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Abstract. Thai Microelectronics Center fabricates micropillar sheets from soft lithography
techniques and roll-to-roll process which were used as superhydrophobic and
superoleophobic surfaces coated on marine structures and medical devices. This research
aimed to study appropriate constitutive models and mechanical behaviours of PDMS
micropillar sheets with two substrate thicknesses of 1,910 µm and 150 µm under
compressive loading using ANSYS Mechanical APDL program. The constitutive models
consisted of Mooney-Rivlin (2, 3 and 5 parameters), Ogden (1st, 2nd and 3rd orders), NeoHookean, Polynomial (1 st and 2nd orders), Arruda-Boyce, Gent and Yeoh (1 st, 2nd and 3rd
orders) models were curved fitting with experiment data from uniaxial compression test. We
found that the most accurate constitutive model was Mooney-Rivlin 5 parameter model for
the low strain range (  z  0.225) . The compressive strength and the lateral collapse of
micropillars depended on substrate thickness were studied. The lateral collapse of
micropillars was found when the substrate thicknesses were 150 µm and 1,910 µm. As the
substrate thickness decreased, the compressive strength decreased while the elastic stiffness
increased. The maximum compressive forces per one micropillar were 21.060 µN and
18.549 µN for the 1,910 µm and 150 µm thick substrates respectively.
Keywords: Finite element analysis, hyperelastic material model,
polydimethylsiloxane, micropillar sheet, compressive strength.
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1. Introduction
Biofouling of virus, bacteria, and disease on medical
equipment surface is a leading cause of human infection
which can be a cause of death. Furthermore, biofouling of
seaweed, bacteria, and barnacles in marine engineering
structures is a major cause of structural damage and
financial losses [1]. As result, many researches have
focused on development of antifouling surfaces, especially
superhydrophobic films coated on medical equipment and
marine engineering structures. Polydimethylsiloxane
(PDMS) materials are commonly used to fabricate
superhydrophobic surfaces because of their low surface
energy, good thermal and oxidative stability, non-toxic,
and good biocompatibility [2]. The hydrophobic
properties are classified by wetting contact angles. Gao
and Yan [3] classified the wettability property of surfaces
by a water contact angle. Firstly, if the water contact angle
is smaller than 90 degrees, it is called a hydrophilic surface.
Secondly, if the water contact angle is between 90 to 150
degrees, it is called a hydrophobic surface. Thirdly, if the
water contact angle is greater than 150 degrees, it is called
a superhydrophobic surface. This surface can prepare
from hydrophobic surfaces by creating rough surface
which made of micro- or nano-structures on substrate
surfaces [4]. Many researches have studied on both microand nano-patterns which prevent biofouling and also
mechanical behaviours of hydrophobic surfaces under
external loads by using the finite element method. Atthi et
al. [5] studied effects of various asperity shapes on water
contact angles in superhydrophobic surfaces. The authors
found that the pentagonal pillar shape has 1-7 degrees
higher water contact angle than the other conventional
pillar shapes, and produced a superhydrophobic surface
with the highest water contact angle of 155.9 degrees.
Graham and Cady [6] found that the sharklet pattern on
hydrophobic surface could withstand biofouling. Cheng et
al. [7] studied the mechanical properties of PDMS
materials with various sizes and aspect ratio. The authors
found that size and aspect ratio of micropillars effected on
Young’s modulus. Singh et al. [8] used the finite element
method to study deformation of taper and tapered-free
pillars subjected to compressive load. Their FE results
showed that straight pillars had more compressive
strength than tapered pillars. Thanakhun and
Puttapitukporn [9] studied the most appropriate
constitutive model to analyze structural behaviors of
micropillars made of pure PDMS and PUA core coated
