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ABSTRACT:  This review on self-assembly in biological fi brous composites presents theory and simulation to elucidate the 
principles and mechanisms that govern the thermodynamics, material science, and rheology of biological 
anisotropic soft matter that are involved in the growth/self-assembly/material processing of these materials. 
Plant cell wall, a multi-layered biological fi brous composite, is presented as a model biological system to 
investigate self-assembly mechanisms in nature’s material synthesis. In order to demonstrate the universality 
of the presented models and the mechanisms investigated, references to other biological/ biomimetic systems 
are made when applicable. The integration of soft matter physics theories and models with actual biological 
data for plant cell walls provides a foundation for understanding growth, form, and function in biological 
material and offers a fi rm platform for biomimetic innovation. 
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1 INTRODUCTION

The emerging fi eld of biological material science and 
engineering (BMSE) has three prominent components: 
biological (natural) materials, biomaterials (synthetic 
materials used in bio-environments) and biomimetics 
or bio-inspired materials, devices, and structures [1]. 
One of the main driving forces of BMSE is synthesized 
in the Arzt’s pentahedron paradigm [2], which encom-
passes low temperature/pressure material synthesis 
in aqueous phases, formation through self-assembly 
(including directed, equilibrium, and dynamic), opti-
mized multifunctionality (heat and mass transfer, 
optics, mechanics, electromagnetics), hierarchical mul-
tiscale structures, and evolution (Figure 1). The Arzt’s 
pentahedron paradigm has provided a unifying tool 
to characterize natural material.

A demonstrative example of this effi cient material 
synthesis by a living system in nature is the struc-
tural and functional versatility of the muscle mass 
[3], eye [4] and gladius or pen [5] achieved by squids. 
At nano- and micro-scales these systems build strong 
hierarchically structured microfi bers made of nanofi -
brils of proteins and polysaccharides such as collagen 
[6] and protein [7] coated chitin fi bers. These fi bers 

are further strategically aligned through supramo-
lecular self-assembly driven by entropic, chiral inter-
actions between them and anchoring to confi ning 
surfaces to form the twisted plywood architecture [8] 
as observed in squid arms and tentacles [3]. At the 
tissue level, these structures are further specialized 
by varying the cell-extracellular matrix organization 
patterns resulting in materials of diverse material 
properties and functionalities. Despite being built of 
the same or similar biochemical precursors, the ultra-
structural variations result in structures of diverse 
functionality: the muscles in the arms of the squid 
serve in bending and grasping, while the muscles in 
the tentacle are capable of rapid extension facilitating 
an effi cient prey capture mechanism [3], the eyes of 
the squid form a highly-distributed Bragg stack that 
combined with its geometry plays a vital role in cam-
oufl aging in their living environment as a protective 
mechanism against their predators [4]. The gladius 
or the pen of the squid is a dorsal body wall made 
of chitin-protein networks that forms as a protective 
layer that facilitates jet propulsive swimming [5]; we 
note that similar chitin-protein networks in lobsters 
form the protective hard shell (the exoskeleton) [9]. 
Similar multiscale structural optimization has also 
been observed in cellulose-based systems such as the 
plant cell walls [10]. Understanding both the optimi-
zation of material properties at multiple length scales 
and the strong integration between these optimized 
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generally varies from 0.1 μm to 0.3 μm [15], about 
100 times thinner than the size of the plant cell itself. 
It is made of sequentially deposited layers of differ-
ent thickness, chemical composition and structural 
organization. In Figure 2, the primary cell wall (P) is 
the fi rst layer to be laid down after cell division and 
its formation coincides with cell growth. When the 
cell reaches its fi nal size, three layers of secondary cell 
wall S1, S2 and S3 are laid over the primary cell wall, 
in an inward direction. The central layer, called sec-
ondary layer 2 (S2), comprises about 80–90% (by the 
entire cell wall volume). Towards the lumen (a cavity 
left by the cell after shrinkage and death of the cell) 
is the secondary layer 3 (S3). At the other side of S2, 
there are the secondary layer 1 (S1) and the primary 
cell wall (P) [16]. Growing cells are surrounded by 
primary cell wall and lack secondary cell wall layers. 
The primary cell wall has the following functions: it 
supports the cell membrane against the turgor pres-
sure contained within the cell; it undergoes an enzyme 
controlled expansion under turgor pressure and reg-
ulates the direction of expansion contributing to the 
growth and the form of a plant; it cooperates with 
adjacent cells under turgor pressure to build a three-
dimensional tissue. The secondary cell walls provide 
additional mechanical strength to the tissue and in 
some seeds perform energy storage [16]. The shape of 
the cell wall depends on the types of cells. For exam-
ple, compression wood cells of spruce are cylinders of 
circular or elliptical cross-section, while normal wood 
cells of spruce are often cylinders with super-elliptical 
cross-section. 

structural organizations and the mechanisms that 
build these effi cient structures plays a crucial role in 
elucidating the principles underlying nature’s mate-
rial synthesis and extending the gained knowledge to 
several biomimetic material synthesis applications. 
Design of novel materials with unique properties 
mimicking biological materials (a) synthesized from 
inorganic precursors of superior mechanical and ther-
mal properties [11] and (b) synthesized from organic 
precursors such as chitin/cellulose nanofi bers from 
insect exocuticle/plant cell wall and fi broin inspired 
by spider silk, following nature’s effi cient material 
processing routes have been demonstrated [12,13]. 
The focus of this review article is liquid crystal self-
assembly, nature’s energy-effi cient material synthe-
sis mechanism that plays a crucial role in building 
these materials with varied material properties and 
imprinting multifunctionality into them. The plant 
cell wall (PCW), nature’s most abundant biological 
fi brous composite, is investigated as a model biologi-
cal material. In order to demonstrate the universality 
of self-assembly mechanisms in nature, reference to 
other biological materials besides PCWs are made 
where applicable.

1.1 Microstructure of Plant Cell Wall

Plant cells are encompassed by a stiff, multilayered, 
viscoelastic-viscoplastic composite wall [14] which is 
rigid enough to function as a supporting structure and 
at the same time allows surface expansion facilitating 
cell growth. The typical thickness of plant cell walls 

Figure 1 The Arzt’s pentahedron paradigm [2]: Schematic 
representation of unique characteristics that distinguish 
biological systems from their synthetic counterparts. 
(Adapted from ref. [2])
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of average microfi bril angle (CMF orientation with 
respect to the major axis of the plant cell) in cell walls 
of some plant species ranging from 0–90° [20]. 

