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ABSTRACT: Micro- and nanoscale surface topographies that
give rise to superhydrophobic surfaces have been achieved
mostly on 2-dimensional planar objects. Increasing interests in
superhydrophobic surfaces on consumer products, optics, and
biomedical devices demand topographic patterning on free-
form nonplanar surfaces via a high throughput manufacturing
process such as injection molding. However, successes in high-
resolution (submicrometer) injection molding have been
limited to flat and planar objects. A challenge associated with
achieving submicrometer surface resolution on a 3-dimensional
curved object lies in the control of the replication process in a
multiscale mold cavity and the nonuniform temperature and
pressure distribution over a macroscopically curved mold insert.
Here, a two-step simulation approach is employed to investigate the replication of polymer in the macroscopic and
submicrometer cavities. Both simulation and experimental data revealed the effects of holding pressure, mold temperature, and
macroscopic curvature on polymer filling percentage and replication uniformity over the entire curved surface. Injection-molded
PP with macroscopic curvature and submicrometer surface pattern has been achieved with a high yield and pattern uniformity
above 95%. The superhydrophobic property, specifically, spontaneous dewetting of water droplet on curved PP, was
demonstrated on anisotropic 300 nm grating and isotropic 250 nm pillar structures. The results presented here can be adopted
for development and rapid prototyping of 3-dimensional complex-shaped polymers with superhydrophobic surface topography.
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1. INTRODUCTION

Controlling surface wetting or nonwetting remains an
important material and product design parameter for a wide
range of applications. Examples of product performance
associated with surface wetting properties are antisweat in
devices such as hearing aids and goggles. Generally, wetting
properties of polymers are determined by the intrinsic surface
chemistry and the surface topography.1 Surface chemistry
determines the intrinsic wettability of the surface while
topography acts to enhance or reduce wettability resulting in
superhydrophobic,2 superhydrophobic,3 or superoleophobic
surfaces.4 The advancement of lithographic techniques has
spurred the research and development of interesting topo-
graphic designs that span the length scales from micrometer to
nanometer, many of which were bioinspired or biomimetic and
would have been difficult or not achievable by traditional
manufacturing techniques such as molding and surface
finishing. A plethora of topographical designs that show
enhanced antiwetting surface properties have been reported.5,6

Even though many real-life applications for antiwetting

surfaces extend beyond sheetlike objects, there have been
limited reports on the fabrication of antiwetting topographies
on geometrically complex, free-form 3-dimensional (3D)
objects. Wu et al.7 reported wettability switching induced by
curvature to control water droplet transport. Such control was
performed through the curvature adjustment achieved by
mechanical pressing onto the flexible microstructured polymer
film. Kizilkan et al.8 reported surface adhesion property change
as a function of curvature by bending a microstructured film.
Still, the above studies utilized conventional two-dimensional
(2D) lithography process to pattern the surface of polymer film
and employed continuous application of external stimuli (e.g.,
mechanical pressing and bending) to maintain a given film
distortion/curvature. The main challenge in direct patterning
of high-resolution topography onto free-form 3D object lies on
one hand the form factor limitation of lithographic techniques

Received: April 3, 2019
Accepted: May 24, 2019
Published: May 24, 2019

Article

pubs.acs.org/acsapmCite This: ACS Appl. Polym. Mater. 2019, 1, 1547−1558

© 2019 American Chemical Society 1547 DOI: 10.1021/acsapm.9b00312
ACS Appl. Polym. Mater. 2019, 1, 1547−1558

D
ow

nl
oa

de
d 

vi
a 

SH
A

N
G

H
A

I 
JI

A
O

 T
O

N
G

 U
N

IV
 o

n 
O

ct
ob

er
 2

1,
 2

01
9 

at
 0

1:
12

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/acsapm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.9b00312
http://dx.doi.org/10.1021/acsapm.9b00312


and on the other hand the surface resolution limit of traditional
object forming techniques.
Among the traditional object forming techniques, injection

molding is ubiquitous for manufacturing of free-form 3D
products. Today, the resolution of injection molding has been
established in the micrometer scale, known as microinjection
molding. Microinjection molding produces parts with struc-
tural dimensions in micrometers or submicrometers.9 How-
ever, a broader definition of microinjection mold includes
molded parts smaller than 1 mm or large molded part
consisting of surface feature smaller than 200 μm.10 Beyond
submicrometer resolution, injection molding of compact disc
(CD) and digital video disk (DVD) with feature dimensions
ranging from 100 to 500 nm has been achieved.11−13

