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Abstract: Complex microstructures can be produced from
different base materials by combining three-dimensional
(3D) printing technology and ink formulations. The surface
wettability of the 3D-printed porous polydimethylsiloxane
(PDMS), particularly its superhydrophobic property, strongly
depends on its physical structure. However, the mechanism
underlying the effect of the microporous structure on the
mechanical properties is not understood, which seriously
constrains the structural–functional integration design of
the 3D-printed superhydrophobic porous PDMS. To solve
this problem, we studied the influence of the printing para-
meters on the mechanical properties in the compression
and tension directions using a finite element method. The
results showed that the load transfer path of the 3D-printed
porous PDMS was along the overlapping area of the adja-
cent filaments. As the filament spacing decreased or the
filament diameter increased, the elastic modulus of the
porous PDMS was enhanced, improving its resistance to
tensile and compressive deformation. A quantitative rela-
tionship was established between the relative densities of
the porous PDMS films and their relative elastic moduli.

This study provides theoretical guidance for the structural–
functional integration design of 3D-printed superhydro-
phobic porous PDMS.
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1 Introduction

After billions of years of selection, some plants and animals
have evolved functional surfaces with specific wettabilities
[1–12], including superhydrophobicity and anisotropic sur-
face wettability (ASW), showing a wide range of important
applications in self-cleaning surfaces [13–15], antifouling
[16–21], directional water or fog collection or transporta-
tion [22–25], etc. [26–31]. For example, the combination of
micro- and nanoscale papillae and low surface energy
waxes makes lotus leaves superhydrophobic with a water
contact angle (WCA) greater than 150°, resulting in strong
water repellency. For the ASW surfaces, such as rice leaves
and butterfly wings [32–34], the static WCAs and dynamic
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Graphical abstract

This study presents a numerical simulation of the structure–me-

chanical relationship of 3D-printed porous polydimethylsiloxane

(PDMS) films with superhydrophobic properties. The influence of

the printing parameters (filament spacing and filament diameter)

on the mechanical properties was studied in the compression and

tension directions using a finite element method. The results showed

that the load transfer path of the 3D-printed porous PDMS was along

the overlapping area of the adjacent filaments. As the filament spacing

decreased or the filament diameter increased, the elastic modulus of

the porous PDMS was enhanced, improving its resistance to tensile

and compressive deformation.
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water rolling angles vary in different directions, allowing
water droplets to move in only one direction. This special
surface wettability is usually attributed to the physical dis-
continuity and chemical heterogeneity of the biological
surfaces, inspiring considerable research interest from
both the scientific and industrial communities [35,36].

In recent decades, it has been recognized that the spe-
cific surface wettability of biological surfaces is largely
dependent on their unique micro- and nanostructures
and surface chemistry. Various methods have been devel-
oped to create biomimetic surfaces with specific surface
wettabilities [37–40]. For example, dip coating [41], spray
coating [42], and chemical or physical etching [43] have
been used to create micro- and nanoscale roughness with
low surface energies. These methods usually involve multi-
step processing with limited precision in structural control,
resulting in random surface structures, defects, and poor
durability on the prepared superhydrophobic surfaces.
Moreover, to achieve ASW, additional modulation of the
chemical composition or physical structure at the micro-
and nanoscales is often required [44,45], which involves
complex manufacturing processes and expensive equip-
ment. For example, laser etching has been used to create
asymmetric geometric (topographic) structures (e.g., grooves
and fibers) and anisotropic wetting surfaces [46,47].

In recent years, 3D printing technologies have attracted
increasing attention in constructing specific surfaces and
micro- and nanostructures owing to the advantages of flex-
ible design and manufacturing freedom [48–54]. For direct
ink writing (DIW) 3D printing, structural control can be
achieved by modulating the ink formulation and printing
parameters. In our previous study, the physical structure
and surface wettability of the polydimethylsiloxane (PDMS)
film were controlled by regulating the printing parameters
(e.g., filament spacing and filament diameter) to produce
porous PDMS with superhydrophobic properties and good
mechanical stability [2,13]. In addition, the structures of the

regular porous PDMS or other thermoplastic elastomers
containing hydrophobic silica or other types of nanopar-
ticles were further optimized for various applications
[55–57]. Adjusting the porous structure of the 3D-printed
PDMS not only modulates its superhydrophobic proper-
ties but also has a significant impact on its mechanical
properties [58–61].

