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Mechanical properties of a polymer network
of Tetra-PEG gel

Asumi Sugimura1, Makoto Asai1, Takuro Matsunaga1, Yuki Akagi2, Takamasa Sakai2, Hiroshi Noguchi1

and Mitsuhiro Shibayama1

The elastic properties of Tetra-polyethylene glycol (PEG) gel, a four-armed PEG network gel, were studied by simulating the

deformation of elastic networks containing defects that are randomly introduced to the network. This network model accurately

reproduced the experimental results observed for Tetra-PEG gel. In particular, the stress-extension ratio curve of the gel

prepared at chain-overlap concentration was in agreement with that of a regular network without defects. As the defect density

increased, the Young’s modulus decreased linearly. The fracture and spatial inhomogeneity of the networks were also

investigated in the simulation.
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INTRODUCTION

Polymer gels are defined as polymer networks that swell in water
(hydrogels), oil (lipogels) or air (aerogels). Owing to their high water-
retention properties and flexibility, polymer gels are used as super
absorbents, oil-recovery materials and mechanical absorbers. How-
ever, their mechanical fragility limits their application in structural
materials. In particular, applications in biomedical materials such as
artificial muscle, cartilage and tendons, which have been desired for
many years, are not yet possible because muscular and tendinous
systems require materials with both mechanical properties and
biocompatibility.1–3

It is well known that the mechanical fragility of polymer gels is
caused by the spatial structural inhomogeneity of the polymer
network.4–9 This inhomogeneity is formed by spatial fluctuations in
the concentration of monomer and/or the crosslinking agent during
the gelation process. Moreover, when entanglements and/or loops
exist in the network, the network becomes topologically
inhomogeneous, causing spatial structural inhomogeneity. To realize
an ideal polymer network, many researchers have attempted to
prepare ‘model networks’ using asymmetrical combinations of
monodispersed multifunctional polymer and low-molecular-weight
crosslinkers.10–13 However, small-angle neutron scattering and sol
fraction measurements have shown that the obtained polymer
networks contain significant inhomogeneities.14–17 Recently, several
novel gels with advanced mechanical properties based on markedly
different concepts were proposed: namely, slide ring gels,18

nanocomposite gels19 and double network gels.20 In 2008, Sakai
et al.21 developed four-arm polyethylene glycol (PEG) gels, which are

biocompatible and easy to fabricate. The Tetra-PEG gel consists of two
kinds of four-arm PEG macromers of the same size: tetra-amine-
terminated PEG (TAPEG) and tetra-N-hydroxysuccinimide-glutarate-
terminated PEG (TNPEG). Tetra-PEG gel has incredible mechanical
strength: when a compressive strain over 90% is applied to Tetra-PEG
gel, it can return to its original form without hysteresis. The rupture
strength of Tetra-PEG gels can reach tens of MPa, which is equal to that
of a human cartilage (6B10MPa).22 Hence, Tetra-PEG gel is expected
to be applicable as biomedical materials. The small-angle neutron
scattering result showed that practically no spatial inhomo-
geneities exist.22 Furthermore, the inhomogeneities did not appear
even under the equilibrium swelling condition,23 where spatial inhomo-
geneities are known to become apparent in other polymer gels.24–26

In this paper, we investigated by computer simulation the
mechanical behavior of the Tetra-PEG gel at a large deformation
regime. We represented the Tetra-PEG gel as a network of elastic
bonds. The networks of harmonic bonds or inextensible bonds27 have
been used to study the mechanical properties of gels. As Tetra-PEG
gels exhibit large deformation, the nonlinearity of the bonds can have
a role. Therefore, we develop a network model of worm-like chains
(WLC), which takes into account the finite length of polymer chains,
and we study the large deformation of the gels. To investigate the
relationship between spatial structural inhomogeneity and mechanical
properties of gels, we introduce ‘defects’ into the polymer network by
randomly cutting the network chains. With this method, we can
evaluate the extent of spatial structural inhomogeneity and discuss the
relationship between spatial structural inhomogeneity and mechanical
properties.
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EXPERIMENTAL PROCEDURE
TAPEG and TNPEG were prepared from tetrahydroxyl-terminated PEG with

