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A study on fiber-reinforced elastomer with
a biphasic loading behavior
Abstract: A specific fiber-reinforced elastomer (FRE) composite was formed by inserting curved fibers into a rubber
matrix. This material combined the hyperelastic behavior
of a soft elastomer matrix with the high stiffness character
of a fibrous reinforcement. A biphasic loading property
could be realized physically. Based on the guided concept,
experiments were performed on the specimens of pure
and fiber-reinforced silicone rubber, respectively. Test
results showed that this FRE composite first experienced
an elastomer-dominant phase with a large recoverable
deformation and then a fiber-dominant phase with rapid
increasing loading. This biphasic behavior of the developed FRE composite was also identified by the constitutive equations based on the nonlinear solid mechanics. It
was further discovered that the division of the two phases
could be varied with the change of curved fiber length.
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1 Introduction
Conventional fiber-reinforced composites are widely used
for their light weight, high stiffness, and strength. Generally, they are quite rigid. However, in some specific applications, it is necessary to have a material that is highly
flexible in at least one direction, that is, to have a material

allowing large elastic deformations. Meanwhile, this
material should not be fractured easily. Such properties
can be achieved by a composite material, which is formed
by embedding reinforcing fibers into an elastomer or
rubber matrix. Here, this kind of composite is called fiberreinforced elastomer (FRE).
Nowadays, FRE becomes an important new technology with the development of biomaterial and flexible
material science. In Japan, researchers are developing
several different types of FRE mainly for the industrial
robotics purposes, such as rubber “grasping” fingers,
rubber pneumatic actuator, and rubber muscle. However,
the FRE materials also own a considerable potential in
other applications including artificial hands, a high-elongation strain gauge, etc.
In the reviews of this topic, most researchers focus on
the short fiber-reinforced elastomers (SFRE) composite.
Several selected published attributions can be referred
in the available literatures [1–3]. The SFRE composite
is presented as having a hyperelastic behavior to some
extent, and it has much higher strength than pure rubber
due to the reinforcement of chopped fibers. However, the
material performances of SFRE composite are not easy
to control. It is quite sensitive to the influencing factors
such as amount of inserted fibers, dispersion degree, fiber
orientation, aspect ratio, etc. Moreover, the interfaces
between short fibers and rubber are prone to debonding,
as seen in the work of Z.A. Mohd Ishak et al. [4].
To avoid the limitation of SFRC, a knitted fabric structure is recently applied into an elastomer matrix. S. Ramakrishna et al. [5] present a new FRE composite reinforced
by a weft knitted polyester fiber interlock fabric. This
material can provide a wide range of deformations and
a predictable stress/strain response. Nevertheless, this
knitted structure is rather complex for manufacturing.
Actually, it is not very easy to obtain the expected material
characters because of the complicated fabric dimensions.
In what follows, a new approach of FRE composite
material is presented based on experimental settings. The
current material model is constructed by placing a continuous curved fiber yarn into a soft elastomer matrix.
When this FRE composite accepts tensile force, a biphasic loading behavior is realized specifically. Deformation range can be easily controlled just by changing the
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dimensions of curved fibers. This material overcomes the
limitations of SFRE and gains a relative accurate prediction of strain and stress response. Also, it is very easy for
fabrication. In order to reach a detailed identification and
comprehension of this new developed FRE composite,
experimental and computational methods are executed
and compared in the following sections.

2 Design concept description
As a kind of FRE, it consists of two basic components:
reinforced fiber and elastomer matrix. Reinforcements
can be selected from carbon fibers, glass fibers, Kevlar,
or natural fibers. For the elastomer matrix, hyperelastic rubber is one of the best choices. Generally, elastomers are a class of polymers, which involve natural and
synthetic rubbers. On a microscopic level, rubbers are
comprised of long molecular chains, which are highly
twisted, coiled, and randomly oriented in a stress-free
state. These chains become partially straightened and
untwisted under a tensile load. Upon removal of the load,
the chains spring back to their original configurations. On
a macroscopic level, rubber behavior exhibits the ability
of undergoing large elastic deformations, normally in the
range of 100–700%. However, this deformation is recoverable. As noted previously, it is due to the untwisting
of cross-linked molecular chains. Elastomers have little
volume change under applied stress as the deformation is
related to straightening of chains. Hence, they are nearly
incompressive.
By exploiting the natural behavior of rubbers, the
developed FRE composite is designed and schematically
illustrated in Figure 1. The black line represents the reinforced fiber yarn, while the gray block stands for rubber
matrix. As seen in the 3D figure, the fibers are placed
down a curved line, that is, they are not fully extended.