However, there is a lack of theoretical guidance to
correlate the structural parameters with the mechanical
properties of the porous PDMS with superhydrophobic per-
formance. Therefore, based on previous experiments, this
study presents a quantitative analysis of the influence of
structural parameters (filament diameter and filament
spacing) on the mechanical properties (compression and
tension strengths) of the 3D-printed superhydrophobic
porous PDMS using an FEM. This study provides theore-
tical guidance on the structural design for the preparation
of mechanically stable superhydrophobic regularized porous
PDMS via 3D printing. The established relationships between
structure and mechanical property are also useful for
the structure–function integration in designing adaptive
robotics, biomaterials, waterproof protection, and direc-
tional transport.

2 Methods

2.1 Preparation of 3D-printed porous PDMS

Based on the pre-planned printing path (Figure 1a) [2], the
PDMS printing ink (Dow Corning SE1700) was extruded
from the nozzle with a typical 150 μm inner diameter in
the form of filaments by DIW 3D printing technology. The
PDMS printing ink was printed layer by layer to form four-
layer porous structural features (Figure 1b). The default 3D
printing parameters to design porous PDMS film are

Figure 1: (a) Scheme and (b) snapshot of the 3D printing process of porous PDMS films.
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summarized in Table 1. Then, the 3D-printed porous PDMS
was transferred to an oven and cured at 125°C for 24 h. The
structural characteristics of the porous PDMS determine
its hydrophobicity and mechanical properties. To analyze
the deformation mechanism and internal stress state of the
porous PDMS under uniaxial loading, the influence of the
printing parameters on the mechanical properties was stu-
died in the compression and tension directions using an FEM.

2.2 Constitutive model for PDMS

In this study, the mechanical properties of the PDMS
matrix materials were characterized based on the Mooney–
Rivlin model [62], as shown in equation (1):
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where U is the strain energy of the materials; C10 and C01
are the fitted material coefficients, respectively; I1 and I2

are the first and second invariants of the strain bias,
respectively; J is the elastic volume ratio; and D1 deter-
mines the compressibility of the material.

The fitting of the parameters of the superelastic con-
stitutive model for rubber materials needs to be based on
uniaxial tensile and compression tests, biaxial tensile and
compression tests, planar tensile and compression tests,
and volumetric tensile and compression tests. The more
data from the aforementioned tests, the more accurate
the model, but considering the cost of the tests, the uniaxial
experimental data are often fitted to obtain the parameters
of the superelastic constitutive model and the stability of
the model in terms of other mechanical behaviors is eval-
uated based on the finite element analysis program.

Because the intrinsic model we obtained was evaluated
to have better stability in other mechanical properties, its
complex mechanical behavior characteristics can be better
restored. Thus, the material properties of PDMS obtained
based on the compression test are suitable to be used for
the tensile test sample. Therefore, in this study, only the
uniaxial compressive behavior of the PDMS block was tested
using a universal material testing machine (CTM4304S,
Shenzhen Suns Technology Stock Co., LTD, China) at a
loading rate of 2 mm/s based on the international stan-
dard (ISO 7743-2017). Owing to the stress-softening phe-
nomenon of the PDMS material, the third loading test
dataset was selected to characterize its uniaxial compres-
sion performance.

Based on the constitutive model, the measured com-
pressive stress–strain data of the PDMS block were fitted
using the corresponding parameters (C10, C01, and D1), and
their final fitted values were 0.203741993, 0.08319049733,
and 0.177210526, respectively. Numerical simulations of the
PDMS block compression were first performed (Figure 2),
and the experimental results were in good agreement with
the simulated data, implying that the model could reflect the
mechanical characteristics of the PDMS.

