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ABSTRACT: Polydimethylsiloxane (PDMS) is one of the most commonly
used silicone polymers due to its low cost, optical transparency, flexibility,
chemical inertness, and biocompatibility. As a subset of PDMS, porous PDMS
shows great potential across a large variety of applications in fields such as
biomedical engineering, shock absorption, and oil/water separation. However,
the conventional method to fabricate porous PDMS (i.e., molding) has limited
geometric complexity. Thus, precursor formulations (i.e., inks) of porous
PDMS have been studied to enable three-dimensional (3D) printing to
increase the design space of more complex structures. Despite the recent
advances in such areas, the relationship between mechanical properties and
structural parameters of porous PDMS has yet to be reported. Herein, we study
the mechanical properties of porous PDMS as a function of the print patterns and infill densities to demonstrate the highly tunable
mechanical properties of printed porous PDMS via direct ink writing. To enable 3D printing of PDMS, we develop a porous PDMS
ink consisting of a PDMS precursor, silicone oil, dibutyl phthalate (DBP), and fumed silica nanoparticles by tuning the rheological
behaviors. The porous structures in PDMS are subsequently generated by the removal of DBP in the cured PDMS matrix and
characterized by scanning electron microscopy. Mechanical characterization exhibits that the printed sample using the porous PDMS
precursor has enhanced stiffness, strength, toughness, and ductility compared to the nonporous PDMS sample. Notably, a broad
range of mechanical properties is achieved by varying structural parameters (i.e., infill densities and printing patterns) for 3D printing
of a single porous PDMS material system, which provides insight for designing adaptive soft robots and actuators that can integrate
different mechanical properties into a single device by simply changing the structural parameters.
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■ INTRODUCTION

Polydimethylsiloxane (PDMS) has been widely used as an
inexpensive silicone polymer due to various advantages
including optical transparency, flexibility, chemical inertness,
and biocompatibility.1−3 It has been considered an important
material to study in industrial and fundamental research for
applications ranging from mechanical4 and electrochemical
sensors,5 microfluidics,6 and soft lithography7 to antifoaming
agents8 in foods and cosmetics. Moreover, porous PDMS is
emerging as a useful material in recent years for applications in
multiple fields, such as scaffolding for soft tissue engineering,9

wearable electronics,10 shock absorption,11 and oil/water
separation,12 since its highly porous structure provides a
large surface area to volume ratio and improves elasticity and
flexibility. In this regard, the design and fabrication of complex
three-dimensional (3D) structures are required to further push
the boundary of advanced applications. However, porous
PDMS has been conventionally fabricated via mold casting,
which involves multiple steps and tools with limited structure
complexity and feature sizes.13,14

3D printing is a distinguished, mold-free manufacturing
method that has evolved remarkably in the past decade due to

fast prototyping, ability to fabricate complex geometries, and
freedom of design.15,16 Among 3D printing, direct ink writing
(DIW) is a promising technique to pattern versatile materials
in three-dimensions via a layer-by-layer extrusion process,
allowing for more intricate designs and finer feature size (down
to ∼250 μm) than traditional mold-cast objects.17 However, it
has been challenging to print liquid polymer precursors using
DIW due to the requirement of shear thinning behavior and
yield stress,18 which have become bottlenecks for developing
3D-printable precursor formulations. In previous studies, a
PDMS precursor containing fumed silica nanoparticles (NPs)
has been directly printed out to fabricate soft autonomous
robots,19 synthetic spider webs,20 and 3D perfusion chips.21

The hydrogen bonds formed within the silanol groups on the
silica surface create a network in the PDMS precursor ink,
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which is responsible for the achievement of the desired
rheological properties.22 Fabrication of porous PDMS via DIW
has also been reported by incorporating gas microballoon pore
formers,23 fugitive particles,24 or phase.25 However, despite
recent advances in designing a porous PDMS ink formulation
that allows 3D printing, the relationship between mechanical
properties and structural parameters of porous PDMS has not
been fully explored yet. Very recently, Mea et al. demonstrated
the DIW of porous PDMS with droplet inclusions. The
mechanical properties of PDMS were found to be dependent
on the constituents and relative proportions of the droplet
phase in which the included droplets lead to the softening of
PDMS.26 Exploiting such structural principles is crucial for
designing appropriate structures with desired mechanical
properties for particular applications. Furthermore, it also
allows for the fabrication of adaptive soft actuators and robots
with spatially tuned mechanical properties by structural
printing parameters which potentially modulate their motion
and 3D shape transformation.27

