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Abstract. The indentation technique has been practically proven to be useful 
in determining mechanical properties of materials, such as hardness and 
elastic modulus for rubber-like materials (elastomers). However, tensile test 
method is often conducted because of obtaining the mechanical strength in 
addition to the elastic modulus of the elastomer. In this paper, a numerical 
study is proposed to investigate the elastic modulus of the elastomer by 
applying Finite Element Analysis (FEA). With the availability of Strain 
Energy Function (SEF) data from the material testing, the investigation is
carried out by indentation technique for Natural Rubber (NR) and Styrene 
Butadiene Rubber (SBR). On the rubber surface, a rigid ball indenter is 
pressed under specified indentation force and the contact depth resulted is 
observed. Based on the ASTM (American Society for Testing and Materials)
formulation, the elastic modulus from the indentation technique can be
estimated. In general, results show that the elastic modulus obtained from the 
indentation technique agree with the tensile test results. Thus, the proposed 
numerical method is validly applied in determining the elastic modulus.

1 Introduction
The indentation technique has been proven useful in estimating the mechanical properties 
of materials, especially the hardness of materials. In rubber and soft material technology, 
the indentation test has been known to be a measure of an elastic modulus [1,2] that is a
main mechanical properties related to “hardness” of the material. In addition to shore 
durometer test which is frequently used to measure the rubber hardness, the indentation test 
was also issued by ASTM [3]. This indentation technique obtains the hardness of rubber by 
the difference of penetration depth of a specified dimension of ball indenter. 
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An indentation analysis for obtaining the hardness by a spherical and a conical indenter 
was performed experimentally, analytically, and numerically [4,5]. Results showed that the
analysis by using low order of elasticity theory agree with the case of a small depth of 
indentation of a blunt conical indenter or a large spherical radius. However, for the large 
depth of penetration, it requires the numerical method that is based on Strain Energy
Function (SEF) than the elasticity theory. The Strain Energy Function is associated with the 
stress-strain relationship which is developed from the model that conform to tension 
experiments up to a certain level of straining [1].

In rubber abrasion, the periodic pattern on the abraded rubber surface was formed [6].
Experimentally, the interesting result was stated that length of the pattern spacing formed 
was depended on hardness or elastic modulus of the rubber. High hardness of the rubber 
forms short pattern spacing and vice versa [7-8]. Therefore, the rubber hardness plays an 
important role in the rubber abrasion.

American Society for Testing and Materials (ASTM) issued the method to estimate the 
hardness of rubber by using indentation technique. According to this method, formulation 
to obtain the rubber hardness and the elastic modulus are presented. It depends on the depth 
of indentation (penetration), ball indenter dimension and indenter force. The elastic 
modulus of rubber can be determined by a tensile test method but it is not simple to conduct 
such test compared to the indentation test. However, tensile test method is often conducted 
because of obtaining the mechanical strength in addition to the elastic modulus. On the 
other side, it is difficult to find accurately the elastic modulus of the elastomer by
theoretical formulation due to its complex material behaviour.

In this paper, a numerical study is proposed to investigate of the elastic modulus of the 
elastomer by indentation technique. The investigation is carried out by Finite Element
Analysis (FEA) for unfilled Natural Rubber (NR-0), unfilled Styrene Butadiene Rubber 
(SBR-0) and filled Styrene Butadiene Rubber (SBR-25). It requires the Strain Energy 
Function (SEF) data from the testing results. With FE simulation, a rigid ball indenter with 
0.5 tip radius is pressed and the contact depth resulted are observed. Based on the ASTM 
formulation, the elastic modulus from the indentation technique can be estimated.

2 Methods
The finite element analysis of the present work was performed using a commercial finite 
element software package, ABAQUS 6.11 [9] with some built-in strain energy function 
model for a hyperelastic material. A rigid ball indenter was pressed on an elastomer 
surface. The 0.5 mm tip radius were used. The unfilled Natural Rubber (NR), unfilled 
Styrene Butadiene Rubber (SBR-0) and filled Styrene Butadiene Rubber with carbon black 
(SBR-25). Mooney-Rivlin model of Strain Energy Function (SEF) was used for NR and 
SBR-0, meanwhile Yeoh model was used for SBR-25. The SEF data were adopted from 
Liang’s experiment [10].

Figure 1(a) shows a schematic illustration of the rigid ball indentation of an elastomeric
surface in two dimensional view, where F is the indenter load, r is the tip radius and δ is the 
depth of contact, while the thickness of the elastomeric material is perpendicular to this 
figure. Boundary conditions of the contact system are depicted in this figure, that the rubber 
can freely move in vertical direction. The elastomer material was modeled as three 
dimension with a 10 mm height, 20 mm width and 10 mm thickness.
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(a) (b)

Fig. 1. (a) Schematic 2D section illustration of the indentation model; a rigid ball on the rubber
surface and (b) the 3D section of generated FEA mesh for rubber and ball indenter (inset).

The generated mesh of FE model of the indentation is depicted in Fig. 1(b) that consists 
of the rubber and ball indenter meshing (inset) in 3D section. In starting on FE simulation, 
the rigid ball indenter is pressed with specified force on the top of the rubber surface. The 
results are presented in the form of the indenter force with respect to the depth of 
indentation. Based on the ASTM formulation, the elastic modulus can be estimated.
Furthermore, the comparison results between the indentation technique and the tensile test 
method are carried out. 