Injection molding of thermoplastic polymers with feature
spanning millimeter to submicrometer length scale presents
new challenges for polymer filling predictions, which are
further complicated by nonplanar geometries. A high surface-
to-volume ratio in the submicrometer and nanometer features
causes high thermal diffusion rate in polymer melt, results in
premature solidification of polymer melt, and prevents the
complete filling in micro-/nanocavities. Process improvement
and optimization via the implementation of variotherm mold
heating systems,14−16 heat transfer retardation,17,18 cavity
vacuum pumping systems,19,20 and antistick coatings13,21

have been demonstrated to achieve micrometer surface
patterns, with a few successes in nanometer surface patterns
in a variety of injection-molded polymer sheets. These
approaches have been successful in pushing the resolution
limit of injection molding primarily through reducing
premature solidification, entrapped air, and interfacial effects.
Summaries of these approaches can be found in the Supporting
Information (Table S1).
Publications on injection molding of superhydrophobic

surface topography are mostly limited to flat objects22−24 and
one recent work on hierarchical microstructure on curvature.25

Nevertheless, there is a dearth of studies about topographic
patterning on curved surfaces via injection molding due to the
lack of robust and efficient design tools to optimize the process
parameters to achieve high-resolution nano-/micropatterns on
curved surfaces. Commercial software tools, such as Moldflow
and Moldex3D, have been widely used for simulation of
polymer flow in injection molding. However, these simulation
tools are developed based on macroscopic dimensions.26 In the
research field of nanoimprinting, simulation of high-resolution
polymer in asymmetrical cavities has been reported.27

Nevertheless, the replication mechanisms between injection
molding and nanoimprinting are substantially different. In the

injection-molding process, molten polymer is injected into the
mold and then transitions into rubbery and glassy states upon
cooling, whereas in nanoimprinting of thermoplastics a
polymer at room temperature is heated to the rubbery state
while in contact with a planar mold (typical nanoimprinting
temperature is 30−50 deg higher than the glass transition
temperature). Furthermore, in the nanoimprinting process, the
temperature and pressure uniformity are well-maintained
(achieved through special hardware design and software
control), while in injection molding, polymer in the cavities
experiences a large temperature change, from the considerably
high melting temperature to the rubbery and cooling
temperature. The effects of large temperature gradient and
nonuniform pressure in the injection-molding process can be
amplified in multiscale mold cavities. To simulate the
injection-molding processes that replicate nano-/microscale
patterns on curved surfaces requires a large number of meshes
and elements and also multiscale mesh grading to represent the
features in both nano-/microscales and macroscales, which
makes the simulations of these multiscale injection-molding
processes computationally unaffordable. In this work, we
report a multiscale modeling approach to simulate the
injection-molding processes to achieve submicrometer surface
texture on curved polymeric objects. The injection-molded
surface topography on macroscopically curved objects was
subsequently investigated for surface superhydrophobicity and
antiwetting performance.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Nonplanar Mold Inserts with Submi-

crometer Surface Pattern. A reported hybrid process of 3D
printing and nanoimprinting was employed to fabricate polymer-
based nonplanar mold inserts with high-resolution surface patterns.28

The design rationale for mold inserts is described in the Supporting
Information. The mold inserts with molding surface upward were
printed using a “Digital ABS” mixture of RGD515 and RGD535
photocurable resin (purchased from Stratasys), using a multimaterial
PolyJet 3D printer (Stratasys J750). Print lines were along the
direction of injection flow path. Curved 3D-printed objects
subsequently went through a two-step thermal imprint process
(Figure 1). In the first step (i.e., surface smoothening), an optical
grade polycarbonate (PC) film (from Innox, Japan) was sandwiched
between the geometrically matched concave and convex substrates; a
“blank imprinting” was performed at 20 bar and 100 °C for 5 min. All
imprinting processes were performed by using a Nanonex NX-2006)
(Figure 1a). In the second step (i.e., surface patterning on mold
inserts), an ethylene tetrafluoroethylene (ETFE) sheet, Fluon (Asahi
Glass Co.), with thickness of 100 ± 10 μm was used as a flexible
mold. The ETFE flexible mold was imprinted with patterned Si mold
(uniform grating: width = 300 nm, pitch = 600 nm, height = 300 nm)