PDMS subjected to shear loadings in ANSYS Mechanical
APDL program. The Neo-Hookean, Mooney-Rivlin (3
and 5 parameters), Ogden (1st, 2nd, 3rd orders), Yeoh (1st,
2nd, 3rd orders) and Arruda-Boyce material models were
used to curve fitting experimental data from uniaxial
tensile test. The authors found that the most accurate
model was the Yeoh 3rd order model for both uniaxial
tensile and punch-shear loadings (for low strain region)
and the PUA core coated with 100 nm-thick PDMS
micropillar showed better lateral strength than pure
PDMS micropillar. Johari and Shyan [10] analyzed effect
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of height and diameter of the cylindrical micropillar which
made of PDMS material under shear forces in ANSYS
program. The FE results showed that the deformation
increases when micropillar height increased and
micropillar diameter decreased. Rathod et al. [11] used the
finite element method to study the most suitable material
models for PDMS micropillar subjected to traction forces
in ABAQUS program. The authors found that the NeoHookean model obtained more accurate results than
Arruda-Boyce models. Kim, Kim and Jeong [12] studied
constitutive models of PDMS specimens under uniaxial
tensile test in MSC Marc program. The Neo-Hookean,
Mooney-Rivlin 3 parameters and Ogden 2nd order material
models were studied and the authors found that Ogden
2nd order model was the most accurate results under the
large strain range. Carlescu, Prisacaru and Olaru [13]
studied mechanical behaviour of soft elastomers based on
PDMS under uniaxial tension test in ABAQUS/CAE
program. The Mooney-Rivlin, Ogden, Neo-Hookean,
Yeoh, Arruda-Boyce and Van der Waals material models
were used to curve fitting experimental data from uniaxial
tensile test. The authors found that Mooney-Rivlin,
Ogden and Yeoh models were obtained the most accurate
results. Phromjan and Suvanjumrat [14] studied suitable
constitutive models of the solid tire subjected to
compressive load in MSC Marc program. The Polynomial,
Arruda-Boyce, Mooney-Rivlin, Yeoh and Ogden material
models were used to curve fitting with experiment data
from uniaxial compression test. The authors found that
Ogden model obtained the most accurate results. Rugsaj
and Suvanjumrat [15] used the finite element method to
study appropriated material model for Non-Pneumatic
tire subjected to tensile and compressive loads. Their FE
results were compared with the experiment data. The
authors found that the Mooney-Rivlin model obtained the
most accurate FE results for tensile test while the Ogden
model obtained the most accurate FE results for
compressive test. Cheng et al. [16] studied strength of
micropillar arrays with liquid crystal thin films between
micropillars in Surface Evolver program. The authors
found that liquid crystal in the micropillar arrays were
robust and resistant to gravitational forces and mechanical
shock. Huri and Mankovits [17] studied the most
appropriate constitutive model for rubber materials
subjected to compressive load in ANSYS program. Their
constitutive models were Mooney-Rivlin and Yeoh
models which were determined their accuracies with the
sum of squared errors (SSE). The authors showed that the
Yeoh model obtained the most accurate FE results. Wu et
al. [18] used the explicit finite element method to analysis
the sliding lead rubber bearing (SLRB) by using
ANSYS/LS-DYNA program. The Mooney-Rivlin model
was applied into FE modelling. Their FE results showed
that the modelling method could reproduce the vertical
stiffness and particular hysteresis behaviour of the bearing.
This research aimed to study appropriate constitutive
models and mechanical behaviours of PDMS micropillar
sheets with two substrate thicknesses of 1,910 µm to 150
µm under compressive loading using ANSYS Mechanical
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APDL program. The constitutive models consisted of
Mooney-Rivlin (2, 3 and 5 parameters), Ogden (1st, 2nd and
3rd orders), Neo-Hookean, Polynomial (1st and 2nd orders),
Arruda-Boyce, Gent and Yeoh (1st, 2nd and 3rd orders)
models were curved fitting with experiment data from
uniaxial compression test.

