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ABSTRACT
Vulcanization is an important chemical-thermal process in production of rubber products resulting in
change of material properties, increased elasticity and strength. In general, Young’s modulus is used as an
indicator of elastic deformation at loading configuration. However, rubber is not truly elastic and a single
parameter is insufficient to describe the whole deformation contributed by microstructure of rubber
network. Therefore, we present the material parameters concerning the mechanical interaction of rubber
constituents. In this study, tensile force and elongation were measured to analyze the rubber deformation. In
order to describe the deformation behavior of the combined infrared and hot-air vulcanized rubber glove,
the material properties, stress and stretch, were therefore presented. The stress-stretch relationships of the
vulcanized rubber gloves were established based on previously well-known hyperelastic material model and
their material parameters were determined using a parameter estimation technique. In conclusion, the stressstretch relationships of the combined infrared and hot-air vulcanized rubber glove can be successfully
established with our optimized material parameters; the magnitudes of rubber modulus (CR) and locking
stretch (λL) were in a range of 0.041-0.079 MPa and 10.27-70.12, respectively. Furthermore, the resulting
material parameters can be properly used to indicate the micro structural deformation.
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1. INTRODUCTION
Vulcanization has been known as an important
chemical-thermal process of the rubber production which
has been discovered by Charles Goodyear in 1843.
Sulfur and additives were added in the process of the
production of the rubber products in order to provide
more elasticity and prevent degradation by heat. Several
heating processes were incorporated into vulcanization
methods, for example, hot air, microwave and infrared
(Bideau et al., 2009; Zhang et al., 2004; Clark and
Sutton, 1996). The vulcanization methods and optimized
heating processes of the rubber gloves have been
investigated (Makuuchi et al., 1990). However, the nonhomogenous temperature on the rubber glove during the

process causes the non-homogeneous material in the
final product. The rubber region where has the low
elasticity and strength will damage before the other
regions. From this reason, the combined heating,
including convection and radiation heat transfer, should
be considered as the effective heating process to improve
the temperature distribution as well as to determine the
new optimized parameters of the vulcanization.
Therefore, in this study, the combined infrared and
hot-air heating process was used. Since the infrared can
potentially penetrate into the material with their shorter
wavelengths, the heat and mass transfer inside material is
subjected to the emission. Infrared combined with hot-air
heating will provide the complex phenomena than
infrared or hot-air heating only (Dongbang and
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Matthujak, 2013; Lakhal et al., 2009). Furthermore, the
infrared heater is not only easy to set with another
system due to the less space using and uncomplicated
setting but also quickly responses to temperature
controlling. The heating parameters that expectedly
affect the temperature distribution of the present
vulcanized rubber glove are temperature, vulcanized
duration and distance between infrared heater and rubber
glove.
To verify the material standard of the final rubber
product, the rubber must be performed on the mechanical
testing. The general quantitative characterization of a
linear elastic material is known as Young’s modulus.
However, the rubbery material has a network structure to
enable a non-linear deformation (Boyce and Arruda,
2000). The contribution of this network structure results
in the stress-strain response. Therefore, the stiffness of
rubbery material should be determined from the slope
change of the stress-strain curve. Several constitutive
models have been proposed based on undergoing large
strain, using a large deformation theory (Ali et al., 2010;
Sasso et al., 2008; Guo and Sluys, 2006; Marckmann and
Verron, 2006; Ogden et al., 2004; Arruda and Boyce,
1993). The well-established hyperelastic models were
approached by using assumptions of both statistical and
continuum mechanics. The statistical mechanics model,
such as the Langevin (Arruda and Boyce) 8-chain
model, provides suitably estimation of the large strain
response with a few material parameters concerning the
microstructure of the network, also called
microstructural model. The invariant-based continuum
mechanics model represents the phenomenological
response which the invariants can be implied to
microstructural deformation. However, in order to
establish the continuum mechanics model, many
constants and data sets must be required (Boyce and
Arruda, 2000).
In this study, we propose to establish the stress-strain
relationships of the combined infrared and hot-air
vulcanized rubber glove using the Langevin (Arruda and
Boyce) 8-chain model and to optimize their material
parameters, which are rubber modulus (CR) and locking
stretch (λL), at any vulcanized condition.