equal arm lengths. The details of TAPEG and TNPEG preparation were

reported previously.22 The molecular weights (Mw) of TAPEG and TNPEG

were matched with each other (Mw¼ 10 kgmol�1). The activity of the

functional group was estimated using nuclear magnetic resonance. Tetra-

PEG gels were synthesized as follows. Equal amounts of TAPEG and TNPEG

(40–140mgml�1) were dissolved in phosphate buffer (pH 7.4) and

phosphate-citric acid buffer (pH 5.8), respectively. The corresponding initial

polymer volume fractions, f0, ranged from 3.54� 10�2 to 1.24� 10�1 (mass

density¼ 1.129 g cm�3). To control the reaction rate, the ionic strengths of

the buffers were chosen to be 25mM for the lower macromer concentrations

(40–80mgml�1) and 50mM for the higher macromer concentrations

(100–140mgml�1). The two solutions were mixed, and the resultant

solution was poured into the mold. At least 12h was allowed for reaction

completion before performing stretching measurements on dumbbell-shaped

films using a mechanical testing apparatus (CR-500DX-SII rheometer; Sun

Scientific Co., Tokyo, Japan) at a crosshead speed of 0.1mms�1.

Network model and simulation method
A gel is modeled with a network of elastic bonds. First, we construct a regular

network on a diamond lattice, where each node (crosslink point) has four

bonds with length l0 (see Figure 1a). When a Tetra-PEG gel is formed without

any defects, the gel is considered to have this diamond lattice structure. The

periodic boundary condition is used. The total number of nodes and bonds are

Nnode¼ 8000 and Nbond¼ 16 000, respectively. To investigate the effects of

inhomogeneity, bond defects are introduced by random removal of the bonds.

For a diamond lattice, the network is percolated for the ratio of left bonds

PX0.39.28 We varied the bond ratio from P¼ 0.45 to 1 in this work.

The i-th elastic bond is represented by WLC potential,

UbðriÞ¼
kBTr
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where lmax and lp are the contour and the persistence lengths of the bond

chain, respectively. The total energy is U¼
P

iUb(ri), and kBT is the thermal

energy. For rioolmax, the force follows Hooke’s law: fWLC(ri)¼ (3kBT/

2lplmax)ri, while fWLC(ri)-N at ri-lmax. This potential reproduces the force

acting on the stretched DNA or polystyrene very well.29–31 Here, lmax¼ 40,

lp¼ 1.1 and l0¼ 5.6 nm are used to represent a Tetra-PEG gel made from

10-kDa macromonomers.

To measure the stress-extension ratio curve of the gel, the gel is gradually

stretched by the change of the aspect ratio of the simulation box with constant

volume V¼ LxLyLz: Lx¼lL0, Ly¼ Lz¼l�1/2L0, where L0 is the side length of

the initial cubic simulation box. As the lattice structure is symmetric, no

difference is seen among the stretching in the x, y and z directions. After a

small change of the ratio l in each direction, the gel network is relaxed to the

equilibrium state. The position of the n-th node is moved by the equation

Z
drn
dt

¼ fn ð3Þ

where fn¼ �qU/qrn. Equation (3) is numerically solved using the Euler

method as rn(tþDt)¼ rn(t)þ fnDt/Z until |U(tþDt)�U(t)|/U(t)o10�9. The

time step Dt/Z is adjusted to keep U(tþDt)pU(t). The breaking extension is

defined as 95% of lmax. If a bond between two nodes is broken, the two nodes

do not interact with each other. The computation scheme is shown in Figure 2.

RESULTS AND DISCUSSION

The stress-extension ratio curve is investigated for various bond ratios
P. The nominal stress is calculated from the stress tensor: s¼ {Pxx�
(Pyyþ Pzz)/2}/l, with Paa¼ L0

�3 {mvn,a
2þ

P
i
Nbond ri,afb,a(ri)}, where

a A {x, y, z} and m is the mass of the node. As the thermal
fluctuations are neglected here, the kinetic term vanishes (v2¼ 0). The
curves with circles in Figures 3a and b show the stress-extension ratio

curves for stretched and compressed gels without defects (P¼ 1),
respectively. These curves accurately reproduce the stress-extension
ratio curves of the 10k-Tetra-PEG gel at 6 wt% (the curves with
theþmarks) well. This agreement indicates that this Tetra-PEG gel
forms a regular polymer network with defects. The deviation for
highly compressed gels shown in Figure 3b would be caused by the
excluded volume effects, which are neglected in the simulations. For