2. Theory

2.1.2. Mooney-Rivlin model
The Mooney-Rivlin model is developed from NeoHookean model. The strain energy density function of
Mooney-Rivlin model depends on the 1st and 2nd
invariants and can be written as in Eq. (7).

W = C ij ( I 1 − 3) ( I 2 − 3) + D ( J el − 1)
i

i

2.1. Hyperelastic Material Models
The constitutive model of hyperelastic materials
describes a nonlinear stress-strain relationship which
expresses abilities of materials to experience large
deformation under small loads and to recover their initial
shape upon unloading [19]. In this research, the
constitutive models of PDMS material were the NeoHookean, Mooney-Rivlin (2, 3 and 5 parameters),
Polynomial (1st and 2nd orders), Yeoh (1st, 2nd and 3rd
orders), Ogden (1st, 2nd and 3rd orders), Arruda-Boyce and
Gent models. The typical strain energy density function
( W ) can be written in terms of the invariants ( I ) and
stretch ratios (  ). The invariants can be written as

j

2

(7)

j

where C ij is material constants, I 2 is the 2nd invariant.
2.1.3. Polynomial model
The strain energy density function of Polynomial
model is formulated in terms of the 1st and 2nd invariants
and can be written as in Eq. (8).

W=

N

N

1
2i
( J el − 1) (8)
i =1 Di

 C ij ( I1 − 3) ( I 2 − 3) + 
i

j

i , j =0

(1)

where Di is the i th material incompressibility constant
and N is the number of polynomial terms.
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2.1.4. Yeoh model
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The stretch ratio in the i -direction can be written as

i =

Li
= 1 + i
( L0 )i

The strain energy density function of Yeoh model can
be formulated from only the 1st invariants and is written
as in Eq. (9).

(4)

3

i

i =1

where ( L0 )i , Li and  i are the initial length, the
instantaneous length and the engineering strain in the i direction respectively. The principal stress ( ) in the i direction is derived from the strain energy function as

 i = i

W
i

(5)

2.1.1. Neo-Hookean model



1
2
W = ( I 1 − 3) + ( J el − 1)
2
D

1
2i
( J el − 1)
i =1 Di

(9)

where Cio is a material constant.
2.1.5. Ogden model
The Ogden model can be defined the strain energy
density function ( W) based on principle stretches ( λ̅ i )
which is written by the following equation.
N

The Neo-Hookean model is developed from Hooke’s
law. This constitutive model is simple to use and good
agreement with experiment data in relatively small strains.
The strain energy density function of Neo-Hookean
model can be written as in Eq. (6).

3

W = C i 0 ( I 1 − 3 ) + 

W =
i =1

2 i

 i2

(

i

1

N

+ 2i + 3i − 3) + 
i =1

2i

1
( J el − 1) (10)
Di

where i and  i are material constants, N is the number
of Ogden terms.
2.1.6. Arruda-Boyce model

(6)

where I1 is the 1st invariant,  is an initial shear modulus,

D is a material incompressibility constant and J el is
elastic volumetric ratio.

The Arruda-Boyce model expressed the strain energy
density function based on molecular chain network which
is called 8-chain model. The strain energy density function
is written as in Eq. (11).
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repeatedly three times and the third time data was
collected. The maximum vertical displacement of
specimens was specified at -50% of their original thickness
as shown in Fig. 1b. The stress-strain relationships of
uniaxial compression test were shown in Fig. 2.

 (11)


where L is the limiting network stretch.
2.1.7. Gent model

(a)

The Gent model is a simple and clear mathematical
structure of the constitutive model [20]. This model
formulated based on only 1st invariants as shown in Eq.
(12).
W =−

 I −3
J m ln  1 − 1

2
Jm 




(b)

Fig. 1. (a) A cylindrical specimen and (b) The specimen
installed in a universal testing machine (Instron 55R4502).

(12)

where J m is the maximum value of 1 st invariants.
2.2. Accuracy of Hyperelastic Material Models
The accuracies of FE models were determined by sum
square of error (SSE) [21] as written in Eq. (13).
n

SSE =  ( y i − ˆy )

2

(13)

i =1

where y i is the stress obtained from the laboratory and
ŷ is the stress obtained from the finite element analysis.

3. Methodology

Table 1. Dimension of cylindrical specimens.