Figure 2 provides the functional sketch of the current
FRE composite material. As illustrated in Figure 2A, the
FRE plate in the original state accepts a tensile load at
both ends. It is deformed and elongated. Correspondingly,
the implanted curved fibers are flattened along with the
elastomer matrix deformation, which is shown in Figure
2B. Under this elastomer stretching state, reinforced fibers
are in a stress-free condition. When the fibers reach their
full length, this FRE composite plate arrives at a boundary position called fiber full stretched state in Figure 2C.
If this critical position is exceeded, this FRE plate goes
into a fiber-elongated state as shown in Figure 2D. The
reinforced fibers have an elastic deformation in this state
due to the external loading. It is obvious that the deformation of the elastomer matrix also exists in the last state,
although it cannot clearly be observed by our eyes.
From the original to fiber full stretched state, the FRE
plate experiences a hyperelastic deformation due to the
elastomer performance. During this process, the stresses
are rather small and dominated by elastomer matrix until
the stain reaches to ɛ1D, defined in the following equation.
ε1 D =

L1 D -L1O
L1O

(1)

where L1D is the full length of the reinforced fibers. L1O is the
original length of FRE plate. If the strain goes beyond ɛ1D,
the stress in the plate increases very quickly for the fibers
give a powerful resistance to the external forces. Summarizing the description above, one can see that the FRE
plate built in the study has a biphasic loading behavior.
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Figure 1 Schematic of the FRE material.

Fiber elongated state

Figure 2 Schematic illustration of the design concept.
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First is the elastomer-dominated phase and the second
is the fiber-dominated phase. In the following parts, the
experimental method is exploited in several cases to identify this specific biphasic loading character owned by our
introduced FRE material model.

3 Experiment
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The injected LSR was naturally cured for 72 h in an
open space with a 21°C temperature and 17.2% humidity.
After the curing process, the silicone rubber was confirmed to be fully vulcanized. Formed specimens were
carefully brought out of the molds with the help of a
plastic pin. After being bonded to taps at both ends using
HYSOL EA9460, the specimens were ready for mechanical testing. The dimensions of the prepared specimens are
listed in Table 1.

3.1 Specimen preparation
3.2 Mechanical testing
Well surface-polished molds with cubic cavities were prepared for specimen fabrication in advance. A mold release
agent was sprayed evenly to the cavity surfaces in order
to avoid adhesion between the molds and cured silicone
rubber. An electric drier was used to solidify the release
agent for 5 min.
With the prepared molds, two kinds of specimens were
made. One was from pure silicone rubber, and the other
was from the carbon fiber-reinforced silicone rubber. In the
first case, the liquid silicone rubber (LSR) was injected into
the mold cavities slowly until the level of the mold surface
was reached. Without doubt, molds should be placed horizontally before injection. This action should be cautiously
processed to prevent air bubbles entrapping in the LSR. In
the second case, carbon fiber yarn was preset in the cavity
following a curved line. Both ends of the fiber yarn were
covered by a film and fixed with tapes. After placing the
reinforced fiber, LSR was injected down into the mold cavity
using the same method as the first case. In this study, the
LSR chosen was Shin-Etsu Silicone one component RTV.
Carbon fiber yarn was manufactured by Nippon Carbon
Co., Ltd, with the trademark Carbolon Z 3000f.

