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ABSTRACT: Nature employs several strategies in fabricating high-performance materials from which
scientists can garner important lessons for producing synthetic materials with enhanced properties. When the
mechanical properties of a single-phase system are insufficient for an application, composite materials offer
an important strategy to impart increased strength and toughness. By introducing nanoscale filler compo-
nents, greater enhancement in mechanical function compared to traditional macro- and microscale fillers is
possible due to the greater surface area and lower percolation thresholds stemming from the higher aspect
ratios of the nanoscale fillers. In this Perspective, we will discuss polymer nanocomposites drawing from the
lessons of wood (network of preformed, high-modulus cellulose nanorods), spider silk (self-assembly of

ordered domains), and tendon (hierarchical ordering).

Introduction

Bioinspiration has been defined as “when biological concepts,
mechanisms, functions, and design features are abstracted as a
starting point on the road to new synthetic materials and devices
with advanced structures and functions”.! Direct imitation is
often not the goal of bioinspired materials, but instead, creative
use of design motifs found in nature are employed to fabricate
novel materials.” Nature employs several strategies in fabricating
high-performance materials from which scientists can glean
important lessons. One of the most straightforward and abun-
dant natural composites is wood, whose cell walls are comprised
of cellulose fibers embedded in a matrix of lignin.® The strength
and elasticity of the wood are largely governed by the ordering of
the cellulose fibers in the protein matrix.* Spider silk has also been
long studied for its blend of high strength and flexibility.> Its
mechanical properties come from crystalline domains tethered
together by amorphous regions.*’ Tendon is comprised of ordered
collagen bundles tied together by a matrix of proteoglycans.®
Because of the hierarchical ordering of the tendon, the overall
strain of the tendon is always larger than the strain exhibited in the
individual fibrils.”

Using the previous examples, several important lessons are
evident from the design and function of the natural composite
materials. While each of the previously mentioned natural
systems involves many factors to obtain their unique properties,
an illustrative property of each system will be discussed as
inspiration for man-made composite materials. For example,
wood demonstrates the importance having a well-dispersed net-
work of high-strength rods in a softer matrix to impart increased
strength.’ Furthermore, by using components with complemen-
tary strengths (a matrix with high compressive strength and a
filler with high tensile strength, for example), a synergistic net
effect can be attained.'® For spider silk, the role of self-assembly
in processing and material function is shown. Spiders store the
silk-forming proteins in a S-sheet-deficient conformation, allow-
ing the proteins to maintain solubility and facilitate the spinning
process. During spinning, a morphological transition from a
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p-sheet-deficient to [-sheet-rich material occurs, providing the
unique combination of strength, flexibility, and toughness
observed in spider silk.’ Finally, hierarchical ordering within a
composite, such as a tendon, can contribute to interesting
mechanical properties.'" With ordering across multiple scales,
stress relief events due to the reorganization of individual com-
ponents can be an avenue toward increased toughness.

While polymeric materials give rise to a wide array of bulk
properties depending upon their molecular composition and
architecture,'” these material properties can be insufficient for
some demanding technologies, such as high-strength and low-
weight materials needed for the wings on airplanes. Various high-
performance polymers have been developed by incorporating
rigid or associative segments into the polymer backbone, but a
balance between strength and processability must be found for
practical applications. In order to access material properties
otherwise unobtainable via pure polymers while maintaining
processability, additives and fillers are often introduced to a
polymer matrix to generate a composite material.'*'* A compo-
site is generally defined as a material comprised of two or more
constituents that have significantly different mechanical proper-
ties and that remain separate and distinct within the final
structure.'”