Here, we demonstrate the highly tunable mechanical
properties of the printed porous PDMS by varying structural
parameters (i.e., print patterns and infill density). For DIW
porous PDMS, we develop a porous PDMS ink with shear
thinning behavior and yield stress. It allows for the fabrication
of porous PDMS into controlled 2D or 3D structures with
both high fidelity and enhanced stiffness, toughness, strength,
and ductility compared to the nonporous PDMS. Taking
advantage of the great structural control offered by DIW,17 we
show that a broad range of mechanical properties can be
readily achieved with different print patterns and infill densities
using a single material system. We anticipate that the principles
and strategies found in this work will provide new approaches
for designing adaptive soft actuators and robots by allowing us
to program and integrate different mechanical properties into a
single device by simply changing the structural parameters. It
may also benefit fields such as biomaterials28 and medical
applications29 where complex 3D shapes created with porous
PDMS are needed.

■ EXPERIMENTAL SECTION
Materials. The PDMS precursor and cross-linker (Sylgard 184)

were purchased from Dow Corning. Dibutyl phthalate (DBP) was
obtained from Spectrum Laboratory Products, Inc. Silicone oil (CAT
#S159500) was purchased from Fisher Chemical. Fumed silica NPs
(CAB-O-SIL EH-5, size: 0.2−0.3 microns) were purchased from
Cabot Corporation. Ethanol (200 proof pure ethanol) and
isopropanol were purchased from Koptec. (Tridecafluoro-1,1,2,2-
tetrahydrooctyl)dimethylchlorosilane (silane) was purchased from
Gelest Inc.
Preparation of Silane-Treated Glass Sides. Bare glass slides

(75 mm × 50 mm × 1 mm) were first cleaned using isopropanol and
placed into a vacuum desiccator after drying. Silane (2−3 drops) were
added to the glass slide in the middle followed by vacuum evaporation
for 7 h.
Preparation and 3D Printing of the Porous PDMS

Precursor. The porous PDMS precursor was prepared by a simple
one pot mixing process using a thinky planetary mixer (Thinky Inc.,
Thinky Mixer AR-100) under 2000 rpm mixing conditions. First, 3 g
of PDMS base and 0.3 g of PDMS curing agent were mixed for 1 min.
Subsequently, 0.675 g silicone oil was added and mixed for 1 min.
DBP (3.675 g) was added and mixed for an additional 3 min. Lastly,
0.69 g silica NPs was added and mixed for 1 min.
The prepared precursor (6 mL) was first loaded into a 12 mL

syringe and then mounted into the dispenser of the extrusion 3D
printer (Rokit INVIVO). The precursor was printed onto the silane-

treated glass slide using a 20 gauge needle. The silane-treated glass
slide was used to prevent the cured samples from sticking to the glass
slide and generating residual stress while peeling off, thus ensuring
accurate results in tensile testing. The 3D printing process was
conducted at a print speed of 10 mm/s. To prepare samples for the
tensile test, a STL file of dog-bone shape with dimensions of 17 mm ×
64 mm × 0.8 mm was created on 3D modeling software (Fusion 360)
and uploaded to slicing software (New K Creator) built in the 3D
printer. Infill density and print patterns were directly adjusted within
the slicing software. For the dog-bone shape samples, two layers were
printed out with a layer spacing of 0.4 mm for each. Different printing
orientations were created by changing the angle at which the second
layer was being printed with respect to the first layer. Total printing
time varied upon the infill density and print pattern of the sample.
After printing the porous PDMS precursor, the printed samples were
thermally cured in an oven at 100 °C for 2 h followed by immersion
in ethanol for 7 h to remove DBP. The samples were then transferred
to an oven to fully evaporate the ethanol at 60 °C for 1 h.

