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Abstract: The broad class of (multi)functional polymers with unusual combinations of optical, electronic, mecha-
nical and other properties is attracting significant interest, because it conceptually combines the advantages of
polymers – low cost, ease of processing and a range of attractive mechanical characteristics – with the specific,
tailorable properties of functional organic molecules. The caveat is that the synthesis of functional polymers is
frequently complex and involves many steps, which makes the technological exploitation of new materials dif-
ficult. One alternative strategy is the fabrication of functional polymer blends and nanocomposites. Rather than
synthesizing new, complex functional macromolecules, minor fractions of a ‘functional additive’ are mixed with
a matrix polymer in order to create, often after using rather specific processing protocols, new materials with
unique or unusual property matrices. This review discusses three specific examples – chameleon polymers with
integrated sensing capabilities, optically upconverting polymers, and mechanically adaptive nanocomposites – to
showcase the conceptual simplicity, elegance, and broad applicability of this general design approach.
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1. Introduction

Motivated by academic curiosity and also
by the significant potential for techno-
logical exploitation in countless applica-
tions that include, for example, security
features,[1,2] light-emitting diodes,[3,4] la-
sers,[5] chemical sensors,[6,7] actuators,[8]
and many others, the development of
(multi)functional polymers is attracting
much interest in laboratories around the
world.[9] This broad class of ‘advanced’
materials with unusual combinations of
optical, electronic, mechanical and other
properties is attracting significant inter-
est, because it conceptually combines the
advantages of polymers – low cost, ease
of processing and a range of attractive me-
chanical characteristics – with the specific,
tailorable properties of functional organic
molecules. The caveat is that the synthe-
sis of functional polymers is frequently
complex and involves many steps, which
makes the technological exploitation of

new materials unattractive. One alterna-
tive strategy is the fabrication of function-
al polymer blends and nanocomposites.
Rather than synthesizing new, complex
functional macromolecules, minor frac-
tions of a ‘functional additive’ are mixed
with a matrix polymer in order to create,
often after using rather specific process-
ing protocols, new materials with unique
or unusual property matrices. Using three
specific examples from our laboratory, this
review seeks to showcase the conceptual
simplicity, elegance, and broad applicabil-
ity of this general design approach.

2. Polymer Chameleons

Förster and Kasper reported more than
fifty years ago that a pair of identical fluo-
rescent molecules could form an excimer,
i.e. a complex between a molecule in an
electronically excited state and a molecule
of the same species in its ground state.[10]
The bound excimer has a lower potential
energy than that of the separated compo-
nents (i.e. a molecule in its first electroni-
cally excited state and a molecule in its
ground state) and therefore excimers emit
at higher wavelengths than the mono-
mer[11] species from which they are con-
stituted. It has long been recognized that
the formation of excimers in polymer hosts
comprising a fluorescent probe can be used
to extract structural information on the mo-
lecular (e.g. conformation and dynamics of
macromolecules in solution[12]) as well as
supramolecular level (e.g. miscibility of
polymer blends,[13] morphology,[14] and
distribution of dopant-site sizes[15]). We re-
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cently demonstrated the possibility to ex-
ploit excimer-forming dyes for the design
of stimuli-responsive polymers, which
change their emission color upon exposure
to a range of stimuli.[16]Thesematerials are
produced by incorporating small amounts
of excimer-forming sensor dyes into a vari-
ety of host polymers. In most cases this can
be achieved by creating physical blends
of the dye and the host polymer by con-
ventional melt-processing techniques.[17]
The approach exploits the excimer-form-
ing properties of chromophores such as
cyano-substituted oligo(phenylene vinyl-
ene)s[18] (cyano-OPVs) and further relies
on the stimulus-driven self-assembly or
dispersion of nano-scale aggregates of
these sensor dyes in a range of host poly-
mers (Fig. 1). We have shown that this
general concept of stimulus-triggered dye
(dis)assembly in polymer matrices allows
one to create a broad range of sensor ma-
terials, which are useful for the detection
of temperature history,[19–23] exposure to
chemicals,[24,25] and mechanical deforma-
tion,[20,21,26–28] as well as more complex
combinations of stimuli, such as those
encountered in shape-memory materials
(Fig. 2).[29]Cyano-OPVs appear to be ideal
for these sensing schemes: these dyes are
readily synthesized through the Knoeve-
nagel reaction of phenyl acetonitriles with
terephthaldicarboxyaldehydes, their opti-
cal properties and (in)solubility in polymer
hosts are easily changed by variation of
peripheral groups, and their high thermal
stability allows for melt processing with
thermoplastic polymers at temperatures
of up to 300 °C. Other groups, however,
have successfully adapted the concept to a
range of other dyes including cyano-con-
taining poly(phenylene ethynylenes),[30]
perylenes,[31] CdS nanoparticles,[32] and
bis(benzoxazolyl)stilbene.[33]