3.1. Uniaxial Compression Test
3.1.1. Laboratory experiment of uniaxial compression
test
Compressive specimens were made of a PDMS
material which has ratio of a PDMS monomer to a curing
agent ratio of 10:1. The compression test was performed
with a universal testing machine (Instron 55R4502) on five
cylindrical specimens at room temperature of 24 ๐ C, the
cross head speed of 5 mm/min and humidity of 53 % R.H
as described in ASTM D575-91. Figure 1a illustrates test
specimens which made of PDMS material and their
dimension are shown in Table 1. To reduce the Mullins
effect, each uniaxial compression test was performed
76

Fig. 2. Plot of engineering compressive stresses and
strains of experiment data and an average data for uniaxial
compression test.

Specimen
number
1
2
3
4
5
Average
SD

Diameter
(mm)
38.54
38.13
38.36
38.22
38.88
38.43
0.30

Thickness
(mm)
16
16.52
16.53
16.89
16.1
16.41
0.36
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3.1.2. Finite element analysis of uniaxial compression test
The finite element analysis was performed to
determine accuracy of hyperelastic material models by
using ANSYS Mechanical APDL program. The
constitutive equations of Neo-Hookean, Mooney-Rivlin
(2, 3 and 5 parameters), Polynomial (1st and 2nd orders),
Yeoh (1st, 2nd and 3rd orders), Ogden (1 st, 2nd and 3rd
orders), Arruda-Boyce and Gent models were studied for
their accuracies in ANSYS program. Tables 2-8 illustrate
material constants of each hyperelastic material models
obtained from the curve fitting of experimental data from
compressive test in ANSYS program. The finite element
model of the cylindrical specimen had a diameter of 38.43
mm and thickness of 16.41 mm as shown in Fig. 3. The
FE models were meshed using SOLID186 elements
which were 20-nodes structural solid elements and had 3
translations in the x, y, and z directions for each node. This
FE model is consisted of 30,899 nodes with 6,912
elements. The boundary conditions were that the lower
end was fixed in tangential direction and z-direction while
the upper end was gradually applied the vertical
displacement of 8.5 mm in the z-direction.

Table 5. The material constants of Arruda-Boyce model.
Material constants

Arruda-Boyce model
1.93 x 10-8

L

0.12488
0



D

Table 6. The material constants of Yeoh model.
Material constants

Yeoh model
1st order 2nd order 3rd order

C 10
C 20
C 30
D1
D2
D3

0.12506

0

1st

Polynomial model
order
2nd order

C 10
C 01
C 11
C 20
C 02

-0.21162

-0.16808

0.28638

0.23398

D1
D2

0

-2.54487
2.09914
0.78043
0
0

Table 3. The material constants of Neo-Hookean model.
Material constants



D

Neo-Hookean model
0.25012
0

0.11852

0.24102

0

-0.09507
0

0

0

Table 7. The material constants of Ogden model.
Ogden model
1st order
2nd order 3rd order

Material constants

1
1
2
2
3
3

12397.0691

5.11284

4.36077

0.00004

0.04722

0.03681

5.11285

4.36085

0.04713

0.03693

D1
D2
D3

0

4.36099
0.03688
0

0

0

0
0

Table 8. The material constants of Gent model.
Material constants



Gent model
0.00222

Jm

0.99739

Table 4. The material constants of Mooney-Rivlin
model.
Material
constants

0.08454

0

Table 2. The material constants of Polynomial model.
Material constants

0.09511

Mooney-Rivlin model
2
3
5
parameters parameters parameters

C 10
C 01
C 11
C 20
C 02

-0.21162

-0.44501

-0.16808

0.28638

0.50429

0.23398

-0.0622

-2.54487

D

0

2.09914
0

0.78043
0
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boundary conditions were that all nodes on the top surface
of a micropillar were coupled vertical displacement in the
z-direction while all nodes on the bottom surface were
fixed in all degree of freedom.
Table 9. FE model of a micropillar sheet with a substrate.
Number of
micropillars

