Bhushan et al. in press),
(b) glands of carnivorous plant secrete adhesive to trap insects (Koch et al. in press ¢), (¢) pond
skater walking on water (Gao & Jiang 2004), (d) gecko foot exhibiting reversible adhesion (Gao
et al. 2005), (e) scale structure of shark reducing drag (Reif 1985), (f) wings of a bird in landing
approach, (g) spiderweb made of silk material (Bar-Cohen 2006), and (h) antireflective moth’s eye
(Genzer & Efimenko 2006).

properties. One of the most important properties is the transpiration barrier
function. This property is based on the material, made basically of a polymer
called cutin and integrated and superimposed lipids called ‘waxes’, which are
hydrophobic. In addition to the reduction of water loss, the cuticle prevents
leaching of ions from inside the cells to the environment. In plants, a wide spectra
of surface structures exist, which modify surface wettability and also have a
significant influence on particle adhesion. Evolutionary optimized wettable or
non-wettable surfaces can be found in water and wetland plants, e.g. the water-
repellent leaves of lotus (Nelumbo nucifera). In submerged water growing plants
and some tropical and subtropical plants, the cuticles provide hydrophilicity by
providing a permanently wet surface or by water spreading, respectively. The
plant cuticle also plays an important role for insect and micro-organism
interaction. In some cases, it protects the plants against overheating by reflecting
radiation and/or by heat transfer via turbulent airflow and convection.

Phil. Trans. R. Soc. A (2009)


http://rsta.royalsocietypublishing.org/

& ENGINEERING

MATHEMATICAL,
SCIENCES

PHYSICAL

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

& ENGINEERING

MATHEMATICAL,
SCIENCES

PHYSICAL

THE ROYAL
OF SOCIETY A

PHILOSOPHICAL
TRANSACTIONS

Downloaded from rsta.royalsocietypublishing.org on 17 March 2009

1450 B. Bhushan
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Figure 3. Schematic of the most prominent functions of the boundary layer on a hydrophobic
microstructured plant surface. (a) Transport barrier limitation of uncontrolled water loss/leaching
from interior and foliar uptake, (b) surface wettability, (c) anti-adhesive, self-cleaning properties:
reduction of contamination, pathogen attack and reduction of attachment/locomotion of insects,
(d) signalling: cues for host—pathogens/insect recognition and epidermal cell development,
(e) optical properties: protection against harmful radiation, (f) mechanical properties: resistance
against mechanical stress and maintenance of physiological integrity, and (g) reduction of surface
temperature by increasing turbulent air flow over the boundary air later (Koch et al. 2009).

7 IR WA
(c) - .

S

Figure 4. Macroscopically visible optical appearance of plant surfaces and their surface
microstructures, shown in scanning electron microscope (SEM) micrographs. In (a) leaves
(Magnolia grandiflora) appear glossy because of the flat surface structure of the surface, shown in
(). In (c) the flower leaves (Dahlia) appear velvety, because of the microstructure of the epidermal
cells shown in (d). In (e) the white appearance of the leaves (Leucadendron argenteum) is caused
by a dense layer of hairs, shown in (f). (g) A white or bluish leaf surface (Fucalyptus macrocarpa)
that is densely covered with three-dimensional waxes shown in (k) (Koch et al. 2009).

The micro- and nanostructures of plant surfaces have a great influence on their
attributes as interfaces. Even in a cursory look at different plant surfaces, they
show different optical appearances, which arise from the surface structures in the
micro- and nanoscale dimension (Koch et al. 2009). The optical appearance of
selected plant surfaces and their surface microstructures are shown in figure 4.
Based on their microscopically smooth surface, the leaves of Magnolia
grandiflora appear glossy (figure 4a,b), whereas the rougher surfaces of the
flower leaves (petals) of Dahlia appear velvety and soft (figure 4¢,d). The leaves
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low CAH. Nosonovsky & Bhushan (2008a—c) reported that the composite
interface is metastable. Capillary waves may destabilize the composite interface.
Condensation and accumulation of nanodroplets and surface inhomogeneity
(with hydrophobic spots) may destroy the composite interface. Microstructures
resist capillary waves present at the liquid—air interface. Nanostructure
prevents nanodroplets from filling the valleys between asperities and pin the
droplet. Thus, a hierarchical structure is required to resist these scale-
dependent mechanisms and enlarge the liquid—air interface, resulting in a high
static contact angle and low CAH. It has been reported that all super-
hydrophobic and self-cleaning leaves consist of an intrinsic hierarchical structure
(Barthlott & Neinhuis 1997; Neinhuis & Barthlott 1997; Koch et al. 2008, 2009,
in press a).

Based on this lesson from nature, one of the ways to increase the hydrophobic
property of the surface is to increase surface roughness; so roughness-
induced hydrophobicity has become a subject of extensive investigations.
This understanding also allows us to develop superoleophobic surfaces
(which repel low surface tension liquids). This technology is being used to develop
various products.