Preparation and 3D Printing of the Nonporous PDMS
Precursor. The nonporous PDMS precursor was prepared as a
control sample. Similar to the porous PDMS preparation, 3 g of
PDMS base and 0.3 g PDMS curing agent were mixed in a thinky
planetary mixer for 1 min at 2000 rpm. Then, the nonporous PDMS
precursor was placed into a desiccator for 15 min to remove air
bubbles. The precursor ink (3 mL) was loaded to a 10 mL syringe and
printed on the silane-treated glass slides using a 20 gauge needle,
using the same printing parameters as the porous PDMS precursor.
To prepare samples for the tensile test, the nonporous PDMS
precursor was poured into dog-bone shaped molds with dimensions
of 17 mm × 64 mm × 0.8 mm. After printing or casting of the
nonporous PDMS precursor, the prepared samples were cured in an
oven at 100 °C for 2 h.

Characterization. Stress−strain data were obtained using a
universal testing machine (Instron Corp., Instron 3342) with a strain
rate of 10 mm/s. Rheological data were obtained using an ARG2
rheometer (TA instruments). The viscosity measurements of both
nonporous and porous PDMS precursors were set to a steady-state
with a shear rate ranging from 0.1 to 100 s−1. The modulus
measurements were set to an oscillatory state with a shear rate ranging
from 0.1 to 1000 s−1. Optical micrographs were captured using an
optical microscope (Keyence VHX1000). Images of the microporous
structure were obtained using scanning electron microscopy (SEM)
imaging (FEI Quanta FEG 250).

■ RESULTS AND DISCUSSION

Porous PDMS Precursor Preparation and Micro-
structure Characterization. Important rheological proper-
ties for designing DIW precursor ink are shear thinning
behavior, yield stress, and storage modulus.30 Shear thinning is
crucial for DIW since it will facilitate the ink extrusion during
the printing process. Sufficient yield stress (>50 Pa)24,25,29

helps the ink to return to a solidlike material after deposition
so that it is able to support itself and layers above.31

Additionally, the storage modulus, a measure of the elastic
response of a material, must be high enough so that the
resulting structure is rigid, but not too high that the ink clogs
the nozzle during extrusion.32 To fulfill these criteria, we
developed a porous PDMS ink composed of four components,
including PDMS liquid resin (Sylgard 184, containing 10 wt %
cross-linker), silicone oil (22.5 wt %), DBP (122.5 wt %), and
fumed silica NPs (23 wt %). Silicone oil was added to dilute
the PDMS precursor. DBP works as both a rheological
modifier and a porogen. Upon mixing, the PDMS precursor
and DBP form emulsions due to the immiscible nature in
which DBP subsequently breaks into small droplets and
spreads almost evenly throughout the PDMS precursor. This
in turn creates micron-sized pores in the PDMS matrix after
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removing DBP from the cured PDMS sample. Fumed silica
NPs were added to further improve the rheological properties,
as they endow the ink with shear thinning behavior, a yield
stress point, and a higher storage modulus.
Figure 1a illustrates the fabrication process. The prepared

precursor was first printed into the predesigned 3D structure
on a silane-treated glass slide; then, the printed structure was
thermally cured at 100 °C for 2 h. Upon curing, DBP and
silicone oil were removed by soaking the sample in an ethanol
bath, leaving micron-sized pores within the sample. To

demonstrate the printing capability of the porous PDMS ink,
we printed a lattice structure using a 20 gauge needle (see
Supporting Information: Figure S1, Supporting Video 1). As
shown in Figure 1b, the printed lattice structure is 13 × 13 × 4
mm in dimension and can hold its 3D structure remarkably
well up to 48 h at which point the sample is already cured at
room temperature. An optical microscopy image of the lattice
structure shown in Figure 1c further supports the fact that the
porous PDMS precursor can maintain high fidelity, as a well-
defined lattice can be observed with a line-to-line (edge to

Figure 1. (a) Step-by-step process of the preparation and printing of the porous PDMS precursor. (b) Isometric view of the lattice cube structure
printed using the porous PDMS precursor (dimensions: 13 × 13 × 4 mm). (c) Optical microscopy image of the lattice structure. (d) Cross-
sectional SEM image of porous PDMS without silica NPs.

