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Anomalous Loss of Stiffness with Increasing Reinforcement
in a Photo-Activated Nanocomposite

Hongyuan Zhu, Tian Jian Lu, Feng Xu, Guy M. Genin, and Min Lin*

Hydrogels are commonly doped with stiff nanoscale fillers to endow them
with the strength and stiffness needed for engineering applications. Although
structure–property relations for many polymer matrix nanocomposites are
well established, modeling the new generation of hydrogel nanocomposites
requires the study of processing–structure–property relationships because
subtle differences in chemical kinetics during their synthesis can cause nearly
identical hydrogels to have dramatically different mechanical properties. The
authors therefore assembled a framework to relate synthesis conditions
(including hydrogel and nanofiller mechanical properties and light
absorbance) to gelation kinetics and mechanical properties. They validated
the model against experiments on a graphene oxide (GO) doped oligo
(ethylene glycol) diacrylate (OEGDA), a system in which, in apparent violation
of laws from continuum mechanics, doping can reduce rather than increase
the stiffness of the resulting hydrogel nanocomposites. Both model and
experiment showed a key role light absorbance-dominated gelation kinetics in
determining nanocomposite mechanical properties in conjunction with
nanofiller reinforcement, with the nanofiller’s attenuation of chemical kinetics
sometimes outweighing stiffening effects to explain the observed, anomalous
loss of stiffness. By bridging the chemical kinetics and mechanics of
nanocomposite hydrogels, the authors’ modeling framework shows promise
for broad applicability to design of hydrogel nanocomposites.

1. Introduction

Hydrogels, water-immersed hydrophilic polymer networks, are
important across a broad range of technologies including
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tissue engineering, drug delivery, and soft
electronics.[1] The ability of hydrogels to
provide components of defined shape and
stiffness has been central to the emergence
of the fields of mechanobiology[2] and soft
robotics.[3] However, application of hydro-
gels is often limited by their relatively low
toughness and stiffness.[4] Much effort has
thus been devoted to engineering stiffer and
tougher hydrogels by increasing crosslink
density,[5] employing double networks,[6]

dual cross-linking,[7] or doping to create
nanocomposite hydrogels.[8] Nanocompos-
ite hydrogels are particularly attractive be-
cause nanofillers, reinforcing particles with
at least 1D below 100 nm, can endow hy-
drogels additional functionalities such as
improved optical absorbance, thermal sta-
bility, electrical conductivity, and magnetic
properties.[9]

Nanofillers of many concentrations,
shapes, and mechanical properties have
been incorporated into hydrogels, includ-
ing 0D nanoparticles (e.g., noble metals[10]

and silica[11]); 1D nanofibers (e.g., carbon
nanotubes[12] and cellulose fibers[13]);
and 2D nanosheets (e.g., graphene
oxides[14] and clay sheets[15]). Nanofillers
affect the final mechanical properties of

nanocomposite hydrogels in two ways: i) by altering the gela-
tion kinetics and thus the final crosslinking density of the hy-
drogels; and ii) by altering the local stress and strain field of the
hydrogels. Optimization of nanocomposite hydrogels typically
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proceeds to at least some degree by trial and error, and some-
times out of the scope of the common senses of mechanics (e.g.,
modulus could reduce by increasing the doping content),[16–18]

in part because a comprehensive model for predicting gelation
kinetics and mechanical properties does not yet exist. Although
structure–function relationships that relate material composi-
tion and architecture to mechanical properties are well estab-
lished, these are often inadequate for hydrogel nanocomposites,
because nearly identical hydrogels can have dramatically differ-
ent properties based upon subtle differences in the kinetics of
their synthesis.[19] We demonstrate here this by presenting an
integrated synthesis–structure–function model that accounts for
how gelation kinetics affects final mechanical properties in a hy-
drogel nanocomposite system, and applying it to explain a novel
phenomenon observed in our experiments, in which increasing
the concentration of a fully bonded, well distributed stiff rein-
forcing phase can, under certain conditions of light illumina-
tion during synthesis, reduce the stiffness of the final hydrogel
nanocomposite.