Various superhydrophobic surfaces have been either produced in the
laboratory or are produced commercially (Bhushan et al. in press; Koch et al.
in press b; Roach et al. 2008). Self-cleaning paints, roof tiles, fabrics and glass
windows are commercially available. Some paints have been formulated to keep
barnacles from sticking to ship hulls. An exterior self-cleaning paint (Sto, AG) is
sold under the trade name Lotusan (Dendl & Interwies 2001). It consists of
particles with a controlled size to provide surface structure. A hydrophobic
titanium oxide is subsequently applied. Self-cleaning coatings for glassware,
vehicles, lighting and optical sensors have been developed by the company Ferro,
which are transparent and permanent (Baumann et al. 2003). These coatings
contain functional pigments, nanoparticles and binders in a liquid medium.
During firing after application, a special micro- and nanostructured surface is
formed. Removable coatings with a dispersion of nanoparticles are available from
Evonik Degussa, Inc., which can be removed at a later time, if needed (Mueller &
Winter 2004). Clothes can be waterproofed using plasma treatment (Hoecker
2002). Various coatings with nanostructured particles are available, which can be
applied to textiles to make them hydrophobic and self-cleaning (Nun et al. 2002;
Gao & McCarthy 2006).

Surfaces that switch between superhydrophobicity and hydrophilicity have
been developed using, for example, photoresponsive surfaces with inorganic
oxides and photoreactive organic molecules (Wang et al. 2007), copolymer films
sensitive to pH (Xia et al. 2006) or electric field (electrowetting; Bhushan & Ling
2008). These surfaces can be used, for example, to control fluid flow in micro/
nanochannel networks in micro/nanofluidic chips.

Hydrophilicity

Some plant leaves are hydrophilic or superhydrophilic (Koch et al. 2008, 2009,
in press a). Surfaces are called superhydrophilic if the contact angle is below 10°.
Plant surfaces can either absorb water or let water spread over its surface. Two
leaves with water-absorbing porous surface structures are shown in figure 8.

Phil. Trans. R. Soc. A (2009)
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Figure 8. SEM micrographs of superhydrophilic plant surfaces showing (a) water-absorbing
hair structure of Tillandsia usneoides and (b) the water uptaking pores of Sphagnum moss (Koch
et al. 2008).

A contact angle of the order of 0° is expected of these plant surfaces because they
are water absorbing. The structure of these plant surfaces can be used in the
development of adhesive or sticky surfaces.

Insect feeding

Two strategies used for catching insects by plants for digestion are having
sticky surfaces or sliding structures. As an example, for catching insects using
sticky surfaces, the glands of the carnivorous plants of the genus Pinguicula
(butterworts) and Drosera (sundew), shown in figure 9, secrete adhesives
and enzymes to trap and digest small insects, such as mosquitoes and fruit flies
(Koch et al. 2009). In Pinguicula, the stalked glands are the sticky ones that
trap the insects by secreting an adhesive solution. The shorter ones are those
that secrete digestive enzymes, including protease and phosphotase, and later
resorb the digested material. In Drosera, the stalked glands can effectively
enclose small flies by bringing numerous glands in contact with the prey.

Some plants use slippery wax layers in order to capture and retain insects.
Carnivorous plants in the genus Nepenthes have pitcher-like leaves formed as
traps for catching and digestion of insects (figure 10a—e; Juniper et al. 1989; Koch
et al. in press a). In these species, a layer of three-dimensional wax platelets
creates a slippery zone inside the tube, above the digestive zone. The wax plays a
crucial role in animal trapping and prey retention (Gorb et al. 2005). Insects are
not able to attach and walk on these waxy surfaces. They glide into the digestive
fluid and are restrained from further escape. The structure of these plant surfaces
can be used in the development of surfaces with self-cleaning ability or for
drag reduction.

Prevent feeding by insects

Some plants provide mechanical and chemical defence mechanisms to
prevent feeding by insects. As an example for mechanical defence, for the
surface of the common Horsetail (Equisetum arvensis), as shown in figure 11,

Phil. Trans. R. Soc. A (2009)
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Figure 9. SEM micrographs of multicellular glands on plant surface. (a—c) Glands of the
carnivorous plant Pinguicula gypsicola on the upper (adaxial) side of the leaf. (b) Detail of the
stalked and (c) non-stalked glands. The stalked glands secrete an adhesive to trap small insects;
unstalked glands provide the enzymes for digestion of the insects. (d,e) The sticky and also
digestive glands of the carnivorous sundew (Drosera capinsis; Koch et al. 2009).

there are subcuticular inserts of solid crystals of silica. Silicon is a bioactive
element associated with beneficial effects of mechanical and physiological
properties of plants. Silicon enhances the expression of genetically controlled
defence mechanisms in plants. This increases the resistance of plants to
pathogenic fungi (Koch et al. 2008). These leaves are also an example of
superhydrophobic surfaces.