The temperature and chemical ex-
posure sensors based on such polymer/
dye blends operate by kinetically trap-
ping a thermodynamically unstable mo-
lecular mixture of the components by
rapidly cooling a hot (and at this tem-
perature miscible) mixture below its
glass transition temperature (Tg).[19–25]
If the material is subsequently heated
above Tg, the system becomes sufficiently
mobile so that it can equilibrate, resulting
in aggregation of the dye molecules and
the formation of excimers (Fig. 2b). This
approach has been applied to a range of
host polymers including polycarbonate,
poly(methyl methacrylate) and acrylic
copolymers, polycycloolefins, polyesters,
and others, yielding time-temperature indi-
cating materials that exhibit a pronounced
fluorescence color change above their re-
spective Tgs. The kinetics follow a predict-
able, Arrhenius-type behavior: above Tg,
the aggregation rate increases exponential-

ly with temperature.[19–25]The aggregation
rate increases with dye concentration and
decreases with molecular size of the dye
in a predictive manner. Thus, three read-
ily changeable design parameters (poly-
mer Tg, dye content, dye size) allow one
to control the kinetics of the color change
over orders of magnitude and broad tem-
perature ranges in a most facile way.

We have also applied the sensing ap-
proach to create new shape memory
polymers (SMPs) with built-in tempera-
ture sensing capabilities.[8] For example,
one series of materials was prepared
by incorporating 1,4-bis(α-cyano-4-
octadecyloxystyryl)-2,5-dimethoxyben-
zene (C18-RG, Fig. 1) into a cross-linked
poly(cyclooctene) (PCO) matrix via guest-
diffusion. The dye concentration was cho-
sen to allow for self-assembly of the dye
upon drying, resulting in the formation of
excimers. Exposure of these phase-separat-

ed blends to temperatures above the melting
point (T

m
) of the PCO leads to dissolution of

the dye molecules, and therefore causes a
pronounced change of their absorption and
fluorescence color. In this case, the optical
changes are reversible; i.e. the aggregate
absorption and emission are restored upon
cooling below T

m
. The color is dictated by

the phase behavior and is independent of the
mechanical state of the SMP. Thus the effect
allows one to monitor reaching of the set/
release temperature of the polymer.

For the exploitation of the approach to
create humidity sensors, a hygroscopic host
polymer is chosen, which has a Tg that is
above the desired working temperature.[24]
Moisture serves to plasticize the matrix,
for example a polyamide, thus lowering
Tg and providing the mobility to facilitate
the aggregation process. The same concept
can be applied to detect other chemical
stimuli.[25] For example, cyano-OPVswere
incorporated into a cross-linked epoxy res-
in by reacting monomer/cross-linker/dye
mixtures at 180–200 °C and quenching
the cured polymer to below T

g
. The expo-

sure of the materials to selected chemical
stimuli – e.g. water, acid, base and several
organic compounds – causes plasticiza-
tion of the polymer matrix and leads to
irreversible aggregation of dye molecules,
concomitant with the pronounced fluores-
cence and absorption color change. Also
in this case, the response is well described
by standard kinetic models and can be
controlled via the chemical structure and
crosslink density of the resin and the struc-
ture and content of the dye.

The mechanically responsive systems
based on this framework rely on the inverse
mechanism, namely the dissolution of na-
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C1-RG OMe OMe
C18-YB OC18H37 H
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C2-RY8 4-ethoxystyryl OC8H17
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Fig. 1. Chemical structure of fluorescent, excimer-forming, cyano-substituted oligo(phenylene
vinylene)s (cyano-OPVs) used as sensors in stimuli-responsive ‘chameleon’ polymers and
schematic representation of the sensing mechanism, which relies on stimulus-driven self-
assembly or dispersion of nano-scale aggregates of these sensor dyes in a host polymer.