To be considered a nanocomposite, the size of the filler
component must be on the nanoscale.'®!” Early additives to be
exploited in polymer composites, such as glass fibers (diameter
~ 10—30 um), were generally microscopic in scale. While en-
hanced mechanical properties were achieved with these materials,
the enhancement per weight of filler was limited because of the
low surface area to volume ratio. Recent focus has shifted to the
use of nanoscale fillers in lieu of the traditional microscopic fillers
in order to expand the potential range of composite materials
even further.'*'® Nanoscale fillers typically have much higher
aspect ratios that lead to greater surface area per mass and lower
percolation thresholds which enable mechanical enhancement at
lower filler contents than with traditional fillers."” Because less
filler material is needed, lighter and more cost-effective materials
have been produced and used by the automotive, aerospace, and
construction industries.® To push the capabilities of nanocom-
posites to the next level, researchers are utilizing lessons from
nature to design the next generation of materials.

Published on Web 10/04/2010 pubs.acs.org/Macromolecules



9218 Macromolecules, Vol. 43, No. 22, 2010

Polymeric composite materials are typically classified as either
hybrid, both organic and inorganic components, or wholly or-
ganic. Hybrid polymer composites have been reviewed in several
other articles.?' > This Perspective focuses on polymer nanocom-
posites comprised purely of organic components. While 2polymeric
composites have been developed to enhance optical,” * elec-
trical,””~* and a host of other properties,*®** we are focusing
primarily on enhancement and tailoring of mechanical behavior.
Although most synthetic nanocomposite materials lack the com-
plexity of natural composites, researchers are actively trying to
incorporate these strategies to fabricate novel, multifunctional
composite materials. In this paper, we will discuss polymer
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nanocomposites drawing from the lessons of wood (network of
preformed, high-modulus cellulose nanorods), spider silk (self-
assembly of ordered domains), and tendon (hierarchical ordering).
Specifically, we will cover (i) preformed rods from renewable
resources as filler materials, (i) self-assembled small molecules,
and (iii) fibers generated by electrospinning (Figure 1). We will
conclude with remarks regarding the future direction of polymer
nanocomposite research.

Lessons from Wood: Network of Preformed Cellulose
Nanorods

Polymer composite materials based on preformed rods are
among the earliest developed. Nanocomposites based upon
carbon nanotubes and inorganic materials (such as clay and
silica particles) have shown an increase in mechanical properties,
especially the heat distortion temperature, compared to the neat
polymer.**** More recently, there has been a push to develop
composite materials from renewable and biodegradable re-
sources due to environmental concerns. To move away from
materials derived from nonrenewable resources, fibers comprised
of cellulose, which is isolated from renewable and abundant
materials, have become the focus of much investigation.35 The
fibers, which have high strength due to their crystalline structure,
can be isolated from a wide variety of sources, including
wood, cotton, algae, bacteria, and sea tunicates. These cellulose
fibers typically have aspect ratios varying between 10 and 100
and diameters ranging from 4 to 20 nm, depending on the
cellulose source.’® The high elastic moduli (100—150 GPa) of
cellulose fibers makes them an excellent reinforcing component in
polymer nanocomposites.*”** In this section, we will highlight
examples that demonstrate the state of the field. For a compre-
hensive study on the subject, the following reviews are
recommended.*”~*?

One area where cellulose nanofiber composite materials are of
extreme interest is in optically transparent applications. When the
individual components of a composite material are one-tenth the
wavelength of light, these composites are typically free of scatter-
ing. Yano et al. investigated various resins (including epoxy,
acrylic, and phenol—formaldehyde) at high loadings of cellulose
fibers derived from bacteria (Figure 2a).** It was found that at
60—70 wt % loading of cellulose fibers in epoxy resin up to 80%
transmission of the incident light was achieved, as shown in
Figure 2b. The transmission loss attributed to the nanofiber
network was found to be less than 10% even though refractive
indices of the two components are mismatched. Coupled with
high transparency, the nanocomposite films were found to exhibit
significantly higher mechanical strength and lower thermal
expansion coefficients. The Young’s modulus of the composite
film was 20—21 MPa, while the tensile strength reached values
near 325 MPa.