Figure 2. (a, b) Rheology test of the nonporous PDMS precursor (black solid line), porous PDMS precursor with 23 wt % silica NPs (red solid
line), and porous PDMS precursor without silica NPs (blue solid line). The formula for the porous PDMS precursor without silica NPs is
composed of the PDMS precursor, silicone oil, and DBP. (a) Plots of viscosity vs shear rate and (b) storage modulus (G’) and loss modulus (G”)
vs stress. (c−e) Side-by-side comparison of printed samples by nonporous and porous PDMS precursors. The dog-bone shaped sample of
nonporous PDMS (c) right after printing and (d) 1 h after printing that shows that the nonporous PDMS precursor is unable to retain the 3D-
printed structure. (e) Dog-bone shaped sample of the porous PDMS precursor after printing that shows that it is able to maintain its shape even
after 48 h at room temperature at which point the sample is fully cured.
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edge) distance around 0.4 mm. Next, we performed SEM to
investigate the microstructures of the porous PDMS sample.
The cross-sectional view of the cured porous PDMS sample
shows rough and irregular porous structures presumably due to
the micron-sized agglomeration of the fumed silica NPs,22

which does not clearly reveal the pores formed by the removal
of DBP and silicone oil (see Supporting Information: Figure
S2a). Thus, a porous PDMS sample without silica NPs (i.e.,
consisting of only the PDMS precursor, silicone oil, and DBP)
was prepared to examine the porous structure and size
generated by the removal of DBP and silicone oil from the
cured sample. A cross-sectional SEM image of the sample
without silica NPs before removing DBP and silicone oil using
ethanol shows irregularly shaped cavities distributed through-
out the sample (see Supporting Information: Figure S2b).
After the removal of DBP and silicone oil through an ethanol
bath, the micron-sized pores formed with spherical shape that
minimize surface energy, as seen in the cross-sectional SEM
image illustrated in Figure 1d. The micron-sized pores have
diameters ranging from 0.8∼7.5 μm with an average value 2.4
± 1.5 μm (see Supporting Information: Figure S3).
Rheological Properties of Nonporous and Porous

PDMS. Rheological data support that the porous PDMS
precursor possesses shear thinning and solidlike (G’ > G”)
behavior with yield stress to retain its 3D structure with high
fidelity after printing. As seen in Figure 2a, before any
modification, the nonporous PDMS precursor exhibits low
viscosity of 5.97 Pa·s with a typical Newtonian fluid behavior,
as the viscosity does not change as shear rate increases. In
addition, in Figure 2b, the value of loss modulus (G”) is higher
than that of the storage modulus (G’), meaning the nonporous
PDMS ink possesses a liquidlike behavior. Upon adding DBP
and silicone oil (i.e., without silica NPs), the ink starts to show
shear thinning behavior, as the viscosity decreases as the shear
rate increases (Figure 2a). Yield stress is observed at a value of
6.02 Pa in the modulus measurement (Figure 2b). However,
G” is still larger than G’ before yield happens, indicating a
liquidlike behavior, which is not suitable for printing. Thus,
fumed silica NPs were added to further improve the rheology
properties to enable printing. The initial viscosity of the porous
PDMS precursor increased from 67.12 to 5667 Pa·s after the
addition of fumed silica NPs (Figure 2a). Furthermore, the
precursor exhibits a greater yield stress value of 200.05 Pa with
a solidlike behavior before the yield stress value (G’ > G”)
(Figure 2b). With this high yield stress, the porous PDMS
precursor can support its own weight and layer stacking three-
dimensionally while printing.
To observe the behaviors of inks described in the rheological

characterization above, dog-bone samples were 3D-printed
using both the nonporous and porous PDMS precursor. As
supported by the rheology analysis, Figure 2c−e shows that the
nonporous PDMS precursor has poor fidelity and cannot
maintain its printed structure. Figure 2c shows a low-fidelity
dog-bone shape immediately after printing, and in Figure 2d,
nonporous PDMS begins to spread out and lose its printed
shape within 1 h after printing (see Supporting Information:
Figure S4, Supporting Video 2), whereas, in Figure 2e, the
printed porous PDMS precursor exhibits high shape definition
and retains its printed shape until it is fully cured, which takes
48 h at room temperature.
Mechanical Properties of Nonporous and Porous