In expanding cell walls, the line (ring) mode in the 
primary cell wall promotes radial (axial) expansion 
of cells and thus plays a major role in anisotropic cell 
growth. Thus the orientation of CMFs in the primary 
cell wall controls the shape of the cell and contributes 
to the morphology at the tissue and organ level. The 
orientation of CMFs in secondary cell wall layers gov-
erns the mechanical properties of wood. The helicoidal 
structure, also known as the twisted plywood archi-
tecture, is the most abundant extracellular structure 
found in plant cell walls and many other biological 
fi brous composites found in living systems. The plant 
cell wall twisted plywood architecture and its varia-
tions have been reported in algae, lower plants and 
higher plants in a variety of tissues such as root hair, 
petiole, leaf epidermis, hypocotyl, fruit endocarp, and 
seed epidermal walls [21]. They may occur in both 
primary and secondary cell walls, although in the pri-
mary cell wall they are transient and fragile [22]. This 
laminated organization is characterized by a series of 
planes with fi bers laid down parallel in each layer and 
where the direction of the CMFs changes from layer to 
layer by a regular angle, e.g., 10–20°, as in the stairs of a 
spiral staircase [21,23]. Schematically, parallel straight 
lines lying on equidistant planes depict the orientation 
of fi bers in this stratifi ed structure [21–23]. For conve-
nience, only certain equidistant layers are represented 
in Figure 4(a). One of the most distinctive characteris-
tics of the twisted (helicoidal) plywood architecture is 
the series of superimposed nested arcs, visible on any 
cross section oblique to the lamellae (Figure 4(b)). 

When observed under polarized light micros-
copy, the twisted plywood structural design exhibits 
periodic extinction of light. As an example, Figure 5 
depicts a representative electron micrograph of the 
stone cell of a pear (secondary cell wall) and mung 

1.2  Plant Cell Wall Components and 
Organization

The PCW is an excellent example of how nature can 
use a few widespread natural elements, usually C, H, 
O, and N, to tailor molecules of diverse structures per-
forming a wide variety of functions [10]. The PCW can 
be considered as a reinforced biological fi ber-laden 
composite membrane consisting of well-aligned cel-
lulose microfi brils (CMFs) of high tensile strength 
coated with hemicellulose and embedded in a matrix 
of polysaccharides (pectin/lignin) and structural gly-
coproteins [14]. Different plant species are known to 
synthesize cell walls with a wide range of mechanical 
properties by varying the arrangement of these build-
ing blocks (cellulose, lignin, hemicellulose and pectin) 
in the cell wall and/or cellular structure [17]. Thus 
understanding the process through which the CMFs 
are oriented in a specifi c direction is crucial to unrav-
elling the mechanisms underlying nature’s material 
synthesis. 

Earlier theoretical approaches used to predict the 
orientation of CMFs in the extra cellular matrix have 
resulted in a biomechanical model based on open fi ber-
reinforced cylinder. These approaches have postulated 
that the fi ber orientation angle with respect to the long 
axis of the cylinder should be 54.7° at maximum vol-
ume of the cylinder and that the volume of the cyl-
inder will diminish towards zero at lower and higher 
fi ber angles [18]. However this prediction contradicts 
experimentally observed microfi bril angles in PCWs, 
where the CMFs are oriented in strategic directions 
to generate commonly observed textures such as line, 
helix, ring, crossed helix and helicoid [19] (Figure 3).

1.3 Basic Cell Wall Textures

In the line (ring) mode, the CMFs are aligned parallel 
(perpendicular) to the major axis of the cell. In the heli-
cal mode, the CMFs are oriented obliquely to the major 
axis of the cell. Table 1 presents XRD measurements 

Table 1 XRD measurement of CMF orientation in cell 
walls of some plant species [19].

Species Microfi bril angle (φ)

Abies sachalinensis 3–14°

Larix kaempferi 9–21°

Picea jezoensis 17–32°

Pinus nigra 25–40°

Picea abies 39° (S2)
89° (S1) 

Figure 3 Basic plant cell wall textures: (a) line, (b) helix, 
(c) ring, (d) crossed helix and (e) helicoid. The black lines 
indicate the CMFs and the dashed line represents the major 
axis of the cell. (Adapted from ref. [19])

(a) (b) (c) (d) (e)
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a unidirectional periodic structure in which the CMF 
organization pattern repeats over a length P0/2, where 
P0 is the helicoidal pitch (few micrometers), and the 
distance over which the CMF orientation undergoes a 
2π rotation, as shown in Figure 4(d). In plant cell walls, 
the axis of the spiral arrangement ‘h’ is perpendicular 
to the cell surface.

In this type of architecture, by having a varied 
orientation in consecutive layers of the helicoid, the 
materials attain good mechanical properties in all 
directions, which increases the fracture strength since 
the path of any crack will be diverted by the change in 
orientation, resulting in an increased capacity to dis-
sipate energy. For helicoids, the stiffness effi ciency η 
of the ensemble of fi bers can be written through the 
modifi ed Krenchel equation [21]:

 4cos /η = ∑χ φ π  (1)

where χ is layer-to-layer fi ber angle, φ is the angle 
between the fi ber and the direction of stretching and 
the summation is over all the layers. It is found that 
for helicoids η=0.375 regardless of pitch, applied 
force direction and layer-to-layer angles, thus being 
equally stiff in all directions normal to the helix direc-
tion [21]. The mechanisms by which the microfi brils 
are oriented in a specifi c direction are not well under-
stood [19].

1.4  Hypotheses for Cell Wall Texture 
Formation

The major hypotheses on CMF alignment in plant 
cell walls are: (a) a theory widely recognized among 
plant scientist is based on the microtubule-microfi bril 
paradigm [21]. This model assumes that the cortical 
microtubules are aligned in a well-ordered array 
inside the plant cell and this spatial information is 
transformed to the cellulose-synthesizing machin-
ery on the plasma membrane of a growing plant cell 
that in turn results in the ordered deposition of CMFs 
in plant cell walls [25]. However, several studies on 
growing plant cells demonstrate that drug-induced 
microtubule disassembly does not abolish the ori-
ented deposition of CMFs [26]. Also it is known that 
in fully expanded cells, cortical microtubules and 
the most recently deposited CMFs are not generally 
aligned in the same direction [27]. From these obser-
vations, it is evident that microtubule order induced 
alignment of CMF alone cannot explain the CMF ori-
entation in plant cell walls; (b) an alternative theory, 
the membrane fl ow hypothesis assumes the cellulose 
synthase complexes on the plasma membrane are in 
motion driven by synthesis and crystallization forces 

bean hypocotyl (primary cell wall) in early growing 
stage exhibiting arced patterns typical of the helicoidal 
architecture [22,24].

In plant tissues, the twisted plywood organization 
is also widely detected in the cylindrical geometry due 
to the cell shape. In this case, the parallel and equi-
distant planes become a set of coaxial cylinders; the 
fi ber directions being represented by parallel helices. 
The angle of the helices in a plane relative to the cyl-
inder axis is constant but changes slightly from one 
cylinder to the next [23]. A schematic representation 
of helicoidal organization in cylindrical geometry is 
illustrated in Figure 4(c). The helicoidal plywood is 

Figure 4 Schematics of the helicoidal plant cell walls. (a) 
The schematic represents parallel and equidistant planes. 
On each parallel plane, lines indicate the fi ber orientation. 
The fi brillar direction rotates by a small constant angle from 
one layer to the next, (b) Oblique sectional plane showing 
arced patterns, (c) Cylindrical twist architecture. On each 
coaxial cylinder, parallel and equidistant helices indicate 
the orientation of the fi bers; the angle of helices relative to 
the axis is constant on each cylinder but rotates slowly from 
one layer to the other, (d) The helix axis ‘h’ and the helicoidal 
pitch po. (Adapted from ref. [23])

(a) (b) (c) (d)

po

h

Figure 5 Arced patterns in plant cell walls. (a) Oblique 
section of secondary cell wall in stone cell of pear showing 
uniform equidistant nested arcs. (Schematic adapted from 
de Luca and Rey 2003 as a representative of experimental 
observations by Roland et al. 1987). (b) Oblique section 
of a primary cell wall in mung bean hypocotyl regions of 
uniform arced pattern and diffusive wall lacking arced 
patterns. (Schematic adapted from de Luca and Rey 2003 as 
a representative of experimental observations by Vian et al. 
1993)

(a) (b)
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mesophases. The observed mesophases in biologi-
cal systems can be classifi ed into [30,31]: (i) LC ana-
logues (left column), where the LC type of packing is 
observed frozen-in in the solid state; (ii) mesophases 
observed in the native state of the biopolymer (mid-
dle column), and (iii) LC phases observed in biopol-
ymer solutions in a controlled environment (right 
column). 