As another example, Tang and Weder recently studied epoxy
resins reinforced with cellulose nanofibers isolated from sea
tunicates and cotton.** While nanofibers isolated from sea
tunicates have a higher aspect ratio than cotton-derived fibers,
cotton is a more readily available source material. The authors
developed a simplified composite fabrication technique using
solvent exchange instead of lyophilization and redispersion of the
cellulose nanofibers that is commonly employed to fabricate
cellulose nanocomposite films. This strategy is important because
lyophilization is typically a limiting step in terms of time, energy,
and cost for the film production process. Using this simplified
approach, films with a well-dispersed percolating network of
nanofibers were fabricated. While the inclusion of cellulose
nanofibers was found to only moderately improve the mechanical
properties below the glass transition temperature (7,) of the
epoxy matrix, once above the 7, of the matrix, the tensile storage
modulus was found to significantly increase from ~16 MPa for
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Figure 1. Schematic representation of fabrication methods for bioinspired polymer nanocomposites.
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Figure 2. (a) Flexibility of a 65 um thick bacterial cellulose sheet with
acrylic resin A600 (60 wt % fiber content). (b) Light transmittance of a
65 um thick cellulose/epoxy—resin sheet (65 wt % fiber content), a
bacterial cellulose (BC) sheet, and an epoxy—resin sheet. Reproduced
with permission from ref 43. Copyright 2005 Wiley-VCH Verlag GmbH
& Co. KGaA.

the matrix polymer to ~1.6 GPa for sea tunicate (Figure 3a)
composites and ~215 MPa for cotton composites (Figure 3b).
The rising interest in cellulose-based polymer nanocomposites
necessitates a detailed understanding of the interactions between
the filler and the matrix that give rise to enhanced properties.
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Figure 3. Tensile storage moduli (E') of (a) tunicate whisker/epoxy and
(b) cotton whisker/epoxy nanocomposites made by redispersion of
acetone/whisker gels in DMF. The nanocomposites contain between
0 and 24% v/v tunicate whiskers. Adapted and reprinted with permis-
sion from ref 44.

Raman spectroscopy has emerged as a powerful tool for evalua-
ting the stress transfer from polymer matrix to the cellulose
nanofibers.*®*¢ Eichhorn et al. have used this technique to
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Figure 4. Typical scanning electron microscope (SEM) images of fractured surfaces of (a) a bacterial cellulose network cultured for 3 days/PLLA
composite and (b) a bacterial cellulose network cultured for a 6 days/PLLA composite. Typical shifts in the peak position of the Raman band initially
located at 1095 cm ™" for (c) a bacterial cellulose network cultured for 3 days (BC3) with respect to stress and a bacterial cellulose network cultured for
3 days/PLLA composite (BC3/PLLA) comprising this network with respect to stress and (d) for a bacterial cellulose network cultured for 6 days (BC6)
and a bacterial cellulose network cultured for 6 days/PLLA composite (BC6/PLLA) with respect to stress. Reprinted with permission from ref 47.

study stress transfer efficiency between composite films of poly-
(L-lactic acid) (PLLA) and bacteria-derived cellulose nanofibers
cultured for either 3 (BC3) or 6 days (BC6), which primari}(y
impacts the total surface area of the filler, as shown in Figure 4.4/
The composites fabricated from bacterial cellulose cultured for 3
days were found to have ~15 times the surface area of the
nanocomposites fabricated from bacterial cellulose cultured for
6 days as measured by nitrogen adsorption. The Young’s modulus
and stress-at-failure were found to increase for both PLLA
nanocomposites compared to neat PLLA. While the overall
increase in the modulus and failure stress was higher for the
BC6 nanocomposites compared to the BC3 nanocomposites, the
specific Young’s modulus (divided by density) was similar. The
BC3 nanocomposite was found to have an increased interaction
with PLLA matrix, which was attributed to the significantly
increased surface area compared to the BC6 nanocomposite. This
investigation highlights the importance of understanding and
controlling matrix—filler interactions to develop polymeric nano-
composites with similar or superior mechanical properties while
using limited material.