PDMS. Porous PDMS compared to nonporous PDMS
showcases a higher quality printing of 3D structures and

improved mechanical properties. We conducted tensile testing
to characterize the difference in Young’s modulus (E),
elongation at break, and ultimate tensile stress (UTS) between
nonporous and porous PDMS. Young’s modulus is a material’s
resistance to elastic deformation under load, which is
determined from the initial slope of the strain−stress curve
using Hooke’s law, E = σ/ε, where σ is stress and ε is strain.33

Elongation at break is determined from the strain at the
fracture point of the strain−stress curve, representing how
much a material will plastically and elastically deform before
fracture. UTS is determined by the highest stress point of the
strain−stress curve, which is the maximum stress a material can
resist before tearing.
Figure 3 shows a representative tensile test curve of the

printed porous PDMS sample with a 0−0 print pattern (e.g.,

0−0 means the first layer orientation is 0° and the second layer
is 0° as well) at 100% infill density (where infill % = (volume of
printed material/volume of object volume) × 100), nonporous
PDMS and nonporous PDMS with silica NPs, silicone oil and
DBP, respectively. As depicted in Figure 3, the Young’s
modulus of nonporous PDMS is 0.51 MPa, while the Young’s
modulus of porous PDMS is 2.44 MPa. The elongation at
break for nonporous PDMS is 71%, which is 16% lower than
porous PDMS which has a percent elongation of 85%. Notably,
although porous PDMS has a significantly higher Young’s
modulus than nonporous PDMS, the pores in the PDMS
matrix endow the sample with a high level of flexibility and
deformability, resulting in a higher elongation at break value.34

The UTS of nonporous PDMS is 80% lower than porous
PDMS. It is also noted that the stress of nonporous PDMS
increases at a steady rate during stretching without plastic
deformation, as indicated by the linear path it travels in the
plot, whereas porous PDMS undergoes a higher plastic
deformation before breaking with a yield strain at 0.08 mm/
mm (Figure 3), marking the point when the material begins to
behave plastically. The curve also shows that the porous PDMS
sample is tougher since it has a higher area under the curve
(0.327 MPa) when compared to the curve of nonporous
PDMS (0.055 MPa). To examine whether the enhanced
mechanical properties of porous PDMS compared to non-
porous PDMS are attribute to the presence of micron-sized
pores, we prepared samples with the same composition to
porous PDMS but with no pores inside. Such samples were
denoted as nonporous PDMS with silica NPs + silicone oil +
DBP in Figure 3 (green line). Young’s modulus of which (0.84

Figure 3. Stress−strain curves of nonporous PDMS (red), nonporous
PDMS with silica NPs, silicone oil and DBP (green), and porous
PDMS (blue) with 0−0 print pattern at 100% infill density.
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MPa) is slightly higher than nonporous PDMS (0.51 MPa)
due to the addition of silica NPs, while it is more than 65% less
than that of porous PDMS (2.44 MPa). The UTS of
nonporous PDMS with silica NPs, silicone oil, and DBP is

26% lower than the porous PDMS. As for the elongation at
break, nonporous PDMS with silica NPs, silicone oil, and DBP
is 5% larger than porous PDMS. Given the fact that they have
the same composition, the sample with internal pores is more

Figure 4. Printing dog-bone samples with different patterns for tensile testing. The dog-bone samples have dimensions of 17 mm × 64 mm × 0.8
mm. These print patterns are named according to the printing angle of the first and second layers, respectively: (a) 0−0, (b) 90−90, (c) 0−90, (d)
45−45, (e) 45−(−45), and (f) 90−45. (g) Printed porous PDMS dog-bone shape samples of 0−90 at 50, 75, and 100% infill density (from left to
right) after tensile testing.

Figure 5. (a) Young’s modulus values at 50, 75, and 100% infill densities with different print patterns reveal that samples with 75% infill density
exhibit the highest Young’s modulus on average. (b) Ultimate tensile strength values at 50, 75, and 100% infill densities with different print patterns
also show the highest values at 75% infill density. (c) Strain at break values at 50, 75, and 100% infill densities with different print patterns show an
increase from 50 to 75% infill density but no obvious trends between 75 and 100% infill density. (d) Stress−strain curves of porous PDMS and
nonporous PDMS with silica NPs, silicone oil, and DBP printed in a 90−90 print pattern with different infill densities.
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prone to crack propagation than the one without pores.35