The varied biochemical groups and biological ori-
gin of the mesogens presented in Table 2 shows that 
LC order is ubiquitous in the development of func-
tional and structural biological materials. However, 
this hypothesis for the development of helicoidal 
plywoods in plant cell wall has been contested on the 
grounds that there is not enough material to form a LC 
phase during development of helicoidal plywoods in 
plant cell walls. Due to the lack of in vivo experimen-
tal evidence, the nature of the phase operating during 
cell wall morphogenesis, the amount of cell wall mate-
rial present and the effective diameter of the microfi -
brils due to surface charges are not yet characterized. 
There appears to be no clear consensuses among plant 
cell wall researchers from various backgrounds on 
the validity the above theories owing to the lack of 
experimental techniques verifying their assumptions. 
In the absence of experimental techniques, theory and 
simulation can be used as a pragmatic tool that may 
resolve time and length scales not easily accessible to 
experiments. Hence the focus of this review is on the 
formation of plant cell wall microstructure through LC 
self-assembly. A brief introduction to LC materials and 
some known applications of theoretical models based 
on the physics of these materials to biological systems 
are presented. 

of CMF [28]. Though there is experimental evidence 
confi rming the mobility of cellulose synthase com-
plexes on the plasma membrane, the assumption 
that the protoplast rotates relative to the cell wall 
is actively disputed as this rotation has not been 
observed in plants [27]. In addition, a purely geo-
metric model also based on cell geometry, inter-fi bril 
distance within a cell wall lamellae and the density 
of active cellulose synthase complexes has been pro-
posed [27]. Despite this model’s ability to predict all 
the fi ve ideal cell wall textures shown in Figure 3, it 
cannot explain the deviations from ideal helicoidal 
texture such as defect textures observed in the pres-
ence of secondary inclusions in some plant cell walls. 
The important parameter of the model, movement 
pattern and activation rate of cellulose synthase com-
plexes has also not yet been validated experimentally 
[27]; (c) another well-reasoned hypothesis is that the 
liquid crystalline (LC) self-assembly model that is 
based on the structural similarities between the heli-
coidal cell wall  texture and cholesteric LC phases. 
This model incorporates the fact that the helicoidal 
texture arises through LC self-assembly that occurs 
at suffi ciently high concentration of the CMFs, when 
the excluded volume of the CMFs is minimized in the 
presence of chiral interactions. A review supporting 
this hypothesis, based on anatomy and developmen-
tal biology processes, has emphasized the necessity 
of characterizing the nature of the forces inducing 
this self-assembly [29]. Supramolecular self- assembly 
of biological LC polymers resulting in materials/
phases with self-organized structures have been 
reported in all kingdoms of life. Table 2 shows a com-
pilation of biological systems that exhibit ordered LC 

Table 2 Compilation of self-assembling biological LC materials and LC analogues observed in nature. (Adapted 
from ref. [31])

Biological Analogues In vivo Solutions In vitro Solutions

Plant cell walls [21] 
Connective tissues in mammals and 

cephalopods [5,21] 
Dermal scutes and scales of fi sh [33] 

Exoskeleton of insects and 
crustaceans [21] 

Membranes of animal eggs [21] 

Skin of Mandrill [34]
Human compact bones [35]
Squid muscle mass [8]

DNA [36] 

Chromosomes of dinofl agellate 
and bacteria [37] 

Collagen in egg shell and glands of 
dogfi sh [38] 

Oothecal gland protein of 
S. tenuidentata [39] 

Spider silk [40] 

Sickle cell hemoglobin [41] 
Synovial fl uid [42] 

Collagen [35] 

Cellulose [35,43] 

Chitin [35] 
DNA [35] 
Viral suspensions [44] 
Actin [45,32] 

Flagella of Salmonella typhimurium [45,32] 
Mucin [46] 
PBLG [36]
Xanthan [36]
Quince seed mucilage [21]
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cholesteric or chiral nematic LC phase. Cholesteric 
LC is a helicoidally layered stack that behaves like a 
nematic at short scales, i.e., in each infi nitesimal layer 
of this three-dimensional assembly, the  molecules 
have a uniform orientation. However, from one layer 
to the next, their orientation changes by a slight 
 constant angle, leading to a periodic layered confi gu-
ration characterized by a length scale known as the 
pitch p. The pitch is defi ned as the distance required 
along the helical axis, i.e., axis normal to the succes-
sive layers, for the cholesterogens (molecules form-
ing cholesteric structure) to accomplish a rotation of 
2π radians. Figure 4(a) depicts the structure of a cho-
lesteric LC order. When the cholesteric pitch tends 
to infi nity, the phase becomes weakly chiral and has 
characteristics of nematic mesophase. The pitch of the 
cholesteric LC is usually measured in microns and is 
affected by physicochemical factors and applied exter-
nal fi elds. In lyotropic LCs, the pitch is a function of 
fl exibility/charge/concentration of molecules making 
up the mesophase, pH, osmotic pressures and stress/
electric/magnetic fi elds. Chiral self-assembly of plant 
cell wall components and other biological materials 
resulting in LC analogues that are structurally similar 
to cholesteric LCs is the central theme of this review. 

Liquid crystals are ordered phases responsive to 
surface constraints and external fi elds that can cause 
localized elastic deformations in the molecular fi eld. 
This property often leads to local symmetry breaking 
in these phases, resulting in a rich and complex variety 
of topological defects in the form of points, lines and 
walls. The types of defects are unique to the types of 
mesophases, and hence they are the identifying fea-
tures of the LC phases. Some of the defects in choles-
teric mesophases observed in plant cell systems are 
presented in Section 2. 

1.7  Soft Matter Models for Biological 
Systems

Theoretical models based on soft matter physics have 
been previously employed to investigate a wide range 
of biological systems. A computationally implemented 
mathematical model based on the Landau-de Gennes 
theory for cholesteric LCs has been employed to 
investigate the effect of constraining surfaces on the 
development of helicoidal texture in biological fi brous 
composite [48,49]. These computations elucidated the 
need for a constraining surface that can direct the chi-
ral self-assembly in a direction normal to it, to form a 
defect-free (monodomain) twisted plywood structure. 