Fig. 3. FE model of uniaxial compression test.
3.2. Finite Element Analysis of Micropillar Sheets
A 2 cm x 3 cm x 0.2 cm micropillar sheet was
fabricated from PDMS material (with a ratio of a PDMS
monomer to a curing agent ratio of 10:1) by soft
lithography techniques at Thai Microelectronics Center
(TMEC) as shown in Fig. 4. With the new roll-to-roll
fabrication technique, the substrate thickness of the
micropillar sheet could be reduced from 1,910 µm to 150
µm. This research aimed to study effects of decreasing the
substrate thickness of the micropillar sheet on its
compressive strength.

1 micropillar
56 micropillars
70 micropillars
84 micropillars

Width (µm) x height (µm)
150 µm thick
1,910 µm thick
substrate
substrate
700 x 700
600 x 600
1,300 x 1,300
2,000 x 2,000
1,300 x 1,300
2,000 x 2,000
1,300 x 1,300
2,400 x 2,000

Table 10. The number of elements of each FE models
with the substrate thickness of 150 µm and 1,910 µm.
Number of
micropillars
1 micropillar
56 micropillars
70 micropillars
84 micropillars

Number of elements
150 µm thick
1,910 µm thick
substrate
substrate
4,972
3,672
28,852
51,952
31,948
55,048
35,044
106,144

4. Results and Discussion
4.1. Finite Element Results
Compression Test

Fig. 4. Dimension of a micropillar sheet.
To reduce FE computational time, micropillars
having dimension of 20 µm x 40 µm x 90 µm were created
into array patterns on 150 and 1,910 µm thick substrates
which composed of 1, 56, 70 and 84 micropillars
respectively as shown in Fig. 5-6. The substrate height and
substrate width were modeled long enough for studying
only effects on interaction between micropillars as listed
in Table 9. The FE models were meshed by using
SOLID186 elements. The number of elements of each FE
models are shown in Table 10. Their boundary conditions
of FE models with substrates were that all nodes on the
top surface of micropillar sheet were coupled vertical
displacement in the z-direction while all nodes on bottom
surface of the substrate were fixed in all degree of freedom.
All contact areas between nearby micropillars were set as
surface-to-surface frictionless contacts. To evaluate
effects of a substrate thickness on compressive strength of
a micropillar sheet, the FE model of a micropillar without
a substrate was studied as shown in Fig. 7. This FE model
consisted of 3,109 nodes with 576 elements. The
78
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a

Uniaxial

The plot of true compressive stresses and strains of
each hyperelastic material models as shown in Fig. 8. The
accuracies of FE models were determined by sum square
of error (SSE) which were illustrated in Table 11. Here,
the Mooney-Rivlin 5 parameters model obtained the most
accurate FE results (with SSE of 106.17  10-6) for low
strain range of  z  0.225 as shown in Fig. 9. Figure 10
shows the contour plot of the stress and strain in zdirection of the FE model using Mooney-Rivlin 5
parameter model.
4.2. Finite Element Results of Micropillar Sheets
The compressive strength of micropillar sheets and
interactions between micropillars were studied. The lateral
collapse of micropillars were found and will result in loss
of hydrophobic properties because of cohesive forces [22].
Figure 11 shows the plot of compressive force per one
micropillar and vertical displacement for FE models
which had 1, 56, 70 and 84 micropillars on the 1,910 µm
thick substrate. We found convergence of the FE results
for the FE model with 84 micropillars. Furthermore, the
plot of compressive force per one micropillar and vertical
displacement for FE models which had 1, 56, 70 and 84
micropillars on the 150 µm thick substrate as shown in
Fig. 12. Again, we found convergence of the FE results
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for the FE model with 84 micropillars. The plot of
compressive force and vertical displacement of 84
micropillars for various substrate thicknesses is shown in
Fig 13. Figure 14 shows contour plot of deformation in
the z-direction for various substrate thicknesses. As the
substrate thickness decreases, the micropillar stiffness
increases. Furthermore, the micropillar sheet with thicker
substrate had lateral collapsed at higher compressive load.
Unlike micropillar sheets with substrates, the micropillar
sheet without the substrate did not experience lateral
collapse under the compressive load.