removed and was heated again. After that, the mold was
dipped into the rubber latex for 10 sec and was removed.
A thin layer of the rubber latex covering the hand mold
was vertically placed in the cabinet vulcanized rubber
dryer and was heated using the combined infrared and
hot-air. The cabinet vulcanized rubber dryer construction
will be briefly detailed as follow.
As illustrated in Fig. 1A, the cabinet vulcanized
rubber dryer was made of sheet metal at the outside and
stainless steel at inside, to prevent the erosion from the
evaporated acid moisture and has insulations in between
these metals. The hand mold stand was made of
stainless steel and was fixed at the cabinet center.
Control system includes temperature controller,
temperature sensor, on/off blower controller and LED to
present the operating conditions. The dryer consists of
two types of heater, i.e., two 1000 W infrared and two
1500 W finned heaters. Both infrared and finned
heaters were controlled by temperature sensors. Two
infrared heaters were set in the cabinet on the opposite
side which one was fixed and another one was
attached to the rail in order to adjust the distance
between the heater and the rubber glove. Circulated
hot air with average velocity of 0.5 m/s was flowed
pass the finned heaters via the inlet channel on the
upper side of the cabinet. The hot air flow direction is
shown in Fig. 1B.

2.2. Mechanical Model
The rubber gloves were tested on standard of
methods for vulcanized rubber and thermoplastic
elastomers tension (ASTM D 412). The tensile load
set of 10 kN was applied on the dumbbell-shaped test
sample with gauge length of 33 mm (Type C). At
break point, the overall tensile load was determined.
The tensile stress was then calculated based on the
Cauchy’s stress theorem. The hyperelastic constitutive
equation in the axial direction can be written in term of
strain energy function (Humphrey and Delange, 2004)
as shown in Equation (1):
σ zz =

1
∂W
Λ
det F ∂Λ

(1)

2. MATERIALS AND METHODS
2.1. Experimental Setup
Rubber gloves were formed using the medium size of
hand mold. The Pre-Vulcanized Rubber latex (PVHA)
was prepared in a container. The mold was heated up at
80°C for 2-3 min and was dipped into coagulation,
preparing from 10% calcium chloride. The mold was
Science Publications

Where:
σzz = Cauchy stress in the axial direction
F = Deformation gradient tensor and det F was equal
to unity since the rubber deformation was
assumed to be incompressible
Λ = Stretch ratio in the axial direction
W = The strain energy function
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Fig. 1. The cabinet vulcanized rubber dryer; (A) the main component consists of system controller, finned heater, infrared heater and
air inlet channel. (B) Diagram of hot air flow. Dark and light gray arrows respectively represent the direction of hot air flow
with higher inlet and lower outlet temperatures

In this study, the stress-strain relationships of the
vulcanized rubber glove were fit using the Langevin
(Arruda and Boyce) 8-chain model (Arruda and Boyce,
1993) which is expressed as Equation (2):

 βchain  
W = NkT n βchain λ chain + n ln 

 sinh βchain  


Where:
N
=
k
=
T
=
n
=

(2)

The number of chains per unit volume
Boltzmann’s constant l
Temperature
The number of individual segment of the
molecule length
βchain = The inverse Langevin function that is given by
Equation (3):
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L ( βchain ) = coth ( βchain ) −

1
,
βchain

λ

βchain = L−1  chain 
 n 

(3)

where, λchain is stretch on each chain in the structure
which is defined as the root mean square of the stretch in
three orthogonal axes in the Cartesian coordinates
Equation (4):
1

1  1
 2
1
λ chain =  
+
+ Λ2 
2
2


Λ
 
 3  Λ
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The two material parameters obtained from the
Langevin (Arruda and Boyce) 8-chain model were
rubber modulus and locking stretch defined as CR =
NkTand λ L = n , respectively.

2.3. Parameter Estimation
The material parameters of the constitutive equation
were calculated using a parameter estimation technique.
The minimization of the objective function was
required in order to estimate the best-fit values of the
material parameters. In this study, the minimizing
function of mean square error of the axial stresses at
any configuration was determined. The expression is
given by Equation (5):
n

2

k =1

k

χ 2 = ∑ ( σ zz − σexp
zz )

(5)

Where:
k
= The kth of n data points
σexp
= The Cauchy stress in the axial direction
zz
calculated directly from the uniaxial loading
test which was assumed to be uniform in stress
distribution which can be evaluated by
Equation (6):
σexp
zz = Λ

f
Ao

(6)