An integrated fl exoelectric/viscoelastic model for lin-
ear oscillatory dynamics of fl exoelectric membranes 
embedded in viscoelastic media of relevance to outer 

1.5  Liquid Crystals – The Fourth State of 
Matter 

Liquid crystallinity (LC) is a state of matter that has 
molecular ordering between that of stable solids and 
mobile fl uids and hence it is called “mesophase.” As 
the result of this intermediate molecular ordering, 
these states possess a liquid-like fl uidity and solid-like 
anisotropic molecular order [30]. Molecular ordering 
in a system can be defi ned in terms of a) Positional 
order that refers to the extent to which a group of 
molecules shows translational symmetry and b) 
Orientational order that represents a measure of the 
tendency of the molecules to align along the direc-
tor on a long-range spatial scale. Molecules in solids 
possess both positional and orientational order, while 
those of liquid lack both these long-range orders. LCs 
have long-range orientational order and can have par-
tial or no positional order. 

1.6 Classifi cation of LCs 

Depending on the behavior of LCs with respect to 
physical variables, they are classifi ed as thermotropic 
LCs and lyotropic LCs. Transitions involving thermo-
tropic LCs are effected primarily by change in tem-
perature and secondarily by pressure. In this type of 
LC, every molecule participates equally in long-range 
ordering and the transition from unordered (isotropic) 
to ordered state (mesophase) is driven mainly by van 
der Waals interactions. These molecules are of interest 
in applications such as electro-optic displays, temper-
ature and pressure sensors. In lyotropic LC phases, the 
transitions are effected primarily by change in concen-
tration of the molecules and secondarily by change in 
temperature. The phase transition in this class of LCs 
is due to excluded volume repulsive forces. This cat-
egory of LCs is important in the context of the current 
work as they play a major role in living systems. 

The simplest LC phase is the nematic mesophase, 
which is characterized by a long-range orientational 
order (the long axes of the molecules tend to align par-
allel to each other along a preferred direction) and lack 
of positional order (there is no long-range correlation 
of the positions of molecular center). This preferred 
average molecular direction is called “director,” rep-
resented by the unit vector n. Defi ning a director at 
every spatial “point” of the LC sample (n(x,y,z)) leads 
to a macroscopic description of the preferred average 
molecular orientation in the material. 

When the molecules are intrinsically chiral, i.e., 
molecules without mirror symmetry such as cellulose, 
or possess a chiral charge distribution, or when a  chiral 
dopant is added to nematic LC phases, the  nematic 
phase undergoes helical distortion resulting in the 
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The helicoidal plywood structure has the chiral 
order of a chiral-nematic liquid crystal, which pos-
sesses orientational order with a superposed rotation 
and layer periodicity [21,60]. Every elongated macro-
molecule or fi lament with a high aspect ratio, stably 
dispersed in a solvent, aligns spontaneously above a 
critical volume fraction, known as the Onsager critical 
limit [30]. This morphogenesis process, which leads to 
these intricate and fascinating structures, is thought 
to have the characteristics of a solid and a fl uid state, 
enough fl uidity for a structure to self-assemble and 
enough solidity to maintain the load-bearing capac-
ity of the structure. In thermodynamic terms, self-
assembly is a free energy minimization process driven 
by entropy. The excess Helmoltz free energy ΔF for 
the dispersion of microfi brils contains two competing 
entropic terms [47]: 

 
1 1 1

B

1 2 1 1 2 1 2

F( )
f( )ln(4 f( )d

k T

f( )f( ) ( , )d d ,
2

Δ ρ
= πρ

ρ
− β

∫
∫

u u u

u u u u u u

 

(2)

where f(u) is the orientation distribution function, ρ 
is the number density of microfi brils, β1 (u1, u2) is the 
excluded volume by a microfi bril of orientation u1 
on a microfi bril of orientation u2. The fi rst term cor-
responds to the entropy of mixing and favors random 
orientation of the microfi brils. The second term cor-
responds to exclude volume entropy, which increases 
with a decrease in the average angle between neigh-
boring microfi brils. The inherent chirality of the mol-
ecules that build these materials results in a chiral 
microstructural organization. In addition to chiral 
interactions, other factors that infl uence the forma-
tion of liquid crystalline phase include: the shape 
anisotropy of the fi bers, the ionic environment that 
regulates the charges on the fi bers, the concentration 
of the fi bers that drive the minimization of excluded 
volume and the type of LC organization in either sin-
gle and/or biphasic states. According to the Onsager 
theory, this concentration-driven LC order appears 
in solutions of rods when the shape anisotropy (Leff/
Deff) times the volume fraction (φ), i.e., φLeff/Deff, 
exceeds a critical value (usually close to 4) at which 
excluded volume is minimized [61]. For semi-fl exible 
biopolymer chains, like cellulose fi brils, Leff is the 
persistence length of the polymer chain and Deff is 
effective diameter that takes into account deviations 
from uncharged rigid-rods (due to dispersion forces, 
hydration interactions, and surface charges) [30]. The 
persistence length of cellulose chains obtained from 
various cellulose-solvent systems in vitro has been 
reported in the range of 11–25 nm [62]. It is errone-
ous to arrive at a conclusion that there is not enough 

hair cells located in the inner ear has been developed 
based on the theory of nematic fl exoelectricity in LC 
phases [50]. A continuum model based on Frank-Oseen 
formalism of LC phases has been developed to investi-
gate the self-assembly mechanisms forming helicoidal 
textures and hexagonal fi ber bundles in in vitro self-
assembly of F-actin fi bers [32]. Recently, theoretical 
work developed to predict the infl uence of anchoring 
energy of LCs on the orientation of the interfacial ten-
sion [51] has been proven to demonstrate the forma-
tion of complex surface features such as unduloids and 
helices experimentally observed in 3D viral structures 
arising through self-assembly [52]. Periodic relief aris-
ing at the free surface of a helicoidal plywood in some 
fl owers’ petals, and beetle exocuticle surfaces that play 
a key role in the iridescence of these structures, have 
been simulated using a mathematical model based on 
chiral self-assembly with air-surface interface driven 
by chiral capillarity [53]. This review article empha-
sizes the capability of theory and simulations based on 
anisotropic soft matter models [54–58] to yield testable 
and verifi able predictions of textural and rheological 
phenomena observed in real plant cell walls, in an 
attempt to verify the LC self-assembly model for plant 
cell wall synthesis and highlight the versatility of these 
models to simulate other biological/biomimetic sys-
tems. For an extensive review on mesoscopic models 
employed to quantitatively describe the structures and 
processes in biological systems, refer to [31,59].

The organization of this review article is as follows: 
Section 2 presents the model for chiral self-assembly 
driven by entropic and chiral interactions resulting 
in helicoidal plywood architecture. The model is vali-
dated by simulation of observed defects and textures 
in plant cell wall; in Section 3, curvature-induced pla-
nar self-assembly mechanism in plant cell walls is 
presented. A continuum model for this external fi eld 
induced fi ber ordering is presented and validated; 
Section 4 presents the application of these systems to 
other biological/biomimetic systems, highlighting the 
functionality that arises from the structures found in 
some plant cell walls; Section 5 presents the conclu-
sion of this review on modeling self-assembly mecha-
nisms in biological fi brous composites. 