Gelation of hydrogels due to free radical polymerization arises
through three main chemical reactions: i) radical generation
from the decomposition of initiators (including photoinitiators
and thermal initiators etc.); ii) radical propagation to monomers
with extension of the polymer chain; and iii) radical termi-
nation as two radical species reacted.[20] The associated kinet-
ics can be predicted by a set of ordinary differential equa-
tions (ODEs) describing detailed chemical reactions with ki-
netic constants that depend on both the composition of pre-
cursors and the experimental conditions of the reaction, in-
cluding temperature, pH, and light intensity.[19,21,22] These ki-
netic processes determine the nanoscale network topology (e.g.,
crosslinks, loops, dangle chains) and then the mechanical prop-
erties of the hydrogels.[19,21,22] These well-known processes all
change for the case of nanocomposite hydrogels. Nanofillers are
believed to affect gelation kinetics by acting as proton donors
for radical generation,[23,24] as radical scavengers,[25,26] or as dif-
fusion barriers.[27,28] A range of ordinary differential equation
(ODE) based radical gelation kinetics models for nanocompos-
ite hydrogels have been developed that track the time evolution of
monomer conversion as an indicator of gelation kinetics, and that
adjust one or several adjustable kinetic constants to fit the experi-
mental observations.[25,29] However, no comprehensive model yet
exists that considers how nanofillers affect light absorption and
predicts the final mechanical properties of the nanocomposite
hydrogel.

Continuum homogenization models methods for predicting
the enhancement of mechanical properties by inclusions with de-
fined mechanical properties, geometries, and distributions are
well-established. These general theories estimate how macro-
scopic material properties are affected by microscopic localiza-
tions of stress around filler particles[30] by assuming that: i) fillers
and matrix are linear elastic; ii) filler particles are identical in
shape; iii) fillers and matrix are perfectly bonded; and iv) the filler
does not alter the mechanical properties of the matrix.[30–32] Note
that this latter factor is frequently violated by nanoscale particles
with high surface energy.[19] Homogenization methods fall into
two categories: bounds and estimates.[30,32–34] Bounds such as the
Voigt and Reuss bounds,[35,36] Hashin–Shtrikman bounds,[37,38]

and three-point bounds[30,39] establish upper and lower limits

on stiffening of elastic materials by filler; estimates such as the
self-consistent method,[40,41] the Halpin–Tsai equations[42,43] and
the Mori–Tanaka model,[44–48] provide estimates within these
bounds, typically based on a combination of the Eshelby solu-
tion for an isolated ellipsoidal inclusion embedded in an infinite
medium[49] with various of effective-medium approximations
that model interactions between inclusions. Most particulate-
reinforced materials parallel the Hashin–Shtrikman lower bound
at low volume fraction of filler and the Mori–Tanaka estimate that
we use in this work does as well.

Although classical continuum homogenization theories pre-
dict no effect of reinforcement size on composite stiffness,[50]

certain nanocomposites, such as graphene-doped polymer ma-
trix nanocomposites, exhibit higher stiffness with smaller rein-
forcing particles, including stiffness exceeding classical upper
bounds for composite moduli.[18,19,51,52] The reason for this is that
effects of surface energy become important as surface area in-
creases with smaller reinforcing particles for reinforcement of a
prescribed volume fraction. This effect that has been modeled for
linear nanocomposite materials using extensions of the Gurtin–
Murdoch model.[53–56] Therefore, to model how surface energy
at the filler-matrix interface affects the effective moduli of hydro-
gel nanocomposites, we adopted an elastic theory based upon the
Gurtin–Murdoch model.

Our comprehensive model combined theories of gelation ki-
netics and micromechanics to predict how the mechanical prop-
erties of a nanocomposite hydrogel arise from the precursor so-
lution, the shape and mechanics of nanofillers, and the inten-
sity and duration of irradiation during photo-crosslinking (Fig-
ure 1, see Supporting Information for both modeling and exper-
imental details). The photocrosslinkable nanocomposite hydro-
gel precursor chosen as a model system was a mixture of eosin
Y (EY), triethanolamine (TEOA), oligo (ethylene glycol) diacry-
late (OEGDA), and graphene oxide (GO). The model was verified
by Fourier transform infrared (FTIR) spectrometry to quantify
gelation kinetics and nanoindentation to quantify effective elastic
moduli of nanocomposite hydrogels. Then the validated model
was applied to explore parameter space and demonstrate how
nanofiller concentration, shape, modulus, and surface affect the
mechanical properties of the nanocomposite hydrogel, thereby
demonstrating how our model can provide a general guidance
for engineering nanocomposite hydrogels.