2.3 FEM

Considering that the 3D-printed porous PDMS had a reg-
ular structure in the scanning electron microscopy (SEM)
image, an FEM was constructed to reflect the structural
characteristics shown in the SEM image (Figure 3a). The
x-y plane was the in-plane orientation of the porous PDMS
model (Figure 3b), and the layers of the PDMS filaments,

Table 1: FEM simulation conditions for porous PDMS

Model number Print layers Filament diameter d (mm) Filament spacing/(mm) Porosity φ (%)

Foam-4-0.37-0.4 4 0.37 0.4 10.1
Foam-4-0.37-0.6 0.6 34.4
Foam-4-0.37-0.8 0.8 48.5
Foam-4-0.37-1.0 1.0 57.8
Foam-4-0.37-1.2 1.2 64.3
Foam-4-0.31-0.4 4 0.31 0.4 24.2
Foam-4-0.31-0.6 0.6 47.2
Foam-4-0.31-0.8 0.8 59.5
Foam-4-0.31-1.0 1.0 67.3
Foam-4-0.31-1.2 1.2 72.4
Foam-4-0.25-0.4 4 0.25 0.4 42.3
Foam-4-0.25-0.6 0.6 61.1
Foam-4-0.25-0.8 0.8 70.7
Foam-4-0.25-1.0 1.0 76.5
Foam-4-0.25-1.2 1.2 80.3
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except for the first layer, were cylindrical with six fila-
ments per layer. The z-direction represented the height
of the four layers of porous PDMS. The layer height (h,
the distance between the center of the filament of adjacent
layers) was 0.2 mm. The filaments in the intervening layer
were aligned (Figure 3c). Boolean operation was used to
remove the overlapping area of the upper and lower
layers, and the entire porous PDMS model was considered.
The SEM image and FEM of the porous PDMS with a fila-
ment diameter (d) of 0.37 mm and a filament spacing (l) of
0.6mm were compared, and their structural characteristics

were relatively consistent (Figure 3d and e) [2]. However,
because the filament diameter (d, 0.37 mm) was close to two
times the layer height (h, 0.2 mm) of the neighboring print
layer, there might be sinking due to the overweight of the
PDMS filament, which produced the phenomenon that the
spacer layers were connected to the PDMS filament (Figure
3e). Although the actual 3D-printed PDMS films were hardly
impossible to match the idealized FEM, the idealized FEM
could show the force transfer path and deformation
mechanism under compressive and tensile loads more
clearly, and these conclusions could provide a reference
to understand the force transfer path and deformation
mechanism of actual 3D-printed PDMS films.

2.4 Working condition design

To study the influence of structural parameters on the
mechanical properties (compression and tension) of 3D-
printed superhydrophobic porous PDMS, a finite element
simulation model was designed with the filament diameter
and spacing as variables. The filament diameters (d) varied
from 0.37, 0.31, to 0.25 mm by changing the printing speed
from 0.75, 1.00, to 2.00 mm/s, while the spacing of the adja-
cent filaments was increased from 0.4, 0.6, 0.8, 1.0, to
1.2 mm. These variables were combined orthogonally to
design a geometric model. The layer height (h) was fixed
as 0.2 mm. The operating conditions are listed in Table 1.
Based on the geometry of the 3D-printed porous PDMS

Figure 2: Comparison between experimental and numerical simulation
of the compression behaviors of PDMS bulk.

Figure 3: Comparison of physical structure of 3D-printed porous PDMS: (a) a whole FEM, (b) top-layer, and (c) cross-sectional physical features of an FEM,
and (d and e) SEM images of the 3D-printed porous PDMS at different magnifications. Reprinted with permission from Ref. [2], Copyright 2017, Elsevier Ltd.
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films, the foam porosity (φ) was extracted from the finite
element analysis program.