Fig. 2. Pictures of stimuli-responsive
cyano-OPV/polymer blends exposed to (a)
mechanical deformation, (b) temperatures
above the polymer’s Tg, and (c) water.
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ing capabilities. The possibility to control
the phase behavior and supramolecular
architecture of these systems, using both
thermodynamic and kinetic tools, is key to
minutely tailor their properties.

3. Noncoherent Low-Power
Upconversion in Solid Polymers

The ability to control the interactions
among – in this case different – chromo-
phore molecules within a polymer ma-
trix, is also key for the realization of solid
polymer materials that enable the optical
upconversion of low-power, non-coherent
continuous-wave excitation sources under
exploitation of sequential, highly-allowed
one photon absorption processes (as op-
posed to nonlinear optical processes). This
scheme was first introduced by Parker and
Hatchard in organic multi-chromophore
systems, which comprise a triplet sensi-
tizer and an emitter;[34,35] light is absorbed
by the triplet sensitizer, whose first singlet
excited state is converted into a triplet upon
intersystem crossing. Energy transfer to
an emitter and triplet–triplet annihilation
eventually causes singlet fluorescence by
the emitter. The original systems contained
triplet sensitizers, which exhibited low in-
tersystem crossing yields and limited the
upconversion efficiency. Since the original
work in this area, the dye systems have
been significantly improved by utilizing
various heavy metal-containing sensitiz-
ers. Examples range from chromophores
that exhibit metal-to-ligand charge trans-
fer, such as Ru(ii)[36,37] and Ir(iii) com-
plexes,[38] to chromophores that exhibit
low energy π–π* transitions, such as a
wide range of metalloporphyrins.[39] Until
recently, however, the sensitized upconver-
sion scheme was only feasible in liquid so-
lutions of the chromophores. In close col-
laboration with the Castellano group,[36–39]
we recently created blends of such chro-
mophores with suitable polymer matrices
and reported materials that display non-
coherent low-power upconversion in solid
polymer films.[40,41]

With the notion that chromophore dif-
fusion must be possible to allow for the
annihilation of two triplets in polymer/dye
blends that comprise the chromophores
in low concentration (~mM), Pd(ii)octa-
ethylporphyrin (sensitizer, PdOEP) and
9,10-diphenylanthracene (emitter, DPA)
were first incorporated into a 1:1 copoly-
mer of ethyleneoxide and epichlorohydrin
(EO-EPI), which served as an example of
an essentially amorphous rubbery polymer
host with a glass transition (~236 K) below
ambient (Fig. 4). The concentrations of the
chromophores were kept low (0.2–0.3 mM
PdOEP and 18–20 mM DPA) in order to
prevent large-scale phase separation. Se-

no-scale dye aggregates upon deformation
of the material (Fig. 2a). Systematically in-
vestigating several model systems, includ-
ing polyolefins,[20,26–28] polyurethanes.[17]
polyesters,[17,20,21] and fluoropolymers, we
explored how the nature of the polymer,
dye concentration and solubility in the
host polymer, dye aggregate size, and ef-
fectiveness of the dye aggregate break-up
influence the mechanochromic response
of such materials. The dye concentration
in the material must be sufficiently high
to cause the aggregation of dye molecules
and lead to the formation of static excimers
upon cooling the blends from the homoge-
neous melts. The semicrystalline polymers
studied display an appreciable amorphous
fraction, in which the dye resides, and
which have a Tg below ambient. This pro-
vides for adequate translational mobility
of the dye molecules in the matrix poly-
mer after processing, so that aggregation
is possible upon cooling. Appropriate (in)
solubility of the dyes in a particular ma-
trix polymer can be tailored by changing
the nature of the substituents attached to
the dye core, e.g. the length of (aliphatic)
peripheral groups.[21] Using a series of
polyethylenes (PEs) of different crystal-
linity, and the two dyes 1,4-bis(α-cyano-
4-methoxystyryl)-2,5-dimethoxybenzene
(C1-RG) and C18-RG (Fig. 1) we dem-
onstrated that the formation of small dye
aggregates upon cooling the blends from
the homogeneous melts is important for
efficient mechanochromic systems, since
large-scale phase separation limits or pre-
vents the break-up of the dye aggregates
upon deformation.[28] The rate at which
C1-RG aggregates, the aggregate size, and
the extent of aggregation were found to
decrease with increasing polymer crystal-
linity.[28] This observation is in agreement
with the well-established decrease of the
fractional free volume of the non-crystal-
line component of PEwith increasing crys-
tallinity and reflects a decrease of the dye’s
translational mobility. While in linear low-
density polyethylene of moderately high
density (0.94 g cm–3) the aggregation of
C1-RG can (at room temperature) occur
over several months,[27] dye aggregation
and excimer formation was found to be vir-
tually instantaneous in a range of different
PE grades comprising C18-RG.[28] Togeth-
er with the fact that in similarly processed
PE samples C18-RG formed much smaller
aggregates than C1-RG, it appears that the
nucleation of C18-RG is much faster than
that of C1-RG, leading to the rapid growth
of smaller aggregates, which are more eas-
ily dispersed upon deformation than those
of C1-RG and result in a more substantial
fluorescence color change (Fig. 2a).[28] In
situ opto-mechanical experiments have
shown that the fluorescence color change
of blends upon deformationmatches nicely