2. Results and Discussion

To quantify the mechanisms underlying the well-known ef-
fects of GO dopant on the absorption coefficient and gelation
process,[18,25] we used FTIR to determine the irradiation time-
dependent fractional concentration of acrylate (XCC(t)) as a func-
tion of GO concentration ([GO]) with a sample thickness (Zmax)
fixed at 0.17 mm. GO accelerated gelation kinetics at lower con-
centrations of [GO] (0–5.8 mg ml−1) with the rate of consumption
of acrylate increased, but retarded gelation kinetics at higher con-
centrations of [GO] (Figure 2a).

We hypothesized that this non-monotonic effect of GO arose
from the optical absorption and surface chemistry of GO. To sep-
arate these factors, we increased sample thickness (Zmax = 1.02
mm) while keeping all other factors the same so that surface
chemistry would remain identical while optical absorption by GO
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Figure 1. Schematic of a model for how gelation kinetics and micromechanics combine to determine the mechanical properties of GO-OEGDA. Mechan-
ical properties are determined by the effects of nanofiller on both gelation kinetics and micromechanics, depending on light absorbance, aspect ratio and
modulus of nanofiller, composition, and light absorbance of the hydrogel matrix and gelation conditions. When GO-OEGDA samples of a prescribed
thickness are irradiated by light, a gradient in the elastic modulus will form in the irradiation direction due to light intensity attenuation. Photobleaching
could leada reverse stiffness gradient at the surface.[22] The elastic modulus of the hydrogel matrix (Em) is determined by gelation kinetics, which is a
function of both initiator and GO concentrations. The elastic modulus of GO-OEGDA nanocomposites (Ec) can, in certain conditions, be calculated by
continuum estimates such as the Mori–Tanaka (MT) estimate based upon the size, shape, and modulus of the nanofiller, and upon Em.

would be amplified (Figure 2b). The acrylate consumption rate
was insensitive to sample thickness in the absence of GO, but was
retarded in the thicker sample for [GO] = 11.6 mg ml−1. These
effects were captured by our gelation kinetics model (Equation
S10, Supporting Information). Ri0 varied with [GO] following a
biphasic relationship (dots in Figure 2c), as expected because GO
serves both as a hydrogen donor for radical generation[23,24] and
as a scavenger of primary radicals.[25,26] It also varies with light
intensity, which decreases with sample depth due to light absorp-
tion. In order to capture the experimentally observed Ri0 as vary-
ing [GO] and Z, a fitting equation is proposed:

Ri0 = 𝛼 exp
(
𝛽1[GO]2 + 𝛽2 [GO] + 𝛽3

)
exp (−𝜇Z) (1)

where 𝛼 and 𝛽1 − 𝛽3 are phenomenological fitting parame-
ters, and 𝜇 is the [GO]-dependent absorption coefficient of the
nanocomposite hydrogel. 𝛽1 − 𝛽3 were fit from data in Fig-
ure 2a,b for both sample thicknesses (dots in Figure 2c), 𝜇 was
and fit to UV–vis spectrum measurements for hydrogel precur-
sors with different [GO] (hollow dots, Figure 2d) following the
Beer–Lambert law:

𝜇 = 𝜀GO [GO] + 𝜇0 (2)

where 𝜖GO is the absorbance per unit [GO] and 𝜇0 is the ab-
sorption coefficient of the OEGDA hydrogel precursor without
GO. The fits for these models validated the kinetic framework
and enabled estimate of Ri0 at the sample surface (dashed line
in Figure 2c). As predicted, Ri0 increased with [GO] up to [GO]
= 5.8 mg ml−1 for an over sevenfold increase in gelation rate
relative to undoped OEGDA ([GO] = 0), and reduced from this
peak thereafter. As a result, both sample thickness (Z) and con-
centration of graphene oxide ([GO]) can be used to tune gela-
tion kinetics by altering the chemical and optical properties
of GO.