2  MODEL FOR HELICOIDAL 
PLYWOOD IN BIOLOGICAL 
FIBROUS COMPOSITES

The objective of this section is to demonstrate the role 
of LC self-assembly in the formation of helicoidal ply-
wood architecture in plant cell wall and other biologi-
cal LC analogues using mathematical models based on 
well-established liquid crystal theory. 
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the molecular order deviates from its homogeneous 
value, while in the latter it does not. The coreless 
non-singular disclination lines of core size of the 
order of p0 have lower energy than the singular τ dis-
clination lines of core size of the order of nanometers. 
Disclinations are characterized by a sign (sense of 
rotation) and strength (amount of rotation). Charge 
of an individual disclination can be ± 1 / 2 or ± 1 and 
describes the amount and the sense of director rota-
tion when encircling the defect core. The dislocations 
involve changes in the number of layers. The disloca-
tion core can be compact non-split core or split into a 
pair of disclinations. Figure 7 shows an example of a 
disclination line of type λ+1 in the root nodule of Vicia 
[24] and texture predictions of the Landau de Gennes 
model, showing the presence of nonsingular λ+1 lines 
in a helicoidal polydomain texture that also includes 
singular τ-1/2 lines [49]. 

Apart from this correspondence in structure and 
defect textures between helicoidal cell walls and 
cholesteric mesophases, plant cell walls also exhibit 
arc patterns that deviate from ideal, monotonic heli-
coidal plywood depicted in Figure 1–5(a). Given the 
multifunctionality embedded in the PCW and dif-
ferent formation conditions more complex helicoids 
are found, including (i) doubly periodic structures, 
(ii) gradient pitch, (iii) discrete plywoods, and (iv) 
localized chiral pulses, shown in Figure 8. The fi ber 
orientation in the doubly periodic plywoods has a 
large-scale periodicity which is a function of the two 
pitches present, n(z) = n(z + m1po1 + m2po2), where 
mi is the number of pitches in the layers of pitch poi. 
Since the pitch is a function of fi ber concentration 
and solutes, couplings between LC order and solute 

material to form a LC phase during development of 
helicoidal plywoods in plant cell walls solely based 
on this calculation for the following reasons: (a) these 
calculations use absolute diameter instead of Deff of 
the CMFs, due to the lack of in vivo experiments in 
plant cell wall; (b) it has been frequently observed 
that the isotropic–anisotropic transition predicted by 
the Onsager theory may be an order-of-magnitude 
larger than that observed experimentally, perhaps 
due to other factors such as molecular interactions. 
Ideal helicoidal plywood architecture directed from a 
constraining surface forms a defect-free monodomain 
with a constant helical pitch as depicted in Figures 4 
and 5.

However, the extracellular domain of a plant cell 
in which this chiral self-assembly takes place is rich 
in secondary inclusions such as pit canals and other 
plant cells themselves. The inclusion of these second-
ary phases induces confi nement of the LC material 
between them, and the resulting frustration in the 
mesophase is relieved through nucleation of defects 
and distortion of the pitch of the mesophase as shown 
in Figure 6. There is strong evidence that the solid 
helicoidal plywood architecture is formed through 
LC self-assembly by the existence of specifi c defect 
patterns observed in the presence of these secondary 
phases in the domain of self-assembly [63].

Defects in cholesteric phases include disclina-
tions and dislocations due to the fact that at short 
length scales the material has orientational order 
but at long length scales it is layered as in a 1D solid. 
Disclinations involve distortion in the orientation 
of the cholesteric layers and can have singular (τ 
lines) or non-singular (λ lines) cores; in the former 

Figure 6 Helicoidal plywoods in plant cell walls with 
secondary phases. (a) Adaptation of helicoidal plywood to 
embedded pit canals (P inside the gray circles) by dilation 
of layers (shown by width changes in arc patterns) and 
bending of layers (bending of arced patterns) [24]; (b) A –1 
saddle defect (denoted by *) in a natural helicoidal plywood 
due to inclusion of four (L) lumens in walnut [64] (Adapted 
from ref. [31]). For fi lled LCs, a defect of strength –(N–2)/2 is 
expected [41]. For the four (L) lumens, N=4 and the plywood 
has a –1 saddle defect (*).

(a) (b)

P

P

P

L
L

L

L

p=po
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Figure 7 Fingerprinting chiral self-assembly in root nodule 
of Vicia. (a) λ+1 disclination in cross-section, in a twisted body 
of a root nodule of Vicia (Adapted from ref. [80]), (b) λ+1 and 
τ-1/2 disclination simulated using Landau de Gennes model 
[49,55].
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of anisotropic molecules, which drives the isotropic- 
chiral-nematic phase transition; U is related to the 
concentration C by the relation U = 3C/C*, where C* 
is the concentration of the CMFs at the phase transi-
tion from unordered-order state. The parameter ξ is a 
coherence/internal length that gives the distance over 
which variations of long-range orientational order can 
occur. This length represents the order of magnitude 
for the size of the core of a disclination defect. The 
parameter h0 is a macroscopic length scale external/
geometric length that gives the size of the domain. 
The parameter p0 is the pitch of the chiral-nematic 
liquid-crystalline material. It is essential to recognize 
that this model is therefore of a mesoscopic nature 
since it includes a molecular length scale (ξ) and a 
macroscopic (h0) length scale. The remaining param-
eter υ represents a measure of the elastic anisotropy of 
the material. The nematodynamics equation used to 
describe the time evolution of the tensor order param-
eter Q is given by: 

 f f f
.

t
⎡ ⎤∂ δ δ δ

−γ = = −∇⎢ ⎥∂ δ δ δ∇⎣ ⎦

Q
Q Q Q

 (4)

where the superscript [s] denotes symmetric and 
traceless tensors, and where γ is a rotational viscosity 
[48]. Substituting Eqn. 3 into Eqn. 4 yields the equa-
tion for spatio-temporal evolution of tensor order 
parameter Q(x,t). The objective of this section is to 
characterize the defect texturing mechanism as a func-
tion of  chirality (p0), elastic anisotropy (υ) and parti-
cle confi guration. Figure 9 presents the alignment of 
CMFs computed using Eqn. 4 in a two-dimensional 
domain with a network of inclusions that forms a 
square (N=4), to replicate the cell lumen arrangement 
seen in Figure 6(b). The model (Eqns. 3,4) is able to 
reproduce the experimentally observed saddle defect 
observed in secondary cell wall of walnut [64]. The 

concentration can give rise to doubly- periodic and 
gradient pitch structures. Discrete pitches involve 
fi nite rotations between neighboring layers, a fact 
observed in cholesteric DNA. Localized pulses 
describe a cholesteric layer immersed in a nematic 
matrix, a structure predicted for nematic polymers 
under fl ow. The variability of plywood structures 
is an indication of adaptability to changing chemo-
mechanical environments and required multifunc-
tionality [10].