Thus, porous PDMS exhibits a slightly smaller elongation at
break value. Similar to nonporous PDMS, the strain−stress
curve of nonporous PDMS with silica NPs, silicone oil, and
DBP also exhibits a linear behavior, indicating that the plastic
deformation observed in porous PDMS is solely determined by
the micron-sized pores in the PDMS matrix. This character-
ization proves the enhanced stiffness, ductility, toughness, and
strength of the porous PMDS samples.
Effect of the Print Pattern and Infill Density on

Mechanical Properties of Porous PDMS. It is reported that
print patterns have a noticeable influence on mechanical
properties of fabricated samples. Most previous reports have
been focused on different shapes of print patterns, such as
rectilinear, honeycomb, and concentric patterns,36−38 however
the angle of the printed layers with respect to the direction of
strain is often not taken into account. In addition to print
patterns, infill density is also an important point to note when
fabricating DIW objects since it determines the percentage of
volume that is filled with material. To study the effect of the
print pattern and infill density on mechanical properties of
printed samples, dog-bone shape porous PDMS samples were
printed with a certain infill density by varying print patterns
and tensile tested as shown in Figure 4a−f. All patterns were
printed with two layers and were named according to each
layer’s print orientation angle. An example of the dog-bone
samples with various infill densities after the tensile test is
shown in Figure 4g, with 0−90 printed at infill densities of 50,
75, and 100% from left to right.
During tensile testing, we observed that when the porous

PDMS ink was printed parallel to the direction of loading, the
sample was much stiffer than samples in which the ink was
printed perpendicular to the direction of loading. Such results
have been reported across previous studies as well.39−41

Among six different print patterns (Figure 4a−f), the 90−45
sample shows the highest Young’s modulus across all infill
densities (Figure 5a). This high overall stiffness could be due
to the 45° angle between printed layers. In all other samples,
the second layer was either printed parallel or perpendicular to
the first layer; however, the 90−45 has a 45° angle between
layers, which creates a higher contact (i.e., bonding) area than
print patterns that have 90° between the layers.42 The layer
oriented at 45° also allows for the dissipation of strain at the
bonding area while reinforcing the first 90° layer, meaning that
the printed line can withstand more strain before fracturing. In
contrast, a 0−90 sample has 0° relative orientation angle,
which does little to dissipate the stress on the 90° layer since it
is directly perpendicular to the direction of strain. Therefore,
the bonding between layers is easier to break compared to the
90−45 print pattern. In the 90−90 case, since the layers are
parallel to each other, there is no longer a transverse layer that
acts to dissipate the stress.
To demonstrate the effects of infill density on mechanical

properties of printed porous PDMS, Young’s modulus, UTS,
and elongation at break of each print pattern at infill densities
of 50, 75, and 100% were determined by tensile tests as shown
in Figure 5 (each point was tested by three replicas and the
averages were plotted). Figure 5a shows that Young’s modulus
increased 103% from an average of 2.18 MPa across six print
patterns to 4.42 MPa as infill density increased from 50 to
75%. However, further increase of infill density to 100%
decreased Young’s modulus 45% to 3.05 MPa (see Supporting
Information: Table S1). The increase in Young’s modulus from

50 to 75% infill density can be attributed to an increase in the
number of points of contact which allows for increased
bonding between layers.38 However, porous PDMS exhibits
decreasing in Young’s modulus from 75 to 100% infill density.
It implies that the increased 25% infill density of material
contributes not so much to decrease the voids between printed
lines (as can be seen in Figure 4g).43 We suspect that the
presence of micron-sized pores in the PDMS matrix could
become dominant in determining Young’s modulus at 100%
infill density, as it is known that Young’s modulus would be
exponentially decreased while the porosity increases.44 To
further verify our hypothesis, we prepared nonporous PDMS
with silica NPs, silicone oil, and DBP as a control to study the
micropores’ effect on the obvious trend found at 75 and 100%
infill density. The 90−90 print pattern was adopted as the
design for the control sample because it showcases the highest
value at 75% compared to 100% infill density across Young’s
modulus, UTS, and elongation at break. Interestingly, Young’s
modulus of nonporous PDMS with silica NPs, silicone oil, and
DBP with the 90−90 print pattern at 75 and 100% infill
density shows an opposite trend to porous PDMS, as it is
slightly higher at 100% than 75% infill density with values of
0.88 and 0.83 MPa, respectively (Table S2). The result of this
experiment indicates that highest Young’s modulus of porous
PDMS at 75% infill density can be attributable to the presence
of micron-sized pores inside. Notably, the porous PDMS
sample printed with 75% infill density shows the highest
Young’s modulus throughout all different print patterns. In
fact, this result could propose a new perspective to save
manufacturing time and materials since printed samples with
75% infill density have exhibited higher Young’s modulus than
100% infill density samples.
Similarly, as seen in Figure 5b, the highest UTS (0.637