Figure 1 Structure of an elastic network. (a) Structure of an elastic network

on a diamond lattice. (b) Structure of the diamond lattice at P¼0.5.
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Figure 2 Computation scheme.
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|l–1|oo1, the polymer chains between the crosslink points are
considered ideal, and the nominal stress is proportional to the chain
density (N/V) as follows:

s / NkBT

V
l� 1

l2

� �
ð4Þ

where N and V are the number of effective chains and the volume,
respectively. As Tetra-PEG gels withstand much greater deformation
than that described by Equation (4), the nonlinear elasticity of the
polymer chains must be taken into account. When the WLC-chain
network of a cubic lattice is assumed, the nominal stress is given by:

s¼ NkBT

3V
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The stretching of the elastic networks at P¼ 1 and of the Tetra-PEG
gels is well explained by Equation (5), as shown in Figure 3a.
As the defects of the networks increase (P decreases), the stretching

force decreases as shown in Figure 4. When the gel network chains
can rearrange their relative positions at low P, two non-neighbor
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Figure 3 Stress-extension ratio curve for (a) stretching and (b) compression
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crosslink points often connect with straight bonds. These short
connections progressively reduce the local stress.
The Young’s modulus of obtained gels E is shown in Figure 5a.

Except for the region near the peroration transition ratio Pc¼ 0.39,
E is linearly dependent on P. The experimental result of the relation-
ship between E and the concentration C of Tetra-PEG gel is shown in
Figure 5b. We measured E at C¼ 3.0 – 6.0 wt%. The Tetra-PEG gels
show a similar linear dependence on C, which suggests that the

defects of Tetra-PEG gels increase with a decrease in C. Thus, the
defect density can be controlled by the concentration of the initial
macromonomers.
Figures 6 and 7 show the fracture dynamics of the gel network at

P¼ 0.9. In Figure 6, the breakup of the polymer chains does not
occur homogeneously in the gel. A clear fracture surface is seen in
Figure 7. The red dots mark the break points. Therefore, the region
that is thick that contains a high density of dots indicates a fracture

Figure 6 Sequential snapshots of the fracture dynamics of the gel network at different extension ratios, l, (a) l¼1.0 to (g) l¼13.6, where l is extension

ratio in x direction. The bond ratio, P, is 0.9. The blue lines represent polymer chains, and red lines represent bonds broken during the stretch to the next

snapshot. In this case, fracture occurs when l becomes greater than 13.6.

Mechanical properties of Tetra-PEG gels
A Sugimura et al

303

Polymer Journal



surface. When a chain is broken, the neighboring chains are
exposed to additional local stress forces, which lead to another
chain breakup.
Figures 8a and b show the stress and extension ratio at break,

respectively. At lower P, the fracture of the gels occurs at lower stress.
By contrast, the extension ratio decreases with increasing P and is
almost constant for P40.6. This stress dependence can be explained
by the length distribution of the polymer chains shown in Figure 9.

When the gels have a few defects, the polymer chains have a uniform
length during the stretching, so the gel has high fracture stress. With
decreasing P, the fraction of ‘short’ chains increases. At P¼ 0.45, most
chains are short, and a few chains are highly stretched because of the
inhomogeneity of the network. As the total stretching force is
balanced with a few percolated polymer chains, the chains break
with a small amount of stretching. Thus, homogeneity of the network
is significant for preventing gel fracture.

Figure 7 Broken bonds for the gel fracture at P¼0.9. The center positions of the broken bonds are shown in the normalized coordinates (x/Lx, y/Ly, z/Lz).
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We also investigate the effects of thermal fluctuations using the
underdamped Langevin equation instead of Equation (3) as follows,

m
dvn
dt

¼ fn � Zvn þ gn ð6Þ

where gndenotes the random forces modeled as Gaussian white noise:

gnaðtÞgnbðt0Þ
� �

¼ 2ZkBTdnmdabðt� t0Þ ð7Þ

The Langevin equation is integrated by the leapfrog algorithm with
m¼ Zt0 and a time unit t0¼ Zl02/kBT. Although the resultant stress
increases slightly, no significant difference is obtained (data not
shown). The thermal fluctuations of the crosslink positions are
not important for determining the gel elasticity.

CONCLUDING REMARKS

We studied the elastic properties of Tetra-PEG gel by simulating elastic
networks with a diamond lattice. We find that the 10-k-Tetra-PEG gel
at 6.0 wt% can be considered to have a regular diamond network with
a few defects. As the polymer concentration C decreases, the Young’s
modulus of the Tetra-PEG gels linearly decreases. This decrease is
interpreted as an increase in defects in the network. Thus, our network
model reproduces the experimental results of Tetra-PEG gel well.
We also investigated the fracturing of the gel. The fracture stress

decreases with increasing defects in the network, whereas the fracture
extension ratio is much less dependent on the defect density. The gels
become fragile as the networks become inhomogeneous. Thus, homo-
geneity of the gels is important for strong gels such as Tetra-PEG gel.
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