The model for chiral self-assembly for PCW based 
on the Landau-de Gennes (LdG) theory expresses the 
free energy density of the solution of CMFs in terms 
of homogeneous and gradient elastic contributions. 
The short-range (long-range) effects are represented 
by a power series of tensor parameter order Q that 
quantifi es the alignment of CMFs (gradient of tensor 
order parameter ∇Q). In the absence of an external 
fi eld, the total free energy density of the mesophase 
(f) can be given in the following dimensionless form 
[48,59]:

 f = fiso + fsr+ flr (3(a))

 ( )22 3 2
sr

1 U U U
f 1 tr tr tr ,

2 3 3 4
⎧ ⎫⎛ ⎞= − − +⎨ ⎬⎜ ⎟⎝ ⎠⎩ ⎭
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(3(c))

where fiso is the free energy density of the isotropic 
(unordered) state, which depends on conventional 
thermodynamic parameters such as temperature, 
pressure, and concentration; fsr and flr are, respectively, 
the short- and long-range contributions to the total 
free energy density f. The dimensionless parameter 
U is proportional to the dimensionless concentration 

Figure 8 Various helicoidal wall expressions: (a) monotonic helicoid, (b) random pitched helicoid, (c) bimodal helicoid, 
(d) interlayer helicoid, (e) discontinued helicoid, ML – Middle lamella, L – Cell lumen. (Adapted from ref.[55])
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[36]. This result is in good agreement with helicoidal 
textures formed from cellulose microfi brils through 
self-assembly in the cell wall of a prune with a tri-
angular network of pit canals (P) embedded in cho-
lesteric mesophase [24] depicted in Figure 6(b). The 
observed textures also follow experimental obser-
vations in three helical biological polymeric meso-
phases (last column in Table 2), namely PBLG (a 
polypeptide), DNA (a polynucleotide) and xanthan 
(a polysaccharide) [36]. Despite their different chemi-
cal nature, the phases given by all these biopolymers 
are devoid of solitary τ-1/2 disclinations. If present at 
all, these  singular  disclinations are observed only as 
τ-1/2λ+1/2 disclination pairs. The results of our simula-
tions at high elastic anisotropy corresponding to LC 
phases of semi-fl exible polymeric mesogens (Figure 
9(b)) are perfectly and quantitatively consistent with 
this experimental observation. The predicted value 
of elastic anisotropy during the formation of heli-
coidal texture indicates high energy cost associated 
with bending/splaying fi bers in the helicoidal struc-
ture compared to twisting the fi bers in such a pack-
ing. This measured value of elastic anisotropy agrees 
well with experimental measurements of elastic con-
stants in biopolymeric mesophase of PBLG (in vitro) 
[65] and is further supported by bending and twist-
ing costs estimated based on a continuum model for 
hexogonally packed chiral fi lament assemblies based 
on the Frank-Oseen formalism of LCs [66]. The defect 
textures predicted by the model obeys Zummer’s 
rule that relates the net topological charge in a LC 
system with N secondary inclusions: –(N–2)/2 = –1 
as observed in natural [54,55] and synthetic fi lled 
LCs [67].

The present model can be extended to explore 
other biologically relevant features of plywoods such 
as surface melting [21]. Figure 10 depicts the defect- 
generation during growth that occurs under surface 
melting. A layer of random fi ber organization next 
to the substrate heals into a layered helicoid that 
then grows into defect-free monodomain plywood. 
Figure 10(a) shows the vertical growth from a dis-
orded layer (random horizontal fi ber row) predicted 
by the Landau-de Gennes model [49] and Figure 10(b) 
the corresponding biological texture of the elongating 
zone of the mung bean (Vigna radiata) seedling exhibit-
ing similar features [68].

Thus, in addition to providing information on mate-
rial properties and length scales that cannot be experi-
mentally measured in vivo, the simulated transient 
defect pattern acts as a fi ngerprint for the formation 
of helicoidal plywoods in biological fi brous com-
posites through directed chiral self-assembly under 
confi nement.

defect is characterized to be a non-singular λ−1
 defect. 

The theory and simulations presented in this section 
indicate that the material property and length scales 
that result in this biological structure are: large elastic 
anisotropy, large number of pitches within the con-
fi ned space, and high concentration of CMFs (corre-
sponding parameters in Eqn. 3: υ = 21, U = 6, (ξ/p0) 
= 0.05, (ξ/h0) = 0.0025). When the concentration of 
the CMFs is less than the critical value for isotropic-
anisotropic phase transition (U < 3), an alternative 
CMF aligning mechanism that uses the curvature 
of the embedded matrix to promote unidirectional 
CMF alignment modes such as line, helical and ring 
modes is presented in Section 3. In addition to nar-
rowing the parametric space to biological-relevant 
values that lead to the saddle texture of a biological 
plywood, the transient directed chiral self- assembly 
simulations in the presence of curved second phases 
provide support to LC model that the origin of the 
frozenin architecture in Bouligand’s plywood is 
the cholesteric mesophase [21]. As the texture in 
Figure 9(a) is allowed to relax, further fi ngerprint 
textures with dislocations/dislocations presented in 
Figure 9(b) arise. The observed defect textures have 
the following characteristics: (a) non-singular discli-
nations of strength +1 (λ+1) that involve bending of 
layers are energetically costly and are avoided, and 
(b) the layers tend to avoid bending and are locally 
planarly aligned through: (i) the nucleation of defects 
closer to the particle surface and (ii) the nucleation of 
quadrupolar defects such as Lehmann clusters, that 
are known to arise also in in vitro DNA self-assembly 

Figure 9 Surface plots of the CMF alignment observed in 
chiral LC phases at high elastic anisotropy. The fi elds change 
from blue to red as the CMF alignment changes from in-plane 
of the fi gure to perpendicular to the fi gure. (a) Tetragonal 
2D blue phase at high elastic anisotropy υ=21, ξ/p0=0.0125, 
N=4 (intermediate) [54]. The x mark indicates λ-1 disclination 
seen in Figure 6(b); (b) Cholesteric fi ngerprint texture at high 
elastic anisotropy υ=21, ξ/p0=0.05, N=4 (at steady state). The 
circled region encompasses Lehmann cluster, a quadrupolar 
defect interaction observed in in vitro DNA self-assembly [55]. 
(Adapted from ref.[55])
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embedded fi bers, a theoretical model based on con-
tinuum elasticity theory for anisotropic membrane 
inclusions in lipid membranes was developed [74].

In the study of LCs, this alignment of molecules 
induced by an external fi eld such as surface (bound-
ing surface) curvature is called “paranematic order-
ing” and the free energy minimization process that 
drives the alignment of molecules on a 2D surface 
is called “planar self-assembly.” The schematic of 
the proposed curvature-driven planar self- assembly 
model is presented in Figure 11. Cell walls with uni-
directional CMF alignment can be considered as a 
two-dimensional fi ber-reinforced membrane. Planar 
self-assembly mechanisms in these materials remain 
partially understood despite their biological and 
biomimetic relevance. An integrated mechanical 
model for curvature-driven planar self-assembly of 
rigid rods on an arbitrarily curved fl uid membrane 
through novel surface phenomena such as curvopho-
bic and curvophilic effects, by extending the Helfrich 
elastic theory of curved isotropic membranes to 
anisotropic curved membrane, has been applied to 
predict the uniaxial modes in plant cell walls [56–58]. 
Curvophilic (curvophobic) effects seek to align the 
CMFs along high (zero) curvature directions [56]. 