3 Results and Discussion
The results of FE simulation in rubber indentation are imaged in Figure 2. By using 1.0 mm 
ball indenter diameter, Fig. 2(a) shows the contour of the deformed surface around the ball 
indenter in 2D section for various depth of indentation i. e. 0.3, 0.5 and 0.7 mm. 
Meanwhile, the deformed sufaces and von Mises stress distribution in 3D section around 
the ball indenter are demonstrated in Fig. 2(b). It can be seen the degree of stress intensity 
around the ball indenter that are represented as specified colour. Regarding to this figure, 
the stress intensity is shown in symmetric form and the highest stress are located below the 
indenter tip.

(a) (b)

Fig. 2. The results of FE simulation in rubber indentation (a) The 2D section of the deformed surface 
contour in various depth of indentation (b) The 3D section of deformation and stress distribution of 
0.7 mm depth.
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Fig. 3. The relationship between the depth of indentation and the indenter force for various rubber

By performing the numerical method by using FE analysis, the relationship between
the depth of  indentation δ and the indentor force F is plotted in Fig. 3. The depth of 
indentation is given up to 0.7 mm, thus the reaction or indeter force is identified. At the 
same depth of indentation, material filled Styrene Butadiene Rubber (SBR-25) need higher 
indenter force than unfilled rubber i. e. SBR-0 and NR-0. Meanwhile, there is slightly 
different of the indenter force between SBR-0 and NR-0. Regarding to these results, it 
reflects that the SBR-25 has higher stiffness than SBR-0 as well as NR-0. In general, rubber 
with high stiffness is also belong to the high hardness and elastic modulus.  

Based on the indentation technique, ASTM proposes a formulation to obtain the 
elastic modulus E of the rubber as following [3],

𝐸𝐸 = 𝐹𝐹
1.9 𝑟𝑟2(𝛿𝛿/𝑟𝑟)1.35 (1)

Where E is elastic modulus (MPa),  F is indenter force (N), r is radius of ball indenter (mm) 
and δ is the depth of penetration or indentation (mm). Based on the data and results from 
FE simulation above, the elastic modulus of the rubber can be obtained by applying  the 
Eq.1. The resulted elastic modulus with respect to the depth of indentation is plotted in Fig. 
4. It is shown that the elastic modulus has high value for small depth (around 0 to 0.05
mm), however, it has relatively constant value for middle and large depth of indentation. 
There is slightly difference value of the elastic modulus between SBR-0 and NR-0 that is 
around 1.7 to 2.0 Mpa. On the other hand, material SBR-25 has a high elastic modulus with 
the value around 2.4 to 2.6 Mpa.
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Fig. 4. The elastic modulus of various rubber resulted from indentation technique by means of FE 
Analysis

The elastic modulus is commonly constructed from tensile test data. In tensile test 
method, the stress-strain relationship is obtained that is commonly presented as engineering 
stress 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 versus stretch ratio 𝜆𝜆, i.e. final length divided by initial length of the rubber
specimen. Regarding to the rubber theory [1], the true stress can be obtained by using the 
Eq. 2. Furthermore, the elastic modulus E can be obtained by means of the Eq. 3.

𝜎𝜎true =  𝜆𝜆 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 (2)

𝐸𝐸 = 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜀𝜀 = 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝜆𝜆−1 (3)

Equation 3 states that the elastic modulus is obtained by dividing the true stress 𝜎𝜎true by 
strain ε. The value of the strain ε relates to the stretch ratio, that is ε = λ-1.

Fig. 5. The elastic modulus of various rubber resulted from the tensile test method
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Figure 5 shows the elastic modulus of the tensile test method. The tensile test data are 
adopted from Liang’s experiment in form as stress-strain relationship [9]. By using Eq. 2
and Eq. 3, the elastic modulus are presented with respect to the stretch ratio. It can be seen 
that the elastic modulus for SBR-0 and NR-0 are around 1.5 to 2.0, meanwhile, the elastic 
modulus for SBR-25 is around 2.2 to 2.9. In general, the elastic modulus of the tensile test 
results is agree with the indentation technique, and thus, the numerical method used in this 
paper is validly applied.

4. Conclusion
In this paper, a numerical study is proposed to investigate of the elastic modulus of the 
elastomer by indentation technique. By using provided Strain Energy Function (SEF) data 
from material testing, the investigation is carried out by Finite Element Analysis (FEA) for 
Natural Rubber (NR) and Styrene Butadiene Rubber (SBR). A rigid ball indenter with 0.5 
tip radius is pressed and contact depth resulted is observed. Based on the ASTM 
formulation, the elastic modulus from the indentation technique is numerically estimated. 
Regarding to the numerical simulation, the filled rubber (SBR-25) has a higher elastic 
modulus than unfilled rubber (SBR-0 and NR-0). The elastic modulus of SBR-25 is around 
2.4 to 2.6, meanwhile, for unfilled rubber is around 1.7 to 2.0 Mpa. Results show that the 
elastic modulus resulted from the indentation technique agree with the tensile test results. 
Thus, the proposed numerical method used is validly applied. 
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