(a)

(b)
(a)

(c)
(b)

(d)
(c)

Fig. 6. FE models of micropillar sheets with the
substrate thickness of 150 µm for (a) one micropillar, (b)
56 micropillars, (c) 70 micropillars and (d) 84 micropillars.

(d)
Fig. 5. FE models of micropillar sheets with the
substrate thickness of 1,910 µm for (a) one micropillar, (b)
56 micropillars, (c) 70 micropillars and (d) 84 micropillars.

Fig. 7. FE model of a micropillar without a substrate.

ENGINEERING JOURNAL Volume 24 Issue 4, ISSN 0125-8281 (https://engj.org/)

79

DOI:10.4186/ej.2020.24.4.73

(a)

Fig. 8. Plot of true compressive stresses and strains of
each FE result of hyperelastic material models compared
to experiment data.

(b)
Fig. 10. Contour plot of (a) stress in z-direction (MPa) and
(b) strain in z-direction.
Table 11. The sum square of error of FE results for
various hyperelastic material models based on low strain
range (  z  0.225) .

Fig. 9. Plot of true compressive stresses and strains of
FE result of Mooney-Rivlin 5 parameters material model
compared to experiment data.

80

Hyperelastic material
models
Mooney-Rivlin 2
parameters
Mooney-Rivlin 3
parameters
Mooney-Rivlin 5
parameters
Polynomial 1st order
Polynomial 2nd order
Yeoh 1st order
Yeoh 2nd order
Yeoh 3rd order
Ogden 1st order
Ogden 2nd order
Ogden 3rd order
Neo-Hookean
Arruda-Boyce
Gent

Sum square of error
(SSE)
1,506.16  10-6
243.45  10-6
106.17  10-6
1,506.16  10-6
106.39  10-6
4,597.73  10-6
3,925.70  10-6
1,688.28  10-6
3,497.30  10-6
3,538.62  10-6
3,529.11  10-6
4,597.73  10-6
4,634.15  10-6
61,978.64  10-6
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Fig. 11. Plot of compressive force per one micropillar and
vertical displacement for 1,910 µm thick substrate.

(a)

(b)

Fig. 12. Plot of compressive force per one micropillar and
vertical displacement for 150 µm thick substrate.

Fig. 13. Plot of compressive force and
displacement for various substrate thicknesses.

vertical

(c)
Fig. 14. Contour plot of deformation in the z-direction
(µm) at the maximum compressive force for (a) no
substrate, (b) 150 µm thick substrate and (c) 1,910 µm
thick substrate.
ENGINEERING JOURNAL Volume 24 Issue 4, ISSN 0125-8281 (https://engj.org/)
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5.

Conclusions

The FE model of PDMS compressive specimens
equipped with Mooney-Rivlin 5 parameters obtained the
most accurate FE results on low strain range of
 z  0.225 with SSE of 106.17  10-6. We found the
convergence of FE solutions of micropillar sheet models
under compressive loading which were 84 micropillars on
the substrate. The compressive strength of a micropillar
sheet decreases as the thickness of a substrate decreases.
The lateral collapses were found on the micropillar sheet
and results in loss of its hydrophobic properties. This
lateral collapse resulted from non-uniform vertical
deformation of the soft substrate under micropillars as
illustrated in Fig. 14c. The maximum compressive forces
per one micropillar were 21.060 μN for the 1,910 µm
thick substrate and 18.549 μN for the 150 µm thick
substrate.. Nonetheless, the stiffness of a micropillar sheet
significantly increased as the substrate thickness
decreased. Unlike micropillar sheets, micropillars without
the substrate did not experience lateral collapse. Finally,
we also found that substrate thickness effected on the
collapse pattern of micropillars in which the collapse
initially started from edge to inside of the compressed area.
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