Although the stiffness of a nanocomposite hydrogel is widely
understood to increase monotonically with increasing concentra-
tion of stiff nanofillers,[43,48] we and others have observed anoma-
lies in which the stiffness of the hydrogel can be reduced by a stiff
nanofiller.[17,18] In our GO-OEGDA system, the Young’s modulus
(Ec) on the surface, measured by AFM, increased with irradia-
tion time and increased with [GO] for lower [GO], but decreased
with increasing [GO] for higher [GO] (symbols in Figure 3a). The
model captured the experimental data (curves in Figure 3a), sug-
gesting that the physics of underlying this related to the trade-
off we modeled between chemical and optical properties of GO
within OEGDA.
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Figure 2. The effect of GO on gelation kinetics and optical absorption. a,b) The time evolution of the fractional concentration of acrylates (XCC) in a
hydrogel doped with different GO concentrations ([GO]) with a sample thickness (Zmax) of a) 0.17 mm, and b) 1.02 mm. Data represented by markers
were determined by FTIR measurements; curves represent results of our fitted model. c) The dependence of initial initiation rate (Ri0) on [GO] for
specimens of different thicknesses Zmax. Markers represent experimental results calculated from the slope of the curves shown in panels (a) and (b),
and curves represent predictions of our fitted model. d) The dependence of the absorption coefficient (𝜇) on [GO]. The solid markers represent FTIR
data from panels (a) and (b); the hollow markers represent data measured at 520 nm from a UV–vis spectrum; the curve represents predictions of from
our fitted model.

To further understand this bi-phasic relationship, we studied
the effects of optical attenuation and mechanical reinforcement
independently. Acrylate conversion (PCC) varied with [GO] and ir-
radiation time similarly to Ri0 (Figure 3b), with a peak at [GO] =
5.8 mg ml−1. The time evolution curves of Ec as a function of [GO]
(Figure 3c) followed the trends observed for XCC (Figure 3a), fur-
ther highlighting the role of gelation kinetics in composite me-
chanical properties.

To distinguish the effects of micromechanics, we plotted Ec
− PCC curves for nanocomposite hydrogels with different [GO]
(Figure 3d). PCC increased monotonically with Ec for all values of
[GO], especially beyond a percolation threshold of PCC = 0.4. For
PCC = 100%, the Young’s modulus of GO-OEGDA doped with
11.6 mg mL−1 GO was predicted to be over twice that of undoped
OEGDA. These monotonic trends indicate that optical effects that
attenuate acrylate conversion are the source of the anomalous re-
duced stiffening with increased GO.

The biphasic kinetics suggest an optimum irradiation time for
each value of [GO] and sample thickness for the purpose of max-
imizing stiffness (Figure 4). For a fixed thickness of Zmax = 0.17
mm, the final conversion of pristine OEGDA plateaued at about
80%, as determined by light intensity and initiator concentra-
tions. This could be enhanced or attenuated by GO. At 1000 s

of irradiation time, [GO] = 9.3 mg ml−1 was the optimum, with
PCC = 98% and Ec reaching 540 kPa, almost 4 times larger than
that of undoped OEGDA (140 kPa, PCC = 81%). For higher con-
centrations, optical effects could yield a composite that was less
stiff than OEGDA without filler (Figure 4a).

The optical effects that underlie this anomalous material be-
havior are further evident from studying Young’s modulus as a
function of with depth Zmax and [GO] at a fixed irradiation time
of 1000 s (Figure 4b). For the range of [GO] studied the predicted
maximum Ec was not at the surface of the sample due to photo-
bleaching of the photoinitiator. In undoped OEGDA hydrogels,
the thickness of the “fully cured region” in which Young’s mod-
ulus exceeded that on the surface could reach 8.3 mm. As [GO]
increasing, thickness effects increased due to the Beer–Lambert
phenomenon, and the thickness of the “fully cured region” de-
creased with [GO]. These results show a dominant role of optical
effects in determining the effects of GO reinforcement on hydro-
gel stiffening.