with the shape of the stress-strain profiles
for the samples (Fig. 3). Blend films based
on a wide range of polyethylene matrices
exhibit a steep increase in color change
upon yielding, an only moderate increase
during neck propagation, and a slightly
steeper increase during strain hardening. It
was also shown that the magnitude of the
fluorescence color change, and therewith
the extent of aggregate break-up increases
with decreasing strain rate. Investiga-
tion of the effect of polymer crystallinity
on the mechanochromic response of PE/
C18-RG blends revealed a larger extent
of color change upon deformation for the
higher crystallinity PEs. From a mechanis-
tic aspect, it appears that the ability of the
polymer host to disperse dye aggregates
upon deformation is primarily related to
the plastic deformation process of the PE
crystallites.[28] These findings are consis-
tent with the mechanochromic response of
several polyesters and fluoropolymers that
have also been investigated.[17,21]

Related work by our group focused on
the extension of the general sensing ap-
proach to dye systems which show optical
absorption changes upon self-assembly,
due to charge-transfer interactions or con-
formation changes.[20] Interestingly, some
cyano-OPVs, including C2-RY8 (Fig. 1)
and C18-RG display such ‘aggregachro-
mic’ behavior, while others (e.g. C1-YB,
C1-RG) do not. This difference demon-
strates that the optical changes that result
from self-assembly of π-conjugated chro-
mophores are often difficult to predict, due
to the complex intermolecular interactions
and the intimate relation between molecu-
lar conformation and aggregate morphol-
ogy and optical properties.

In summary, the introduction of chro-
mophores that change their optical proper-
ties upon self-assembly into polymers has
resulted in a range of stimuli-responsive
polymer systems with interesting sens-
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Fig. 3. Plot of fluorescence color (expressed as
ratio of monomer to excimer emission intensity,
IM/IE, measured at 540 and 650 nm, squares),
and tensile stress (line) as a function of strain
for a blend of a linear low-density polyethylene
and 0.1 % w/w C18-RG.[28]
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lective excitation of the PdOEP with green
light at 544 nm under ambient conditions
results in sensitized DPA triplet forma-
tion by way of intersystem crossing and
diffusive energy transfer. Triplet–triplet
annihilation (TTA) of 3DPA* molecules
eventually causes anti-Stokes delayed blue
singlet fluorescence centered at 445 nm.
Green-to-blue upconversion facilitated by
this chromophore pair in a polymer matrix
was clearly visible by the unassisted eye
in a well illuminated room upon excitation
with a 532 nm, 5 mW laser pointer as the
light source (Fig. 5).

The quadratic incident power de-
pendence as well as the static and time-
resolved emission data reported for this
material support the conclusion that the
singlet DPA fluorescence observed is in-
deed the result of the proposed sensitized
TTA-based mechanism (Fig. 6).[40,41] The
fact that the translational mobility of the
chromophores in the matrix polymer is es-
sential was demonstrated by the finding
that upconversion was completely sup-
pressed at 77 K,[40] i.e. well below the glass
transition temperature of EO-EPI. This is
consistent with the inhibition of chromo-
phore diffusion in the glassy state, prevent-
ing the necessary bimolecular interactions
among sensitizer and acceptor/annihilator
(required for energy transfer) and among
two acceptor/annihilator molecules (re-
quired for TTA). In a subsequent system-
atic study, which involved the investigation
of four different host polymers (in addition
to EO-EPI, three different polyurethanes
were studied) over a range of temperatures,
the mechanism of low-power upconversion
in rubbery and glassy polymer blends was
probed in more detail.[41] It was shown that
in all systems the upconverted DPA emis-
sion intensity increases with increasing
temperature, but is suppressed below the
polymers’ respective T

g
.