MPa) is shown in samples printed at 75% infill density,
whereas 50 and 100% infill density samples exhibit 0.423 and
0.576 MPa, respectively (see Supporting Information: Table
S3). The same trend was found in nonporous PDMS with
silica NPs, silicone oil, and DBP with the 90−90 print pattern.
The UTS at 75 and 100% infill density is 0.34 and 0.28 MPa,
respectively, which indicates that the intrinsic material is
dominant in determining the UTS at 100% infill density.44

Figure 5d illustrates representative stress−strain curves of
porous PDMS and nonporous PDMS with silica NPs, silicone
oil, and DBP with a 90−90 print pattern for different infill
densities, which clearly shows the trend that porous PDMS
samples at 75% infill density yield the highest UTS and
Young’s modulus. On average, strain at break (Figure 5c) tends
to increase when infill density increased from 50 to 75%, while
slightly decreased from 75 to 100% infill density (see
Supporting Information: Table S4). However, note that we
could not observe obvious trends between elongation at break
and infill density within each print pattern. According to this
set of results, we could conclude that the mechanical properties
of printed porous PDMS can be tuned solely based on infill
density without changing the printing geometry or material
composition. Namely, the material exhibits the highest stiffness
and strength at 75% infill density, whereas infill density does
not have a strong correlation with the capability of a porous
material to sustain permanent deformation before fracture, as
represented by the elongation at break values. We note that the
tunable mechanical properties can be achieved by varying the
infill densities and print patterns, and it offers great potential to
applications that require the integration of different mechanical
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properties. Specifically, strength and stiffness can be locally
controlled by varying either infill density or the print pattern
(i.e., printing line angle or orientation), which not only greatly
enlarges the design space but also offers a means to fabricate
soft actuators and robots that encode different mechanical
properties within a device composed of a single material.

■ CONCLUSIONS
We have studied the relationship between different print
patterns and infill densities and their resulting mechanical
properties of printed porous PDMS. The addition of DBP,
silicone oil, and fumed silica NPs to the liquid PDMS
precursor in a simple mixing process effectively tunes the
rheological behavior to create a printable ink. Rheological
characterization has shown that the porous PDMS ink exhibits
shear thinning properties and a sufficient yield stress value of
200 Pa, which allows the material to be extruded via DIW and
support the stacking of layers to maintain 3D structures. After
printing and curing, the removal of DBP via immersion in
ethanol generates micron-sized pores (1−10 μm in diameter)
as examined by SEM imaging. We have shown that the
resulting porous PDMS possesses significantly improved
mechanical properties compared to nonporous PDMS, with a
378% increase in stiffness, 267% in strength, and 14% in
ductility. The sole effect of micron-sized pores inside porous
PDMS is further investigated and is found to contribute
significantly to the enhanced mechanical properties compared
to the addition of silica NPs. After comparing nonporous
PDMS, porous PDMS and nonporous PDMS with silica NPs,
silicone oil, and DBP samples, we have demonstrated the
effects of infill density and print pattern on the mechanical
properties of 3D-printed porous PDMS. Notably, tensile test
results of different print patterns across 50, 75, and 100% infill
densities showed that 75% infill density samples of porous
PDMS yield the highest stiffness and strength. Among the
different print patterns, the 90−45 samples exhibited the
highest Young’s modulus across 50, 75, and 100% infill
densities. The porous PDMS elastomer offers tunable
mechanical properties by varying infill densities and print
patterns without changing the material system. We suspect that
the findings in the work are highly applicable to the fields of
soft robotics and biomedical devices that require fabricating
complex structures and spatially integrating different mechan-
ical properties into a single device using 3D printing
techniques.
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