3 Results and discussion

3.1 Influence of structural parameters on
the compression properties of
porous PDMS

The hyperelastic behavior of 3D-printed porous PDMS
films under compressive loading was similar to that of

traditional foam materials. As shown in Figure 4a, the
compressive stress of the porous PDMS increased linearly
with the compressive strain until the strain reached 10%.
To explore the deformation mechanism of the porous

Figure 4: Compression behaviors of porous PDMS model: (a) compres-
sive stress–strain curve. Stress distributing graph in the x-z section of the
model “Foam-4-0.37-0.6” at (b) 5% compressive strain and (c) 20%
compressive strain.

Figure 5: Effect of filament spacing on the compressive behaviors
of 3D-printed porous PDMS films with different filament diameters:
(a) 0.37 mm, (b) 0.31 mm, and (c) 0.25 mm.
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PDMS film at this stage, the stress cloud of the x-z section
was obtained for “Foam-4-0.37-0.6” (Figure 4b). The com-
pressive stresses in the z-direction of the 3D-printed PDMS
were mainly transferred in a columnar pattern (yellow or
green area in Figure 4b) from the top to the bottom along
the overlapping area of adjacent layers. The stress values
in the overlapping region were significantly higher than
those in the non-overlapping region for the porous PDMS
model. Thus, the compressive modulus of the elasticity of
the porous PDMS films was mainly attributed to the axial
deformation mechanism of these columns. As the compres-
sive strain increased to 20%, the internal pores of the
porous PDMS film gradually collapsed, and the stress dis-
tribution was homogenized, accelerating the stress growth
(Figure 4c). At 40% compressive strain, the stress column in
the porous films completely disappeared, and this densifi-
cation state resulted in a rapid increase in the compressive
stress.

Figure 5 shows the effect of filament spacing on the
compression behavior of the porous PDMS with filament
diameters of 0.37, 0.31, and 0.25 mm. When the filament
diameter (d) was fixed, the resistance to compression
deformation gradually increased as the filament spacing
(l) decreased. At a specific filament spacing, the resistance
to compressive deformation was gradually enhanced with
the increase in the filament diameter (d). A larger filament
diameter or a smaller filament spacing could decrease the
porosity and increase the relative density of the porous
PDMS, which is the main reason for the enhancement in
its resistance to compressive deformation.

Therefore, by adjusting the diameter and spacing of
the filaments, the compressive behavior could be regu-
lated. As shown in Figure 6a, the compressive modulus
E* in all FEMs reached a minimum of 0.07 MPa and a max-
imum of 1.83 MPa. To analyze the modulation mechanism
quantitatively, the aforementioned data were fitted based
on the relationship between the relative elastic modulus
and the relative density of conventional foam materials
(equations (2) and (3)) [63]:
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where ρ* and ρS are the density of the porous and solid
PDMS film, and C and n are the fitting coefficients, and ES is
the elastic modulus of solid PDMS, which is approximately
2.58 MPa.

As shown in Figure 6b, the predicted curves are in
good agreement with the simulated data, suggesting that
the FEMs can provide theoretical guidance for the design of
3D-printed PDMS with superhydrophobic properties in
terms of compressive mechanical behavior.

3.2 Influence of structural parameters on
the tensile properties of porous PDMS

The uniaxial tensile behavior of 3D-printed porous PDMS
films was similar to that of traditional rubber materials.

Figure 6: (a) Effects of the filament diameter and filament spacing on the compressive elastic modulus E*. The histograms within the same color
represent similar compressive elastic modulus E*, and (b) relationship between the relative elastic modulus and the relative density of 3D-printed
porous PDMS.
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Initially, the tensile stress increased linearly with increasing
strain until the strain reached 15% (Figure 7a). To visualize
the deformation mechanism of the porous PDMS, the Von-
Mises stress cloud was obtained for model “Foam-4-0.37-0.6”
at 100% tensile strain (Figure 7b). The internal stresses of the
3D-printed PDMS mainly transferred along the filaments
parallel to the direction of the tensile force (green area in
Figure 7b). The stress values in this region were significantly
higher than those in the filament (blue area in Figure 7b)
perpendicular to the direction of the tensile force. Thus, the
3D-printed porous PDMS is a typical orthotropic material,
and its linear tensile modulus is mainly attributed to the
filaments parallel to the force direction. In addition, stress
concentration was observed in the overlapping area of the
adjacent layers (red area in Figure 7b), where the stress
value was significantly higher than that in the other areas.
However, the maximum stress was approximately 4.3 MPa,
which was lower than the ultimate tensile stress of PDMS
(approximately 17MPa). Therefore, the 3D-printed porous
PDMS has excellent tensile properties for the requirements
in typical environments.