Pure silicone rubber specimen

Fiber-reinforced silicone rubber specimen

L0

L0

DS H
S

DS H
S

Type

Tensile tests were performed on the carbon fiber yarn,
pure silicone rubber, and curved fiber-reinforced silicone
rubber, respectively. For the fiber yarn test, our main
purpose is to get the accurate measurement of the selected
carbon fiber strength. Load character of pure silicone
rubber was measured in the next, which could provide us
a basic judgment in analyzing a new designed material
model.
All the tests were performed on Instron 5567 electromechanical test machine, which was well in calibrated
state. The test data were monitored by the Series IX™
software package. Each test group consisted of five specimens made under the same conditions and with the same
dimensions. The test data were averaged for each specimen group.
The first test was done on the carbon fiber yarn with
a length of 120 mm. The crosshead speed was set to 2.5
mm/min. The detailed test procedure could be referred to
ASTM D 4018-81 and will not be described here. The specimens were pulled out due to failure. The experiments of
pure silicone rubber and fiber-reinforced silicone rubber

LT

Dimensions

Fiber length

L0
LT
Ds
Hs
Non-fiber reinforced

LT

100 mm
180 mm
30 mm
2.5 mm

L0
LT
Ds
Hs
Case 1
Case 2
Case 3

Table 1 Dimensions of the pure silicone rubber specimen and the fiber-reinforced silicone rubber specimen.

100 mm
180 mm
30 mm
2.5 mm
112 mm
114 mm
116 mm

H. Huang et al.: Elastomer with a biphasic loading behavior

were carried out at a crosshead speed of 10 mm/min. The
test data of load vs. displacement were recorded at 10 pts/s
by the monitoring software. As listed in Table 1, the FRE
specimens consisted of three groups according to their
fiber lengths (112, 114, and 116 mm). The displacement
limit was set to 20 mm. The ambient temperature during
the tests was 22°C, and the relative humidity was about
22.3% measured by a Testo445 Sensor. Figure 3 shows
the experimental settings of the fiber-reinforced silicone
rubber specimen.

Load kgf
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4 Results and discussions

Figure 4 Load-displacement curve of the carbon fiber yarn.

4.1 Test results
The load-displacement response of the carbon fiber yarns
is shown in Figure 4. The loading curve of the yarn fiber
goes straight until it reaches its ultimate strength of about
15 kg. Then, along with the breaking of the fibers, the load
decreases gradually. Figure 5 provides the loading behavior of the pure silicone rubber specimen. Because the
load value is in a quite low level, the output data fluctuate throughout the loading process. The maximum load is
nearly 0.88 kg at a displacement of 20 mm.
Figure 6 shows the load-displacement curve of the
FRE specimen from the experimental result. The behavior shown in this figure is coincident with the concept

introduced above. This specimen displays a hyperelastic
phase in the first stage. After the reinforced fibers gain
their full length, the load increases rapidly until the
specimen fractures. In the elastomer-dominated part, the
specimen experiences a large-strain phase, while in the
fiber-dominated part, the specimen passes a large stress
area. The distinct biphasic loading behavior is displayed
as expected. The specimen fails at the load of 14.9 kgf,
which is much closer to the fracture load of the fiber test.
This means that the ultimate strength of the FRE specimen
is determined mainly by the reinforced fibers.
Figure 7 gives the loading graph of FRE specimens
with different fiber lengths of 112 mm, 114 mm, 116 mm,
respectively. The specimens have a common biphasic
loading curve. The fiber-dominated phase starts approximately at the position of full fiber length for each case.
That means the specimens have a hyperelastic strain
of 0.12, 0.14, 0.16, at end of the first phase, respectively.
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Figure 3 Experimental settings of the FRE specimen.

Figure 5 Load-displacement curve of the pure silicone rubber
specimen.
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Normally, for a hyperelastic elastomer material,
three principle stretch ratios λ1,λ2,λ3 are used to define
the strain energy potential. The definition is obtained in
Eq. (2).

FRE tensile test

λi =

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Displacement (mm)

Figure 6 Load-displacement curve of the fiber-reinforced silicone
rubber specimen.