Beyond nanocomposite films, cellulose nanofibers have also
been used to increase the mechanical properties of high-porosity
foams.**~>° High-porosity foams typically exhibit poor strength
and are susceptible to water degradation due their very low
density. Berglund et al. incorporated up to 40 wt % of micro-
fibrillated cellulose into an amylopectin foam before the porous
cell structure was disrupted.>’ With the inclusion of cellulose
nanofibers into the foam structure, significant improvements in
modulus, yield strength, and resistance to aqueous degradation
were reported. Above 40 wt % loading of cellulose nanofibers, a
reduction in mechanical behavior was observed due to the loss of
the open cell structure in the foam nanocomposite.

Another emerging field in polymer nanocomposite research
is the fabrication of stimuli-responsive or “smart” materials.

One recent and promising example of an all organic, stimuli-
responsive polymer nanocomposite that closely mimics the
adaptability and structure of the sea cucumber dermis (Figure 5a,
b) was reported by Capadona et al.>> Nanocomposite materials
made from a rubbery matrix and cellulose nanofibers isolated
from tunicates were fabricated by solution casting followed by
compression molding. When exposed to a chemical stimulus, in
this case water, the interactions between the rigid cellulose nano-
fibers of the filler are minimized (Figure Sc). Upon the weakening
of the support matrix, the tensile modulus was found to reversibly
decrease by a factor of 40 when ethylene oxide—epichlorohydrin
1:1 copolymer (EO—EPI) was used as the matrix (Figure 5d).
The modulus differential was even more dramatic, up to several
orders of magnitude, when filler softening is coupled with a thermal
transition (7,) of the polymer matrix as shown with a poly-
(vinyl acetate) (PVAC) matrix (Figure Se). Similar results
have been achieved using cotton, a much more readily available
and industrially relevant material, as the source of cellulose
nanofibers.™

Using a construction inspired by natural wood, stiff filler rods
in a soft matrix, stronger polymeric materials have been pro-
duced. Cellulose nanofibers have been shown to be a versatile and
robust natural filler material for use in a multitude of applica-
tions. Mechanically dynamic materials using cellulose nanofibers
have been realized by understanding and controlling the filler—
filler and filler—matrix interactions. The possibility of multi-
functional or multistimuli responsive nanocomposite materials
exists with the introduction of additional switching segments to
control and tailor filler interactions.

Lessons from Spider Silk: Self-Assembly of Ordered Domains

Over the past few decades, the self-assembly of molecules into
supramolecular structures has been at the heart of intense
research efforts.>*>° Using organization strategies inspired by
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Figure 5. Pictures of a sea cucumber in relaxed (a) and stiffened (b) state demonstrating the firming of dermal tissue in the vicinity of the contacted area.
(c) Schematic representation of the architecture and switching mechanism in the artificial nanocomposites with dynamic mechanical properties. In the
“on” state, strong hydrogen bonds between rigid, percolating nanofibers maximize stress transfer and therewith the overall modulus of the
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vacuum. Lines represent values predicted by the percolation and Halpin—Kardos model. The arrow indicates changes in modulus and volume fraction
of whiskers resulting from aqueous swelling of one selected sample (19% v/v whiskers). (¢) Tensile storage moduli £’ of dry films of PVAc/whisker
nanocomposites as a function of temperature. The nanocomposites contain between 0 and 16.5% v/v whiskers. Reproduced with permission from

ref 52. Copyright 2008 AAAS.

nature, scientists have been able to controllably create assemblies
of molecules into an array of ordered and functional architec-
tures.’*>” Along with the advancement of fields such as organic
electronics®® " and regenerative medicine,**® self-assembling
small molecules have also been of interest as the filler component
in polymer nanocomposite materials. Using nature-inspired self-
assembly of small molecules into nanostructures as a nanocom-
posite fabrication strategy, nanocomposite materials with struc-
tures reminiscent of spider silk that display improved mechanical
properties have been developed.