3  MODEL FOR UNIAXIAL FIBER 
ALIGNMENT IN BIOLOGICAL 
FIBROUS COMPOSITES

At concentrations below Onsager’s critical limit 
(C < C*), excluded volume interactions and chiral 
interactions between the CMFs become less signifi -
cant. Under these dilute conditions, helicoidal ply-
woods are not formed and CMF alignment has to 
be imparted through interaction of CMFs with an 
external fi eld. Plant cell walls are cylindrical fi ber-
reinforced composites with circular (constant curva-
ture around the membrane’s circumference) or super-
elliptical cross section (spatially varying curvature 
around the membrane’s circumference) [69]. In this 
section, continuum models for curvature-induced 
planar self-assembly in fi ber-laden membrane are 
used to demonstrate the possibility of unidirectional 
CMF alignment such as line, ring and helical modes 
(see Figure 3) arising through the delicate interplay 
between membrane geometry and embedded fi ber 
order in biological fi brous composites with dilute 
fi ber concentration. An example of the possible effect 
of membrane curvature on microfi bril orientation 
in plant cell walls is found in the abrupt changes in 
microfi bril angle in the S2 and S3 layers at the cor-
ners of juniper tracheid plant cells [18]. The existence 
of membrane curvature-fi ber orientation coupling 
is further supported by the transient nature of heli-
coidal pattern in primary plant cell walls of mung 
bean, owing to the drastic change in cell curvature 
during simultaneous growth and deposition of pri-
mary cell wall [70]. Similar interactions between 
membrane surface geometry and fi lamentous macro-
molecules have been investigated in membrane curv-
ing proteins- lipid bilayer [71,72] and antimicrobial 
peptides-bacteria systems [73]. In an earlier attempt 
to estimate the infl uence of membrane curvature on 

Figure 10 Fingerprinting chiral self-assembly in mung bean. (a) Simulated self-assembly under random ordering, leading to a 
helicoidal structure after a healing length of the order of the pitch (Adapted from G. de Luca and A. Rey, 2003), (b) Biological 
plywood of the elongating zone of the mung bean (Vigna radiata) seedling exhibiting similar features. (Adapted from ref. [68])
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Figure 11 Schematic of curvature-induced 2D nematic LC 
self-assembly on membranes. At dilute CMF concentrations 
below Onsager’s critical limit, the isotropic state observed on 
a fl at membrane (left) may lead to a nematic state (right) due 
to curvature-mediated interactions.
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equilibrium fi ber orientation angle with respect to 
azimuthal coordinate (cos α) and equilibrium fi ber 
order in terms of scalar order parameter (S), obtained 
by minimizing Eqn. 5 with typical parameters. At 
low dimensionless membrane radius, for 0 < R* < 
0.1847, the curvophilic free energy is negligible and 
the curvophobic free energy is minimized, thus the 
fi bers are aligned in the axial direction resulting in 
the line mode. At intermediate membrane radius, 
for 0.1847 < R* < 0.3867, the competition between the 
fi ber interactions and curvophilic free energy aligns 
the fi bers at an angle between 0–90°, resulting in the 
helical mode. At high membrane radius, for R* > 
0.3867, the curvophobic free energy is negligible and 
the curvophilic free energy is minimized, thus the 
fi bers are aligned in the azimuthal direction result-
ing in the ring mode. At low membrane radius, the 
fi bers are more uniformly aligned in the axial direc-
tion. As the membrane radius increases, the fi ber 
order S decreases until a local minimum (cusp) is 
reached, due to the cancellation of free energy con-
tributions from curvophobic and curvophilic interac-
tions. At the onset of the ring mode, the fi ber order 
S starts increasing until a local maximum is reached 
promoted by curvophilic interactions. At high mem-
brane radii, the fi ber order vanishes asymptotically 
as the membrane curvature vanishes, resulting in 
random fi ber orientation. 

In biological fi ber-laden membranes, curvophobic 
interactions may arise as an attempt to minimize the 
non-attachment penalty, the elastic energy cost asso-
ciated with the rigid fi bers not completely supported 
by the membrane when they are aligned in the direc-
tion of maximum curvature. On the other hand, cur-
vophobic interactions may originate from any of the 
following mechanisms: (i) the fi bers exhibiting pref-
erential orientation over corrugated grooves on the 
membrane surface, known as Berreman anchoring 
[75], (ii) intrinsic nanoscale coiling of biological fi bers 
predominantly modeled by the Helfrich elastic chi-
ral fi lament model or Kirchhoff elastic theory of rods 
[76], (iii) membrane curvature induced by soft-mode 
instability of membranes caused due to the adsorbed 
fi bers [77].

The total free energy of the fi ber-laden membrane 
system per unit area F̂ is posited to be [56–58]:

 membrane fiber coupling
ˆ ˆ ˆ ˆF F ( ) F ( ) F ( )= + + ⋅b S b S  (5)

where b is the tensor that quantifi es the ambient 
curvature of the membrane and S is the fi ber order 
parameter in 2D. When the free energy of the ensem-
ble is minimized, the equilibrium fi ber alignment 
and order are obtained as a function of dimension-
less radius of the membrane [58]. Figure 12 depicts 
the fi ber orientation modes in terms of cosine of 

Figure 12 Fiber structure plot for cylindrical membranes of circular cross-section [58]. The three possible modes are: l – line 
mode, h – helical mode, r – ring mode. The order parameter displays a typical V shape and the orientation a step-like response 
as the radius increases. The inset semi-log plot shows fi ber order vanishing asymptotically as R*→∞.
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Figure 13 Cellulose microfi bril orientation in some plant cell walls and their deposition process. (a) A model for the orientation 
of cellulose microfi brils viewed from the lumen side in the cell walls of tracheids of conifers: P – Primary cell wall, S1, S2, S3 – 
Secondary cell wall layers 1, 2, 3, Lu – Lumen. (Adapted from ref. [78]) (b) A schematic of cell wall deposition process and 
corresponding changes in membrane shape: Lu – Lumen. The changes in curvature correspond to different fi ber orientation and 
order, as per Figure 11.

(  )

(  )

Although the present model does not take into 
account temporal variation of cellulose microfi -
bril concentration during different stages of cell 
wall deposition, the predicted fi ber orientation (see 
Figure 12) is in good qualitative agreement with the 
experimental observations for the orientation of cel-
lulose microfi brils in cell walls of trachieds of conifers 
based on fi eld emission scanning microscopy [78]. 
The progressive changes in the orientation of cellu-
lose microfi brils in primary and secondary layers of 
these plant cell walls are shown in Figure 13(a). A 
schematic of cell wall deposition process and corre-
sponding changes in membrane shape are depicted in 
Figure 13(b). The initial layers of primary cell wall are 
deposited at the onset of cell growth when the mem-
brane radius is small, resulting in line mode (Figure 
13(a)-1, 13(b)-1). The fi nal layers of primary cell wall 
are deposited towards the end of cell growth, when 
the membrane radius is large as the cell reaches its 
maximum size (Figure 13(b)-2). Consequently, the lay-
ers deposited in this phase exhibit ring mode (Figure 
13(a)-2). This result is in agreement with experimental 
observations showing the orientation of microfi brils 
changing from line to ring mode in different plant 
species [78]. When the cell growth ceases the sec-
ondary cell wall layers are deposited from the inner 
side and the cell starts shrinking to become a lumen. 
As the radius of the membrane decreases due to the 
cell wall deposition, the fi ber orientation changes to 
helical mode in the S1 layer and the fi ber angle with 
respect to azimuthal direction progressively changes 

from 0–90° [78]. The S2 layers deposited at further 
smaller membrane  diameter exhibit further steeper 
fi ber orientation closer to the line mode and show 
high fi ber order (Figure 13(a)-3, 13(b)-3). The discrep-
ancy between the experimentally observed helical 
or crossed helical modes and the model-based pre-
diction of line mode in S3 layer might be attributed 
to lignifi cation of the S3 layers before completion of 
cellulose microfi bril alignment, as S3 is the innermost 
layer deposited towards the end of the cell wall depo-
sition process. This reasoning is further supported by 
wide variations in observed microfi bril orientation in 
the innermost layers of S3 among different tree spe-
cies [78]. The model when solved on a membrane 
of spatially varying curvature, results in membrane 
with spatially graded fi ber orientation and order 
[58]. This numerical prediction is consistent with an 
abrupt change in fi ber angle in S2 and S3 at the corners 
reported in plant cell walls of juniper tracheid. The 
fi ber orientation angle in the corners measured with 
respect to azimuthal coordinate (α) is 15 to 25° greater 
than in the sides [18].