We next asked what role the stiffness and shape of the
nanofiller has on hydrogel mechanics by exploring the Mori–
Tanaka approach used to estimate Ec. Although both factors are
well known to affect the composite properties in general,[43,48,57]

the strong contrast between the moduli of the filler and hydrogel
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Figure 3. Gelation kinetics determine the elasticity of GO-OEGDA. A comparison of experimental data (markers) and our fitted model (curves). a)
The dependence of Young’s modulus of GO-OEGDA (Ec) on GO concentration ([GO]) at different irradiation times (t). b) The dependence of acrylate
conversion (PCC) on [GO] at different irradiation times. c) The time evolution of Ec in GO-OEGDA nanocomposites doped with different [GO]. d) Ec as
a function of PCC in GO-OEGDA nanocomposites doped with different [GO]. All experiments and modeling results were obtained from samples with
thickness Zmax = 0.17 mm.

Figure 4. The Young’s modulus of GO-OEGDA hydrogel nanocomposites vary with GO concentration ([GO]), irradiation time (t) and sample thickness
(Zmax). a) Contours of Ec as a function of [GO] and irradiation time t for samples of thickness Zmax = 0.17 mm. b) Contours of Ec as a function of [GO]
and depth Z for a GO-OEGDA hydrogel nanocomposite irradiated for t = 1000 s.

matrix makes little difference on Ec (≈6–9 orders of magnitude,
blue region in Figure 5a). For [GO] = 11.6 mg ml−1 and aspect
ratio s = 0.002, as is appropriate for the GO nanofiller used, the
peak stiffening by the nanofiller was just over twice the stiffness
of OEGDA, as observed in Figure 3d. This explains previous ob-

servations in the literature of composite modulus that was largely
independent of filler-matrix modulus ratio Ef/Em.[57,58] Within
the range achievable by GO, stiffening can be enhanced by re-
ducing the aspect ratio (Figure 5b). GO can be synthesized as
a single atomic layer (≈0.35 nm) in sheets with dimensions of
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Figure 5. The dependence of Young’s modulus of GO-OEGDA nanocomposite hydrogels on the shape and stiffness of GO according to the Mori–
Tanaka estimate. a) The dependence of Ec/Em on Ef/Em for PCHs doping with varying [GO] and fixed GO aspect ratio (s) of 0.002. b) The dependence
of Ec/Em on s for GO-OEGDA nanocomposite hydrogels doped with varying [GO] with Ef/Em fixed at 108. The Blue regions in (a) and (b) represent the
variation range of Ef/Em and s, respectively. c) The dependence of Ec/Em on [GO] with varying Ef/Em. d) The dependence of Ec/Em on [GO] with varying
aspect ratios of GO. In all the data, Em are calculated from mean values of PCC from the FTIR experiments, Ec are mean values from nanoindentation
experiments, and Ef is fixed at 1 TPa.

micrometers, suggesting that 10−4 < s < 10−2 might be
possible[59] (blue region, Figure 5b) and that greater stiffening
can be achieved. This is further evident from a phase diagram of
composite stiffness as a function of: 1) the nanofiller aspect ratio;
and 2) the contrast between hydrogel and filler stiffness.

At the low volume fractions associated with nanofillers, Ec var-
ied linearly with [GO] at various modulus ratios and aspect ra-
tios (Figure 5c,d), so that the effect of filler could be understood
through an effective modulus Eeff in a rule of mixtures[36] rela-
tionship:

Ec

Em
= 1 +

(
Eeff

Em
− 1

)
vf (3)

where vf = [GO]/𝜌GO is the volume fraction of the nanofiller, 𝜌GO
is the density of GO, and Eeff accounts for modulus, aspect ratio,
and surface energy effects. When Eeff = Ef, Equation (3) is the
Voigt upper bound.