One of the earliest self-assembling small molecule fillers in
polymer nanocomposite materials is dibenzylidene sorbitol
(DBS).%*7% DBS is a butterfly-shaped amphiphile capable of
inducing gel formation in various organic liquids and polymer
melts by forming a 3D network of nanofibers.®”*® Spontak et al.
studied thermal and mechanical properties of a DBS derivative,
1,3:2,4-di-p-methylenebenzylidene (MDBS), in the matrix of a
polypropylene copolymer with 3 wt % ethylene.®> The MDBS
nanofibers served as nucleation sites, which induced heteroge-
neous nucleation of polymer spherulites. At lower concentra-
tions, MDBS served as a clarifying agent, resulting in films with
increased transparency and yield strength. At higher concentra-
tions of MDBS, the diameter of the nanorods increased, reducing
optical clarity but further improving the ultimate mechanical
properties. It was postulated these results indicate that at higher
concentrations MDBS acts as a reinforcing agent, but at lower
concentrations it behaves as a clarifying or nucleating agent.

The Stupp laboratory developed a class of molecules known as
dendron rod—coils (DRC) that self-assemble into nanoribbons
approximately 10 nm wide, 2 nm thick, and micrometers
long.®™ In styrene monomer, the DRCs were found to induce

gel formation at concentrations as low at 0.1 wt %.”" Upon
thermal polymerization of the preformed gel, birefringence was
found to increase with a maximum at 0.5 wt % of DRC. The
observed increase in birefringence was attributed to increased
alignment of the polymer chains induced by the DRC nano-
fibers.”” The authors also noted that the Charpy impact strength
of the polystyrene/DRC nanocomposite with 0.5 wt % DRC was
nearly double that of pure polystyrene.”* It was also revealed that
the improved toughness and ductility of the nanocomposites were
due to increased stress whitening and craze density in the DRC
modified films (Figure 6). The smaller and higher-density crazes
in DRC composites resembled those formed in more highly
oriented polymers when stressed in tension along their axis of
orientation. The filler-induced change of local polymer chain
orientation in these DRC-based nanocomposites modified the
crazing patterns, enhancing mechanical behavior.

More recently, Bouteiller et al. studied the reinforcement of
bitumen via small molecule incorporation.” Using readily avail-
able aliphatic diacids as the self-assembling nanofiller, a percolated
network of micrometer long nanofibers formed upon cooling in
bitumen at concentrations as low as 3 wt %.”> The softening
temperature of bitumen was studied to investigate the reinforce-
ment of the matrix, revealing that, with as low as 3 wt % of diacid
incorporated into the composite, the softening temperature in-
creased by as much as 60 °C (Figure 7), suggesting mechanical
reinforcement of the bitumen matrix. It was determined that,
below room temperature, the elastic modulus is an order of
magnitude higher for the nanocomposite material than pure bitu-
men. Although the room temperature mechanical properties were
enhanced with the inclusion of self-assembling diacids, the melt
viscosity at typical processing temperatures remained unchanged.
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Figure 7. Softening temperature of bitumen with 3% (w/w) diacid
(M) vs the number of carbon atoms of the diacids. These values
can be compared to the softening temperature of pure bitumen (---),
the melting temperature (O), and the sublimation temperature (at a
pressure of 0.5 Pa) (@) of pure diacids. Reproduced with permission
from ref 74.