This novel coupling between in-plane fi ber orien-
tation and fi ber order and the curvature of the mem-
branes demonstrated by plant cell walls in nature 
has the potential to open up a novel venue to control 
two-dimensional anisotropic soft matter with tailored 
functionalities [79]. To understand the dynamic cou-
pling between embedded fi bers and membrane cur-
vature and its role in dynamic reorientation of CMFs 
during plant cell growth, refer to [57].
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automobiles, aerospace components, biomorphing 
structures, and sports equipments. Achieving this 
property through spatially varying fi ber orientation in 
fi brous composite structures has been demonstrated 
[87]. Although at a different length scale, shape fl uctua-
tions arising due to elastic inhomogeneities induced by 
the graded fi ber orientation [58] are known to induce 
local change in bending rigidity and spontaneous 
membrane curvature and play a crucial role in morpho-
genesis in biological systems such as pollen grains [88]. 
The planar self-assembly mechanism and the novel 
interactions reviewed in this article have the potential 
to inspire energy-effi cient self-assembly mechanisms 
for synthesizing variable stiffness composites. 

Optics: The twist of the helicoidal plywood struc-
ture introduces macroscopic chirality resulting in three 
important optical properties: pseudo-Bragg refl ec-
tions, circular dichroism, and rotatory power [10]. 
Bragg refl ections give rise to iridescent colors when 
subjecting the helix to white light; circular dichorism 
results in selective refl ections such that at a particular 
wavelength incident right-handed circular polarized 
light is transmitted through a right-handed helix, but 
left-handed circular polarized light is refl ected. Bragg 
refl ection based on cholesteric order is the source of 
beetle’s optical properties [89]. Plants have evolved 
mechanisms of light transmission and absorption for 
form, function, and growth; the role of helicoids on 
plant’s optics is believed to play a role in the root’s 
functionalities [90]. Helicoidal plywoods in plant cell 
walls also exhibit pitch gradients, double periodicities 
and chiral inversion (Figure 8). These observed plant-
based chiral composites are expected to generate new 
optical capabilities [10]. 

Mass transfer systems: Chiral materials couple 
mass and heat transfer with orientation and fl ow kine-
matics, in which absorption and delivery of embed-
ded solutes can be manipulated by changes in fi ber 
orientation, serving as a new principle for drug deliv-
ery systems and gas sensors [10]. Recently polymer-
ization in cholesteric LCs that leads to chiral polymer 
ribbons have been demonstrated [90]. Polymerization 
in chiral media extends the established route of chemi-
cal synthesis in structured media for supramolecular 
architectures with controlled chirality. Coupling mass 
transfer with the chiral self-assembly model can yield 
a robust tool to analyze these systems. 

Model system for 2D anisotropic soft matter: The 
PCW can be considered a model system to study pla-
nar self-assembly mechanisms in other 2D anisotropic 
soft matters such as nematic shells (metamaterials) [91], 
graphite foam (heat transfer element) [92], membrane-
peptide interaction (antibacterial peptides on bacterial 
cells, Alzheimer’s amyloid beta peptide on cell plasma 
membranes) [93], LC fi lms and interfaces [94], and 

4  APPLICATION OF PCW-BASED 
ANISOTROPIC SOFT MATTER 
MODELS

Besides facilitating access to length and times scales, 
material properties, processing conditions and interac-
tions that cannot be easily determined experimentally 
if at all, the anisotropic cell wall models reviewed in 
this article can be employed to investigate material 
processing and defect texture formation in other bio-
logical and biomimetic systems. Figure 14 illustrates 
some of the biomimetic applications of helicoidal ply-
woods demonstrating various functionalities.

Material processing: Spiral and double spiral 
defect structures observed in helicoidal plywoods of 
crab (Carcinus maenas L) composed of chitin fi brils in 
the presence and absence of a vertical canal (biologi-
cal LC analogue) [32], silk spinning of (N. clavipes) spi-
ders in vivo (biological cholesteric mesophase) [40], 
defects arising during self-assembly of DNA, PBLG 
and Xanthan in vitro (biomimetic biopolymeric meso-
phases) [36] and chiral self-assembly in the presence 
of embedded polygonal particle networks arising in 
carbon-fi ber-reinforced carbon composites [80], LC 
emulsions [81] and fi lled cholesterics [82] (biomi-
metic synthetic mesophases) can all be analyzed using 
the model for helicoids formation in PCW based on 
Landau de Genne’s LC theory. Understanding the 
defect texturing mechanisms in cholesteric mesophase 
is crucial in developing potential applications such as 
supramolecular templating [83], spatial distribution 
control of nanoparticles [84] and biomimetic material 
processing [10]. The knowledge gained in this study is 
of signifi cant importance for researchers in the fi elds 
of material science and tissue engineering trying to 
mimic the ultrastructure and mechanical properties of 
bone tissue using cellulosic material [85,86].

Advanced materials: Variable stiffness materi-
als and structures are increasingly fi nding applica-
tions in several diverse fi elds such as next-generation 

Figure 14 Biomimetic applications of helicoidal plywoods 
demonstrating various functionalities: (a) Mass transfer: 
Adsorption/delivery systems for drug delivery applications 
and gas sensors; (b) Optics (optical fi lters, lasers, chiral 
photonics); (3) Mechanical effi ciency: Chiral graded fi ber 
composites. (Adapted from ref. [10])
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stress sensors [95–97] that fi nd applications in indus-
tries, biomedical and biomimetic materials research.

5 CONCLUSIONS

Excellence in performance of natural materials arises 
from precise control over their structure at all length 
scales, accomplished through self-assembly pro-
cesses employed in synthesizing these materials. 
Understanding the mechanisms underlying nature’s 
material synthesis can inspire design and fabrication 
of effi cient structural and functional materials. Theory 
and simulation can be used as pragmatic tools that may 
resolve time and length scales not easily accessible to 
experiments. The mathematical models reviewed in 
this paper elucidate the principles and mechanisms 
that govern the thermodynamics, material science, 
and elasticity of biological anisotropic soft matter 
that are involved in growth/self-assembly/material 
processing in multifunctional biological fi brous com-
posites such as plant cell wall, insect exocuticle, and 
human compact bone. 
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