In summary, the simple incorporation
of judiciously composed chromophore
cocktails, whose collective optical proper-
ties rely on carefully matched electronic
states, into polymers has resulted a range
of polymer systems which display low-
energy optical upconversion. The process
relies on an energy transfer scheme that
requires dynamic interactions among the
chromophores, which in turn are enabled
by the specific characteristics of the cho-
sen polymer host.

4. Mechanically Adaptive Polymer
Nanocomposites

Polymers which change their mechani-
cal properties ‘on command’, i.e. upon ex-
posure to a pre-defined stimulus in a highly
selective and reversible manner, are attrac-
tive for countless technologically relevant

applications.[9] Shape-memory polymers,
which have the ability to return from a de-
formed state to their original shape through
a temperature increase (or exposure to
other stimuli that cause a temperature in-
crease) represent a design approach that is

currently receiving much attention.[42–45]
Other classes of widely investigated me-
chanically adaptable materials include
temperature- and chemo-responsive poly-
mer (hydro)gels and networks,[46,47] photo-
responsive gels,[48] liquid-crystalline elas-
tomers,[49] electro-rheological fluids and
gels,[50] as well as materials that undergo
dimensional changes upon stimulation,
for example electrostrictive materials.[51]
While the mechanical changes of these
materials can be quite dramatic – some ex-
hibit viscosity/modulus changes of several
orders of magnitude – the large majority
of these mechano-responsive materials ex-
hibit a very low modulus.[52] While their
property profiles are ideal for applications
such as drug delivery[53] and cell cultur-
ing,[54] examples of much stiffer materials
that exhibit such morphing mechanical be-
havior are limited.

We recently introduced a family of
novel bio-inspired polymer nanocompos-
ites with stimulus-responsive mechanical
properties, in which a chemical stimulus
causes a significant and reversible stiffness
change.[55]Thematerials designmimics the
structural concepts at play in the dermis of
sea cucumbers (Fig. 7).[56] Like other echi-
noderms, these creatures have the ability to
rapidly and reversibly alter the stiffness of
their inner dermis when threatened.[57] Re-
cent studies on the dermis of these inverte-
brates provided evidence that this dynamic
mechanical behavior is achieved through
a nanocomposite architecture, in which
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Fig. 4. Chemical
structures of (a)
PdOEP, (b) DPA and
(c) EO-EPI.

Fig. 5. Pictures of a PdOEP/DPA solution (left)
and a PdOEP/DPA doped EO-EPI film (right)
under excitation with a 532 nm, 5 mW laser
pointer.
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Fig. 6. (a) Upconverted emission intensity
profiles of a PdOEP/DPA EO-EPI film at 360
K in a vacuum operated cryostat following
selective excitation of PdOEP at 544 nm
filtered through a 515 nm long pass filter, 2
mJ/pulse. (b) Normalized integrated emission
intensity from part (a) plotted as a function of
the normalized incident light power. The black
line in (b) represents the best quadratic fit(x2)
to the data. The figure is based on data from
ref. [41].

Fig. 7. Pictures of a sea cucumber in soft
and stiff state and schematic of the switching
mechanism in this model and the proposed
biomimetic nanocomposites. The stress
transfer among rigid, percolating nanofibers,
and therewith the overall stiffness, is controlled
by a stimulus. The figure is reproduced from
ref. [55].
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rigid collagen fibrils reinforce a viscoelas-
tic matrix (Fig. 1).[58] The tissue stiffness is
regulated by controlling the stress transfer
between adjacent collagen fibrils via tran-
siently established interactions.[59] These
are modulated by locally secreted proteins,
which switch between rigid and soft states.
The dermis of theCucumaria frondosa and
other sea cucumber species thus represents
a compellingmodel of a chemo-responsive
material in which a large modulus contrast
(~ 5 to 50 MPa) is possible.