Figure 1. Schematic diagram (not to scale) showing the steps for thermal imprinting on nonplanar polymer substrates. (a) “Blank imprinting” with
a nonpatterned polycarbonate film to smoothen the convex and the concave substrates. (b) Thermally imprinting the curved surface with a
patterned ETFE. (c) A nanoimprinted curved substrate to be used as the patterned mold insert for injection molding.
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and served as a soft mold for imprinting on the curved substrates (see
Figure 1b). The imprinted curved substrate would be used as the
mold insert (Figure 1c) for subsequent injection-molding experiments
and will be referred as the imprinted mold insert. The imprinted mold
insert was then coated with a layer of Au−Pd (∼8 nm) by using a
JEOL JFC-1200 coater (plasma current: 30 mA; exposure time: 35 s).
Subsequently, an antiadhesion coating, 1H,1H,2H,2H-perfluorodecyl-
trichlorosilane (FDTS), was added using a Nanonex silane coater.
The high-aspect-ratio pillar structure was fabricated by using a

commercially available anodized aluminum oxide (AAO, Shangmu
Tech.). The AAO template is an 80 μm thick sheet with hexagonally
arranged pores 200−300 nm in width, 2 ± 0.5 μm in depth, and 400−
450 nm interpore distance. AAO templates were first treated with
FDTS at 120 °C for 2 h. The digital ABS was put through an
annealing process to strengthen the mold insert and increase its heat
deflection temperature (HDT) from 60 to 95 °C. Subsequently, the
silanized AAO sheet was mechanically pressed onto the digital ABS
curved surface to maintain a given curvature.
2.2. Injection Molding of Curved Objects with Submicrom-

eter Surface Texture. The injection-molding process was
performed by using the Babyplast 6/10P microinjection-molding
machine, and the material was polypropylene (PP, Cosmoplene
AX161). PP was conditioned in an oven at 80 °C for 6 h before
injection molding. The patterned mold insert was inserted at the
center of the steel mold base, and the photographs of inserts used for
the injection molding of grating and pillar structures are shown in
Figure S1. Representative images of a nanoimprinted curved mold
insert (R = 28.6 mm) in Digital ABS are shown in Figure S2.
Injection-molding experiments were conducted at a constant flow rate
of 6.157 cm3 s−1, resulting in a filling time of about 0.4 s and a holding
time of 10 s. The formation of knit lines was avoided by setting the
melt temperature to 210 °C. The injection pressure was 20 MPa. For
each set of parameters, 15 shots were conducted, but only the last
three shots were used for subsequent characterization.
2.3. SEM Imaging. A JEOL field emission scanning electron

microscope (SEM), JSM 6700F, was used for all SEM imaging
characterization. All samples were coated with Au−Pd using the same
conditions as described in section 2.1. Pattern geometry measure-
ments were performed using ImageJ software.
2.4. Simulation. A multiscale simulation method was developed

to model bulk polymer melt flow and submicrometer scale filling in
the injection-molding process. The macroscale flow properties (i.e.,
time- and location-dependent cavity pressure and polymer surface
temperature) for filling and packing (holding) stages were analyzed by
using the commercial software Moldflow. In Moldflow, a three-noded
triangular element was employed for meshing the parts. Different
geometries (flat and curved) used for the simulation are shown in
Figure S3a. The macroscale filling was simulated without the
submicrometer cavities. The analysis sequence was modeled as fill
and pack. Thermoplastics injection-molding solver parameters (dual