Then, we try to find an explicit expression of the slope (Eeff/Em)
in Equation (3). From the Mori–Tanaka homogenization theory
(Equation S20, Supporting information) and Equation (3), the

Young’s modulus of a composite can be written:

Ec

Em
=

3Km + Gm

3Km

(
1 + vf q

)
+ Gm

(
1 + vf p

)

= 1 −
(
3Kmq + Gmp

)
vf

3Km + Gm +
(
3Kmq + Gmp

)
vf

(4)

For small volume fraction vf, Equation (4) could be simplified
as:

Ec

Em
= 1 −

3Kmq2 + Gmp2

3Km + Gm
vf ≡ 1 +

(
Eeff

Em
− 1

)
vf (5)

so that the effective rule-of-mixtures modulus of the filler
nanoparticles (Eeff) could be written:

Eeff

Em
= 1 −

3Kmq2 + Gmp2

3Km + Gm
(6)

Through Equation (6), we calculated contours of Eeff/Em and
Eeff/Ef as a function of aspect ratio s and modulus ratio Ef/Em
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(Figure S1, Supporting Information). It showed that parame-
ter space could be segmented into two regions divided by the
line Ef/Em = 1/s (dotted lines, (Figure S1, Supporting Informa-
tion). For Ef/Em > 1/s (the upper half of the plot), Eeff/Em was
“shape-limited” depending more on aspect ratio than on mod-
ulus ratio. For Ef/Em < 1/s (the lower half of the plot), Eeff/Em
was a “modulus-limited region” depending more on modulus ra-
tio than on aspect ratio. GO-OEGDA, with Ef/Em (>106) greater
than 1/s (<104), fell into the shape-limited region. In “modulus-
limited region” Eeff could exceed 0.25Ef, which was near the Voigt
upper bound for composite. In the shape-limited region, Eeff ≪

Ef, and the mechanical properties of composite cannot fully exert
the 1 TPa Young’s modulus of GO.

Important hypotheses to test are that the loss of stiffness with
increasing nanofiller concentration arose from aggregation of
particles that may have effectively introduced voids into or at-
tenuated percolation of the GO-OEGDA hydrogels, or that large
or poorly bonded interfacial layers may have been a factor. To
test these hypotheses, TEM analysis of GO-OEGDA hydrogels
and their internal interfaces were performed (representative data
from 8 images in 2 specimens in Figure S2, Supporting Infor-
mation). TEM analysis did not support these countervailing hy-
potheses. In all images, GO was dispersed homogenously and
uniformly in the OEGDA matrix, similar to previous observa-
tions in GO-epoxy nanocomposites.[51] GO bonded strongly with
OEGDA matrix across all acrylate conversion levels considered
(60% < PCC < 100%), with no transition zones or agglomerations
visible. Because the GO-OEGDA interface was well defined, con-
tinuous, and thin for all levels of gelation, and no agglomerations
were evident, the anomalous loss of stiffness we observed was
unlikely to have arisen from nanofiller aggregation or inefficient
GO-OEGDA binding.

To test the importance of surface energy effects for GO-
OEGDA, we recalculated GO-OEGDA nanocomposite moduli
using a homogenization scheme that accounted for these effects
using a Gurtin–Murdoch type model. The nanocomposite bulk
modulus Kc was only weakly dependent upon the nanofiller char-
acteristic length scale l1 for the range of parameters appropri-
ate for GO-OEGDA (≈3% difference in the range of l1 ≈ 0.3 nm
and [GO] = 11.6 mg ml−1) (Figure S3, Supporting Information).
These results suggest that the gelation kinetics-coupled MT esti-
mate is sufficient for predicting GO-OEGDA nanocomposites.

3. Conclusion

In conclusion, optical effects, combined with the multi-faceted
surface chemistry of GO and its effects on gelation kinetics, can
lead to composite hydrogels whose stiffness does not increase
monotonically with the addition of a nanofiller. Our combined
model of gelation kinetics, surface energy, and micromechan-
ics describes these relationships, and more broadly predicts how
synthesis parameters (i.e., precursor compositions, crosslinking
conditions, shape and mechanical properties of nanofillers) com-
bined with synthesis conditions to give rise to the final Young’s
modulus of a composite hydrogel. Results revealed how gelation
kinetics predict composite mechanics, including the anomalous
decreases in stiffness with the addition of a stiff filler. Although
in our material system the effect of surface energy on mechanics
was found to be minimal, it is substantial in other nanocompos-

ites. In such cases, approaches based upon the Gurtin–Murdoch
model would be appropriate instead of the Mori–Tanaka esti-
mate. With an appropriate choice of homogenization model,
the general framework could be utilized to design a range of
nanoparticle-doped hydrogel material systems.
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Supporting Information is available from the Wiley Online Library or from
the author.
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