The interaction between the matrix and filler is crucial for
optimal performance in polymer nanocomposite materials. As an
example, when segmented polyurethanes are mixed with smectic
clay particles, enhancement of the thermomechanical properties
occurs only when the clay particles are confined within the hard
segment of the polymer.”® When the clay particles are located in
the soft segment, substantial reduction in toughness and exten-
sibility occurs. While most composite materials rely on simple

Stone and Korley

mixing to achieve matrix—filler interaction, using molecular
recognition, similar to the “lock-and-key” mechanisms pervasive
throughout biological systems, is an underused strategy to impart
mechanical enhancement of polymeric systems. Meijer et al.
developed a molecular filler designed to be a perfect fit with
the corresponding elastomeric polymer shown schematically
in Figure 8a.””"® They found that mixing up to 7.3 wt %
(23 mol %) increased the Young’s modulus by over 100%
while not influencing the yield strength, tensile strength, and
strain at break (Figure 8b—d). At concentrations below
23 mol %, the fillers preferentially associated with the hard
segment due to matching hydrogen bonding motifs and mo-
lecular size. Above 23 mol %, the filler began to phase
separate, forming a secondary hard phase in the composite
material. Furthermore, studies have revealed that filler mate-
rials with nonmatching or without hydrogen-bonding groups
tend to not interact with the polymer hard segments, further
underscoring the importance of molecular compatibility
needed for optimal properties.”

Using self-assembling small molecules offers an important
processing advantage over preformed particles or rods by not
altering the melt rheology and mimics nature’s strategy for
spinning spider silk. As previously mentioned, spider silk is
stored in a random conformation, allowing the protein to
maintain solubility. Once spun, a conformational transfor-
mation occurs, yielding the crystalline domains needed for
its mechanical integrity. Since the self-assembly of small
molecules is often reversible by external stimuli, usually via
temperature, only minimal impact on the melt viscosity
would be expected upon dissolution of the small molecule
additive at low concentrations. After processing and upon
cooling, the small molecules can then assemble into a nano-
fibrillar arrangement, creating the reinforcing filler com-
ponent. Furthermore, by controlling the crystallinity and
size parameters of the self-assembled nanofibers, the mechan-
ical properties of the composites should be able to be con-
trolled.

Lessons from Tendon: Hierarchical Ordering

Although the first patent that described the electrospinning
process was filed in 1934,% this technique has garnered much
attention over the past couple of decades because of its ability to
create nanofibers from a wide array of polymers for applications
ranging from cell scaffolds to filtration membranes and electronic
devices to drug delivery vehicles.*' " In electrospinning, fibers
are generated by applying an electric field between a polymer
solution and a grounded collector. When the electrostatic force
overcomes the surface tension of the polymer solution, a stable jet
or “Taylor cone” can be formed. As the jet travels toward the
collector, it is constantly subjected to a stretching movement
producing nanofibers of tunable diameter.®®> Nanofibers fabri-
cated via electrospinning have also been used as the filler
component in polymer nanocomposite materials.*® These
electrospun nanofibers can be oriented into ordered arrays,
providing a pathway to fabricate hierarchically organized com-
posites with an arrangement inspired by the fiber packing
observed in tendon.

The first examples of nanocomposite materials fabricated
from electrospun nanofiber mats were independentlgy reported
by Bergshoef and Vancso®” and Kim and Reneker®™ in 1999.
Bergshoef and Vancso studied nanocomposite films of uniform,
electrospun nylon-4,6 (30—200 nm diameter) in an epoxide
matrix. At only ~4 wt % loading of nanofibers, the Young’s
modulus and fracture stress were found to significantly increase,
while the fracture strain significantly decreased. Kim and
Reneker studied both epoxide and rubber matrices reinforced
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with fibrous mats of poly(benzimidazole) (PBI). When incorpo-
rated into epoxy resins, the Young’s modulus, fracture toughness,
and the fracture energy were found to increase with increasing
content of PBI fibers. Furthermore, when compared against
composite films containing a commercial PBI fiber filler, a more
significant enhancement in mechanical properties was reported
via incorporation of the electrospun PBI fibers due to the
increased surface area of the electrospun fibers. In a rubber
matrix, the Young’s modulus of the PBI nanofiber-reinforced
composite was 10 times higher than the neat rubber and sig-
nificantly higher than carbon black reinforced rubber composite
materials.