Intrigued by this capability and with
the initial goal of creating new adaptive
materials for biomedical applications, we
launchedanexperimental researchprogram
that sought to investigate whether artificial
nanocomposites can be created that exhibit
similar architecture and properties.[60–67]
A first series of such materials was created
from a rubbery ethylene oxide-epichloro-
hydrin copolymer (EO-EPI, Fig. 4) into
which a rigid cellulose nanofiber network
was incorporated (Fig. 8).[55] The EO-EPI
matrix displays a low modulus (~1 MPa,
depending on monomer ratio) and can ac-
commodate the uptake of several chemi-
cal stimuli. Cellulose nanofibers, isolated
from the mantles of sea creatures known as
tunicates, were used as the reinforcing fill-
er.[68] These ‘whiskers’ exhibit high stiff-
ness (tensile modulus ~130 GPa) and di-
mensions at the nanometer scale (~25 nm
× 2.2 µm). Similar nanofibers can be iso-
lated from a range of biomaterials, includ-
ing wood and cotton.[68] Good dispersion
during processing can be achieved when
whisker self-interactions are ‘switched off’
by competitive binding with a hydrogen-
bond-forming solvent.[61,63,64] Upon sol-
vent evaporation the interactions among
the whiskers are ‘switched on’ and they
assemble into a percolating network. This
architecture and strong interactions among
the whiskers maximize stress transfer and

therewith the overall modulus of polymers
which comprise such whisker networks.
We demonstrated that the incorporation
of percolating networks of cellulose whis-
kers into an EO-EPI matrix affords nano-
composites in which the modulus can be
reversibly changed through the addition or
removal of water, which acts as a chemi-
cal regulator and changes the hydrogen
bonding among the whiskers within the
polymer matrix.[55,69] True to the intended
design, the uptake of a small amount of
water causes a dramatic stiffness reduc-
tion (e.g. the tensile storage modulus E′ is
reduced from 800 to 20 MPa for a com-
posite with 19% v/v whiskers); the original
stiffness is restored when the composite is
dried (Fig. 9). Control experiments and
analyses using mechanical models support
the conclusion that the stiffness change is
due to the designed mechanism of altered
whisker–whisker interactions, rather than
alternative effects such as plasticization of
the matrix.

The approach has in the meantime been
applied to other materials.[55,66,67] For ex-
ample, we developed cellulose nanocom-
posites with a poly(vinylacetate) (PVAc)
matrix, which display even larger, revers-
ible modulus changes (4.2 GPa to ~5MPa)
upon exposure to emulated physiological
conditions.[55,66,67] These materials dis-
play a ‘dual’ responsive behavior. Upon
exposure to physiological conditions the
materials undergo a phase transition (wa-
ter plasticizes the material and lowers the
glass transition temperature from above to
below physiological temperature); in ad-
dition, the reinforcing whisker network is
disassembled. One currently considered
use of such bio-inspired chemically adap-

tive nanocomposites is in biomedical ap-
plications, specifically as mechanically
adaptive substrates for intracortical micro-
electrodes.[70,71,72]

The success and generality of the new
biomimetic design approach to mechani-
cally adaptive nanocomposites encourage
extrapolation and motivate the extension
to other robust surface chemistries that
have the potential to moderate the effi-
ciency of stress transfer among reinforcing
elements. To the extent that one can control
the surface chemistry of cellulose nanofi-
bers (and other nano-fillers), a broad vari-
ety of stimuli (electrical, optical, receptor
ligand, etc.) can be programmed to gener-
ate desired responses. Because the perco-
lation threshold can be exploited to create
what effectively amounts to a phase transi-
tion in which large changes in properties
are tied to a relatively small number of
interactions, a very pronounced mechani-
cal switching, beyond that obtainable for
example from plasticizing a polymer with
an additive, is possible.

5. Conclusions

In summary, the fabrication of blends
and nanocomposites of functional addi-
tives with ‘inert’ matrix polymers is an
exceedingly attractive, elegant, and in
principle very simple design approach for
the creation of functional polymer systems
with a broad range of attractive properties.
It is important to note, however, that the
approach usually requires more than sim-
ply mixing the components: in all cases
discussed here, the matrix polymer plays
a very important role and is more than a
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Fig. 8. Transmission electron microscope
image of cellulose whiskers (top) and chemical
structure of cellulose (bottom).
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Fig. 9. Tensile storage moduli E´C of EO-EPI/cellulose whisker
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dried ( ). Lines represent values predicted by the percolation and Halpin-
Kardos models. The arrow indicates changes in modulus and volume
fraction of whiskers resulting from aqueous swelling of one selected
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passive binder. Moreover, the assembly of
very specific morphologies is often the key
to create materials with properties that are
absent in the individual components.
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