Where:
f = Applied load
Ao = Undeformed area

3. RESULTS
The temperature distributions of the vulcanized
rubber gloves are shown in Fig. 2. At the distance
between infrared heater and rubber glove of 5 cm, 10 cm
and 15 cm, the average standard deviation of the
temperature were respectively found to be equal to
5.20°C, 8.00°C and 3.66°C. The temperature
distributions of rubber gloves vulcanized at the distance
between infrared heater and rubber glove of 15 cm were
uniform than those of the other distances.
The Cauchy stresses for each vulcanized rubber glove
were determined using Equation (1)-(4) at 300% strain
and at break point. The Langevin (Arruda and Boyce) 8chain model was applied to describe the stress-stretch
behavior and was fit with the 18 uniaxial data sets. The
Science Publications

Cauchy stress-stretch relationships of the vulcanized
rubber gloves were established at different conditions
of temperature, vulcanized duration and distance
between infrared heater and rubber glove as shown in
Fig. 3. The material parameters were estimated using a
parameter estimation technique as given by Equation
(5)-(6). The optimized parameters were precisely
obtained with the minimizing function of mean square
error of the Cauchy stresses. The optimized parameters
of the vulcanized rubber gloves at each vulcanized
condition are shown in Table 1.
The Cauchy stress distributions of 6 vulcanized
conditions that provided a desired large deformation,
corresponding
to
the
Cauchy
stress-stretch
relationships of Fig. 3, were plotted along with the
deformed dumbbell-shaped test samples (Fig. 4).
Therefore, the capture images of the Cauchy stress
distributions at break point can be observed. The
magnitudes of the Cauchy stresses and stretches of
vulcanized rubber glove were in a range of 4.49-7.35
MPa and 9.17-11.54, respectively.

4. DISCUSSION
This study aims to establish the Cauchy stress-stretch
relationships of the vulcanized rubber gloves. Both
nominal stress and stretch were experimentally measured
in order to determine the stress-stretch relationship.
Using the hyperelastic constitutive equation in the axial
direction as shown in Equation (1), the Cauchy stress can
be written in term of nominal stress and stretch.
The 27 vulcanized conditions were considered but
only 18 vulcanized conditions that obtained wellproduced rubber gloves were used to estimate the
material parameters and only 6 vulcanized conditions
provided a desired large deformation, i.e., (i) 80°C, 5
cm and 5 min, (ii) 80°C, 10 cm and 5 min, (iii) 80°C,
10 cm and 10 min, (iv) 80°C, 10 cm and 15 min, (v)
80°C, 15 cm and 10 min and (vi) 80°C, 15 cm and 15
min. Since the Langevin (Arruda and Boyce) 8-chain
model was clearly captured the effective behavior of a
complicated network response of deformed rubber
(Boyce and Arruda, 2000), this model was then applied
to our study. We found that, the 18 uniaxial data sets
can be very well fit with the Langevin (Arruda and
Boyce) 8-chain model and our optimized material
parameters (Table 1). Therefore, the Cauchy stressstretch relationship can be used to represent an
interesting deformation behavior that was directly
related to the deformed rubber glove.
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Fig. 2. Temperature distributions on the vulcanized rubber gloves at the distance between infrared heater and rubber glove of 5 cm,
10 cm and 15 cm with different temperatures and vulcanized durations

Fig. 3. Comparison of the Cauchy stress-stretch relationship of the Langevin (Arruda and Boyce) 8-chain model to the uniaxial
loading test of the vulcanized rubber gloves at the distance between infrared heater and rubber glove of (A) 5 cm (B) 10
cm and (C) 15 cm with different temperatures and vulcanized durations
Science Publications
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Fig. 4. The Cauchy stress distributions of deformed dumbbell-shaped test samples with six proper vulcanized conditions; (A)
80°C, 5 cm, 5 min (B) 80°C, 10 cm, 5 min (C) 80°C, 10 cm, 10 min (D) 80°C, 10 cm, 15 min (E) 80°C, 15 cm, 10 min (F)
80°C, 15 cm, 15 min

The material parameters of the Langevin (Arruda and
Boyce) 8-chain model were rubber modulus (CR) and
locking stretch (λL). The magnitudes of CR and λL were in
a range of 0.041-0.079 MPa and 10.27-70.12,
respectively. It can be noticed that CR and λL were
respectively smaller and greater (in approximately one
magnitude of order) than previous reports (Clausen et al.,
Science Publications