Li Li 0 +ΔLi
=
= 1+ εi i = 1,2,3
Li 0
Li 0

where Li0 is the undeformed length in the i direction, Li
is the deformed length in the i direction, ΔL means the
deformation, and ɛi denotes the engineering strain. With
the three principle stretch ratios, three strain invariants
can be defined as
I 1 = λ12 + λ22 + λ23 = trC
1
I 2 = λ12 λ22 + λ22 λ23 + λ23 λ12 = ⎡⎣( trC ) 2 -trC 2 ⎦⎤
2
I 3 = λ12 λ22 λ23 = det C

In the second phase, all the specimens show a similar
loading curve and ultimate fracture strength.

4.2 Discussions
The experimental results shown above identify our
basic concepts of the proposed FRE composite model
evidently. The biphasic loading behavior is also clearly
displayed in the FRE loading curve. In order to get a
deeper comprehension of this developed FRE composite material function, constitutive formulations were
built theoretically based on nonlinear solid mechanics,
which can be referred to Gerhard A. Holzapfel [6]. First,
several basic parameters are introduced for explanatory
convenience.

(2)

(3)

where Iii = 1,2,3 denotes the strain invariants in three coordinate directions. As explained above, most elastomers
are incompressive such as in this study, that is, I3 = 1.
C in Eq. (3) is known as right Cauchy-Green tensor,
which is defined in the following equation.
C = FT·F

(4)

where F is the deformation gradient. With the basic definitions, the constitutive equations of the FRE composite
are constructed in two parts according to the material
behavior.
First, the silicone rubber deforms throughout the two
phases. In this case, an isotropic hyperelastic behavior is
considered, and the right Cauchy-Green tensor Eq. (3) can
be rewritten in the following expressions.

Load kgf

trCe = λ12 + λ22 + λ23
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

FRE-112 mm fiber length
FRE-114 mm fiber length
FRE-116 mm fiber length

1
⎡( trCe ) 2 -trCe2 ⎤⎦ = λ12 λ22 + λ22 λ23 + λ23 λ12
2⎣
det Ce = λ12 λ22 λ23 = 1

(5)

where Ce represents the right Cauchy-Green tensor for the
elastomer matrix. According to Eq. (2), λ1 is described as:
λ1 =

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Displacement (mm)

Figure 7 Load-displacement curve of the FRE specimens with
different fiber lengths.

L1O +ΔL1
ΔL
= 1 + 1 = 1 + ε1
L1O
L1O

(6)

The strain energy potential can be expressed as a
direct function of the strain invariants for the hyperelastic material. For elastomer, strain energy is denoted as We,
which can be defined as:
We = W(I1, I2)

(7)
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Next, for the reinforced fibers, another two pseudoinvariants, I4 and I5, are introduced in the following
equations.
I 4 = A ⋅C f ⋅ A
I 5 = A ⋅C f2 ⋅ A

(8)

Here, Ã is defined as a unit vector field in the stretched
fiber direction, and it is required that the strain energy
depends on this vector. The invariants I4 and I5 arise directly
from the reinforcing fiber family. These invariants represent
contributions to the strain energy from the properties of the
fibers and their interaction with the elastomer matrix.
As explained before, the elastic deformation of the
reinforced fibers does not start at the same time as the
elastomer matrix. They gain the strain energy from the full
extended point. So another right Cauchy-Green tensor Cf
for fiber components is defined as:
trC f = ( λ 1′ ) 2 + ( λ 2′ ) 2 + ( λ 3′ ) 2

(9)

where the λ 1′ is:

λ 1′ =
=

(10)

where ΔL′1 denotes the deformation of the reinforced
fibers and ξ = L1O/L1D, which is a nondimensional constant
determined by the ratio of the specimen’s original length
and the inserted fiber’s full extended length. The geometric notations can be seen in Figure 2.
Further, in the fiber-dominant phase, the specimen
has a quite small deformation so that λ 3′ in the thickness
direction is thought to be approximately equal to λ3. Hence,
according to Eq. (9), we have the following equation:

λ 2′ = ξ -1λ 2

(11)