Figure 8 shows the effect of filament spacing on the
tensile performance of the porous PDMS with filament
diameters of 0.37, 0.31, and 0.25 mm. The resistance to

Figure 7: Tensile mechanical behaviors of porous PDMS model: (a) ten-
sile stress–strain curve and (b) Von-Mises stress distributing graph of the
model “Foam-4-0.37-0.6” at 100% tensile strain.

Figure 8: Effect of filament spacing on the tension behaviors of
3D-printed porous PDMS films with different filament diameters:
(a) 0.37 mm, (b) 0.31 mm, and (c) 0.25 mm.
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tensile deformation gradually increased as the filament
spacing (l) decreased, provided that the diameter of the
filament (d) was fixed. With the increase in filament dia-
meter, the resistance to tensile deformation was enhanced
when the filament spacing was fixed. Similar to the effects
of increasing filament diameter or decreasing filament spa-
cing on improving the resistance to compressive deforma-
tion, the adjustment of the printing parameters essentially
affects the porosity of the porous PDMS, which, in turn,
affects its tensile mechanical properties.

Therefore, consistent with the previous modulation of
the compressive mechanical behavior of 3D-printed PDMS
by controlling the porosity characteristic parameters, a
similar approach was used to modulate the tensile mechan-
ical behavior. By adjusting the filament spacing and dia-
meter, the tensile behavior of the 3D-printed porous PDMS
can be regulated, as shown in Figure 9a. In all FEMs, the
tensile modulus E* of the porous PDMS films reached a
minimum of 0.13MPa and a maximum of 0.85MPa. To ana-
lyze this modulation mechanism quantitatively, the afore-
mentioned data were fitted based on equation (3). As shown
in Figure 9b, the predicted curves are also in good agree-
ment with the simulated data, confirming that the FEMs can
also provide theoretical guidance for the design of 3D-
printed PDMS with superhydrophobic properties in terms
of tensile mechanical behavior. It is important to point out
that although samples are evaluated with only four layers in
this study, the increase in the number of printed layers does
not change the deformation mechanism of 3D-printed
porous PDMS film under compressive and tensile loads
in small deformation states, and therefore, the quantitative

correlation between elastic modulus and structural features
applies to 3D-printed films with more than four layers. How-
ever, when under large deformations, especially in compres-
sion, an increase in the number of printed layers may cause
the structure to be more easily buckled, leading to the col-
lapse of the microstructure.

4 Conclusions

This study presents a numerical simulation of the struc-
ture–mechanical relationship of 3D-printed porous PDMS
films with superhydrophobic properties. The porous films
exhibited a columnar force transfer path along the over-
lapping area of the adjacent filaments, which directly con-
tributed to the compressive elastic modulus of the porous
PDMS. Meanwhile, the 3D-printed porous PDMS possessed
typical orthogonal anisotropy characteristics. The tensile
stress in the PDMS filament along the force direction was
significantly higher than that perpendicular to the force
direction, and the tensile modulus was mainly attributed
to the filament parallel to the force direction. In addition,
the uniaxial compression and tensile properties could be
controlled by adjusting the filament spacing and diameter.
Therefore, a quantitative relationship was established
between the relative density of porous PDMS and the
relative elastic modulus (tensile and compressive). This
study provides theoretical guidance for the structural–-
functional integration design of 3D-printed superhydro-
phobic porous PDMS.

Figure 9: (a) Effects of the filament diameter and filament spacing on the tensile elastic modulus E*. The histograms within the same color represent
similar tensile elastic modulus E*, and (b) relationship between the relative tensile modulus and the relative density of 3D-printed porous PDMS.
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