2010; Qi and Boyce, 2004; Arruda and Boyce, 1993)
since the rubber glove using present vulcanized
heating process characterized smaller in material
stiffness. In addition, the combined infrared and hotair vulcanized rubber glove was found to be not
significantly greater (p-value > 0.001) in stiffness than
the infrared vulcanized rubber glove.
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Table 1. The optimized parameters of the vulcanized rubber gloves from the different vulcanized conditions
Optimized parameters
----------------------------------Distance (cm)
Duration (min)
CR (MPa)
λL (-)
Temperature (°C)
80
5
5
0.051
25.87
10
0.052
18.66
15
0.056
12.74
10
5
0.042
38.28
10
0.055
70.12
15
0.047
10.27
15
5
0.041
10.80
10
0.055
32.17
15
0.050
16.48
100
5
5
0.053
15.57
10
0.061
11.86
10
5
0.079
11.68
10
0.055
15.03
15
0.060
15.95
15
5
0.063
15.15
10
0.063
14.88
15
0.065
18.79
120
10
5
0.065
17.05

In indents, the vulcanization using the combined infrared
and hot-air heating at the lower vulcanized temperature
provided high elasticity (represented by the rubber
modulus) and strength (represented by the maximum
Cauchy stress in the axial direction) of rubber glove as
well as the vulcanization using the only infrared heating at
the higher vulcanized temperature. Furthermore, at the
same vulcanized duration, the optimized condition of
vulcanized rubber glove using the combined infrared and
hot-air heating was found to be shorter in the distance
between infrared heater and rubber glove than that using
the only infrared heating.
From the Cauchy stress-stretch relationships (Fig.
3) of 6 vulcanized conditions, it can be revealed that the
most ductile rubber glove was found at the vulcanized
condition of 80°C, 5 cm and 5 min with the maximum
stretch of 11.54. The most elastic rubber glove was
found at the vulcanized condition of 80°C, 10 cm and 5
min with the smallest CR of 0.042 MPa and the
strongest rubber glove was found at the vulcanized
condition of 80°C, 10 cm and 15 min with the
maximum Cauchy stress of 7.35 MPa. Regarding the
temperature distribution and the material parameters,
the optimized condition of vulcanized rubber glove was
then found at 80°C, 10 cm and 15 min which the
standard deviation of temperature distribution was
found to be equal to 3.53°C. The material parameter set
of CR and λL was respectively found to be equal to
0.047 MPa and 10.27 and the maximum Cauchy stress
was found to be equal to 7.35 MPa.
Science Publications

χ2 (MPa2)
2.80×10−5
3.90×10−13
5.04×10−12
1.75×10−2
6.50×10−3
1.34×10−5
8.34×10−13
2.30×10−3
3.02×10−5
1.74×10−12
9.22×10−11
6.87×10−11
5.27×10−11
9.61×10−13
1.89×10−12
5.23×10−11
8.65×10−13
3.72×10−12

Finally, as shown in Fig. 4, the capture images of the
Cauchy stress distributions were illustrated on the
deformed dumbbell-shaped test samples. The stress
distributions were assumed to be null at the ends of the
dumbbell-shaped test sample and be increased
nonlinearly from the end towards the middle of the
sample. Therefore, the maximal stresses of each
deformed dumbbell-shaped test sample were found at the
middle (line of symmetry about x-axis).
However, there are limitations associated with the
experimental constraint and assumption, i.e., the velocity
of circulated hot air must be varied to determine the
optimized value and the rubber should be treated as
viscoelastic material. The rubber behavior could be
considered to include the viscoelastic properties.
Therefore, the viscoelastic properties will be studied in
the future by investigating both loading and unloading
conditions to select the suitable viscoelastic model and
then determine the viscoelastic parameters.

4. CONCLUSION
In this study, we investigated the Cauchy stressstretch relationships of rubber gloves vulcanized using
combined infrared and hot-air heating with different
vulcanized conditions. The material parameter sets were
determined using a parameter estimation technique. The
Cauchy stress distributions can be successfully predicted
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using the Langevin (Arruda and Boyce) 8-chain model
with our optimized material parameters. In summary, the
rubber gloves vulcanized using our method could be
practically used based on ASTM D 412 testing standard.
The Cauchy stress-stretch relationships were determined
in detail. The stress-strain behavior could be captured in
this present work.
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