Tang and Liu investigated poly(vinyl alcohol) (PVA) films
reinforced with a cellulose nanofiber mat electrospun from an
acetone/N,N-dimethylacetamide solution with fibers ranging
between 100 and 900 nm.* Complete hydrolysis of the cellulose
mat was achieved via treatment with a base, which facilitated
impregnation with hydrophilic PVA to produce highly transpar-
ent films. The cellulose acetate fibers are relatively hydrophobic,
but upon hydrolysis, the hydrophilic alcohol groups were able to
hydrogen bond with the PVA, creating a uniform composite film.
These PVA /electrospun cellulose nanofiber films with loadings
up to 40 wt % transmitted 75% of incident light (Figure 9a). At
high cellulose nanofiber content, the PVA composite exhibited an

increase in mechanical strength by 50% and Young’s modulus by
more than 600% (Figure 9b).

Another area in which polymeric nanocomposite containing
electrospun fillers have found application is in shape memory
elastomeric materials. Luo and Mather created shape memory
elastomeric composites from electrospun mats of poly-
(e-caprolactone) (PCL) and a silicone rubber (Sylgard 184), as
shown in Figure 10.”°Thermal characterization revealed that the
composite film has three distinct transitions attributed to the
glass transition of Sylgard 184 (T, = —114.4 °C), the glass
transition of PCL (T, = —49.5 °C), and the melting transition
of PCL (T,=60.6 °C). Shape memory was imparted to the elasto-
meric nanocomposite through the melting of the semicrystalline
PCL fibers. The Sylgard composite showed a sharp recovery
centered at 60 °C, corresponding to the melting temperature of
the PCL fibers and exhibited almost complete shape fixing and
recovery.

By controlling the hierarchical ordering within electrospun
composites, tunable and responsive mechanical properties are
achievable. For example, exploitation of the crystalline structure
within the electrospun fibers makes possible shape memory
behavior. Electrospinning is a facile and readily adaptable
processing technique, which affords a unique strategy for the
development of ordered, nanofiber arrays. By using well-aligned
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nanofibers, mechanically anisotropic materials are also feasible.
Using core—shell nanofibers produced by coaxial electrospin-
ning, the potential to fabricate composites with a hierarchical
structure reminiscent of the organization in tendon exists.

b 60

g
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)
o

100 150 200

Strain (%)

Figure 9. (a) Appearance of films. Cellulose nanofibrous mat (CNM)/
PVA composite film contains 40 wt % CNM. (b) Stress—strain curves
of CNM/PVA composite films. Mass content of CNM in the composite
filmsis (a) 0, (b)4.7,(c) 5.5, (d) 8.4, (e) 23, (f) 24, (g) 40, (h) 50, (i) 60, and
(j) 100. Reproduced with permission from ref 89. Copyright 2008
Elsevier.
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Conclusion

Nature has employed nanocomposite construction as a versa-
tile strategy for the development of materials with unique
physical properties. While synthetic nanocomposite materials
have generally lacked the sophistication of their natural counter-
parts, researchers have used strategies inspired by nature to push
the properties of composite materials further. This Perspective
has examined three strategies for the development of all-organic
polymer nanocomposites: (i) preformed nanorods from renew-
able resources, (ii) self-assembled small molecules, and (iii)
electrospun nanofibers. By fine-tuning these fabrication strate-
gies, researchers have been able to create nanocomposites mate-
rials with unique physical properties. Further development of
novel filler materials to optimize the filler—matrix interactions,
known to be very important in traditional composite materials,
should lead to organic nanocomposites with even greater perfor-
mance. Bioinspired strategies will drive the design of more
sophisticated filler materials, influence the manipulation of
filler—matrix and filler—filler interactions, and spur innovative
processing pathways in the development of multifunctional,
mechanically enhanced polymer nanocomposites.
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