Examples of plants that provide chemical defence include Tazus baccata,
Primula polinuri and Nicotiana tabacum with exudates of glands—terpenoids,
flavonoids and nicotine, respectively. The flavonoid exudates are morphologically
similar to waxes, but are widely referred to as ‘farina’ or ‘farinose’ due to their
chemical divergence to plant waxes (Koch et al. 2009).

Some of these defence strategies are of interest in the development of defence
strategies against insect invasions of forests and in other applications.

Phil. Trans. R. Soc. A (2009)
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Figure 12. SEM micrographs of hairs; (a) the shoot surface of a climbing bean plant P. vulgaris with
terminal hooks and (b) single hairs on a seed surface of Cynoglossum officinale are characterized by
terminal and lateral barbed hooks for seed dispersal (Koch et al. 2009).

Figure 13. (a) The image of tiny hooks found in cockleburs and (b) a commercial Velcro
(Mueller 2008).

Hair with hooks

Many plant surfaces have hairs (also known as trichomes). The hairs are found
on the aerial surfaces of most flower plants, some conifers and mosses (Koch et al.
2009). The structures of these hairs are often complex. The function of the hairs
varies from one plant to another (Wagner et al. 2004). Many plants of dry
habitats show a dense cover of dead air-filled hairs to reflect visible light, which
makes the surface appear white (figure 4f). They may affect the loss of water and
the wettability of surfaces. Hairs might also function as an anchor for seed
dispersal by animals or wind. Some of the hairs form hooks for climbing purposes.
On climbing kidney shoots, (Phaseolus vulgaris) hairs form hooks (figure 12a),
and in Cynoglossum officinale (figure 12b), the hairs have lateral barbed hooks for
seed dispersal (Wagner et al. 2004; Koch et al. 2009).

Velcro effect

Fruits of the burdock plant consist of hooks. Cockleburs get attached to
clothes readily. In 1948, Swiss engineer George de Mestal found that their
spines were tipped with tiny hooks that stick out from the seeds and provide

Phil. Trans. R. Soc. A (2009)
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Figure 14. Schematic of a tension wood cell structure, consisting of spirally wound cellulose fibres
and parallel G-layer fibres. By exposure to high humidity, swelling of the G-layer pushes against
the spirally wound secondary cell wall and results in contraction of the cell along its length,
resulting in high-tensile stresses leading to motion (Goswami et al. 2008). ¢, circumferential hoop
stress; ,, axial stress.

a hook-and-loop construction, which grips instantly, but can be ungripped with a
light force (figure 13a). This led to the invention of a zip, called Velcro (1955),
which works as a zipper (figure 13b). One side has stiff hooks as the burs and the
other has loops in the fabric. The word Velcro was derived from the French
words velour (velvet) and crochet (hook).

(iii) Plant structures for motion

Plant tissues are composite materials consisting of hierarchical structures.
Some of the structures (such as wood) exhibit high stiffness, strength and
resilience. Dead tissues on some plants can change shape in a controlled manner
with a change in external conditions, such as temperature or humidity (Elbaum
et al. 2008; Fratzl et al. 2008). The change in shape actuates movement. As an
example, wheat awns are attached to the seed, which assist in the dispersion and
mobility of the seed. The cellulose fibrils within a single awn are parallel on one
side and randomly oriented on the other. A change in humidity causes
differential swelling on either side of the awn, resulting in a reversible bending
of the awn. Repeated variations in humidity from the changes in day/night
temperature push the seed into the ground (Elbaum et al. 2008). Another
example of shape change is the tension wood fibres found in the upper parts of
the branches of hardwoods (figure 14; Fratzl et al. 2008). The tension wood fibres
can generate high-tensile stresses and pull leaning stems and branches upwards.
In comparison with regular fibres, tension wood cells are filled with an extra layer
of cellulose and consist of parallel G-layer fibres oriented along the cell and
branch axis. The outside of the tension wood consists of spirally wound cellulose.
Exposure to humidity results in swelling of the parallel G-layer fibres in the
radial direction pushing against the outer cell wall. The circumferential hoop
stress is converted into a contraction of the cell along its length, resulting in high-
tensile stresses that can actuate the movement, i.e. the change of curvature of the
axis (Goswami et al. 2008).

To provide movement in composite mimicking plant cells, Sidorenko et al.
(2007) developed a hydrogel matrix with embedded stiff parallel silicon needles.
The isotropic swelling of the matrix is hindered by the presence of the
undeformable elements, which results in anisotropic deformation. The movement
can also result from the swelling of the gel.

Phil. Trans. R. Soc. A (2009)