With the invariants of I4 and I5, the strain energy
related to the reinforced fibers can be written as:
Wf = W(I4,I5)

where,
⎧⎪0
κf =⎨
⎪⎩ 1
λD = 1+

if λ1 < λD
if λ1 ≥ λD
L1 D
L1O

(14)

In order to obtain the stress expression of the FRE
composite, the second Piola-Kirchhoff stress, S, is first
derived from the strain energy for the integral deformation process.
5
⎛ ∂W ∂I i ⎞
S = 2∑⎜
⎟
i= 1 ⎝ ∂ I i ∂ C ⎠

⎛ ∂W ∂I 1 ∂W ∂I 2 ∂W ∂I 4 ∂W ∂I 5 ⎞
=2⎜
+
+
+
⎟
⎝ ∂I 1 ∂Ce ∂I 2 ∂Ce ∂I 4 ∂C f ∂I 5 ∂Cf ⎠

(15)

∂I 1
∂I
=Ι, 2 = I 1Ι-Ce ,
∂ Ce
∂ Ce
∂I 4   ∂I 5 
= A⊗ A,
= A⊗C f ⋅ A + A ⋅C f ⊗ A
∂C f
∂C f

(16)

Here, I represents the rank-2 identity tensor. Because
the elastomer matrix is thought to be incompressible, W is
a function of only I1, I2, I4, and I5. Hence, the Cauchy stress,
σ, can be derived as:

L1 D +ΔL′1
ΔL -( L -L )
= 1 + 1 1 D 1O
L1 D
L1 D
ΔL1 + L1O L1O ΔL1 L1O
=
+
= ξ( 1+ ε 1 ) = ξλ 1
L1 D
L1 D L1O L1 D

(13)

where the terms of ∂I1/∂C can be expressed as:

1
2
2
2
2
2
2
⎡( trC ff ) 2 -trC 2 ⎤=
⎦ ( λ 1′ ) ( λ 2′ ) + ( λ 2′ ) ( λ 3′ ) + ( λ 3′ ) ( λ 1′ )
2⎣
det C f = ( λ 1′ ) 2 ( λ 2′ ) 2 ( λ 3′ ) 2 = 1

W = W(I1,I2)+κf·W(I4,I5)

(12)

The total strain energy of this FRE composite can be
expressed by combining Eqs. (7) and (12).

σ = FSF T
=2

∂W
∂W
be + 2
( I 1be -be2 )
∂I 1
∂I 2

+2

∂W  ∂W
( b ⋅ A + A ⋅bf )
A+ 2
∂I 4
∂I 5 f

(17)

where b is the left Cauchy-Green tensor, which is defined
in the following equation:
b = F·FT

(18)

Eqs. (16) and (18) can be easily derived with the help of
Jeffrey A. Weiss’s [7] paper or Stefanie Reese’s work [8].
Figure 8 illustrates the comparison results between
the experimental and computational data for the FRE
specimen with a 114-mm fiber length. As shown, the two
data fit very well in the elastomer- and fiber-dominated
phase. However, at the transitional part, they appear to
have some differences. The curve from the test results
is much smoother than that from the computational
results.
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Computational result
Experimental result
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Figure 8 Experimental result and computational fit for the FRE
specimen (114 mm fiber length).

5 Conclusions
A developed composite, carbon fiber-reinforced silicone
rubber was designed to have a biphasic loading behavior
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in this study. Through the experimental results, one could
find that this kind of FRE composite has the specific characters of a large recoverable deformation and a high ultimate strength, which are displayed in two stages. It was
also identified that the two phases could be controlled by
the total length of the inserted fibers.
Furthermore, the evaluated constitutive equations for
this FRE composite were built based on nonlinear solid
mechanics. Computational results from the formulations
showed a good agreement with the experiment data for
the industrial robotics purposes, such as rubber “grasping” fingers, rubber pneumatic actuator, and rubber
muscle. However, the FRE materials also have a considerable potential in other applications including artificial
hands, a high-elongation strain gauge, etc.
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