domain) were used. The material properties of molding polymer (PP)
are adopted from the software material library, whereby melt density,
solid density, and Poisson’s ratio are 0.80 g/cm3, 1.01 g/cm3, and
0.392, respectively. The viscosity of PP as a function of shear rate and
temperature is shown in Figure S3b. The melt temperature was set as
210 °C. The filling, holding, and cooling time (100 s) for the
simulations in Moldflow were set as the same as those in the
experiments. The flow was modeled in 3D meshes using Navier−
Stokes equations for non-Newtonian viscosity. The viscoelastic effects
were considered in the simulation. The density is not constant at high
pressure, which can be seen from the volumetric shrinkage change in
Figure S3c. The pressure and temperature for a particular node were
obtained through simulation as a function of time. The average
pressure during the holding stage was calculated by integrating the
pressure with time and then dividing it by the time taken for the
holding pressure to drop to zero. The corresponding average
temperature was also obtained by using the same method. A
microscale analytical model was constructed to investigate the filling
of submicrometer cavities by the deformation of a frozen zone during
the packing stage. The local submicrometer cavity filling behavior was
simulated by taking the results of macroscale flow (cavity pressure and
surface temperature) obtained from Moldflow as the boundary
conditions in the inlet of submicrometer cavity.

2.5. Water Contact Angle and Sliding Angle Measurements.
Static water contact angle (CA) measurement was performed by using
a Kino SL200 KS goniometer. The static water contact angle was
obtained by using 20 μL of deionized water droplet. For measurement
on curved patterned surface, a water droplet was deposited at the apex
of a curved surface such that the droplet is symmetrically centered.
CA values were measured by using the integrated goniometer
software. The sliding angle (SA) was measured at the onset of water
droplet (20 μL) rolling off when the sample is tilted.

3. RESULTS AND DISCUSSION

3.1. A Modified Model for Multiscale Simulation of
Submicrometer Structure Replication. Polymer filling in
submicrometer cavities was simulated by obtaining macroscale
flow values of cavity pressure and polymer surface temperature
from Moldflow for the inlet boundary of the submicrometer
cavity. Two assumptions were made: (i) The density and
viscosity of the molten polymer were set as constant because
changes to bulk density and viscosity are only a concern when
the cavity dimension falls below 100 nm.29,30 (ii) There is
minimal spatial variation over the inlet boundary of
submicrometer cavities; hence, pressure and temperature
were set as constant. Therefore, only temporal variations are
considered at the cavity boundary.

Figure 2. (a) Schematic showing melt flow during filling stage, in which the molten polymer fills the macroscopic cavity while the melt flow
stagnates at the entrance of submicrometer cavities. (b) Schematic representation (not to scale) of the filling into submicrometer cavity during
packing stage based on a frozen layer deformation model. The blue and orange colors indicate the frozen layer and the melt, respectively.
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The polymer flow into the multiscale mold cavity is divided
into two stages: the filling and packing (holding) stage. In the
filling stage, the polymer melt fills the macroscopic cavity
where the resistance to the flow front is low (Figure 2a). When
polymer melt reaches the submicrometer cavities on the mold,
the melt front rapidly cools, and the melt flow almost stagnates
at the opening of the submicrometer cavities. Polymer filling
into the submicrometer cavities can be described by a known
pressure-driven flow (in the Supporting Information), which
takes into consideration the capillary pressure of the polymer
melt, polymer melt viscosity, and air pressure and predicts that
polymer melt can fill only a very short distance (∼2 nm) in the
submicrometer cavities. Hence, the filling of polymer in the
submicrometer cavity occurs mainly during the packing stage
(Figure 2b). The packing stage occurs when the molten
polymer front reaches the submicrometer cavities, at which
point substantial temperature reduction occurs, and the
polymer transitions into a rubbery phase; an analytical model
was constructed to simulate rubbery deformation of the
polymer under the relevant temperature and pressure. The
nomenclature of parameters and their values used in the
analytical model are listed in Table 1.
We adopted Yoshii’s replication model40 to simulate

deformation of a frozen layer as the mechanism of polymer
filling in micro- and nanometer cavities. In keeping with the
original convention, the packing depth is termed the filling
depth, d, and is expressed by a simple beam bending model
(Figure 2b) through eq 1:

=d
Ph
EH32

4

3 (1)

where P is cavity pressure simulated from Moldflow, h is
feature wall thickness, E is Young’s modulus of injected
polymer, and H is thickness of frozen layer. As the length scale
of the mold cavity decreases, entrapped air pressure, rapid
solidification at the cavity wall, and surface tension would
become more pronounced, reducing the effective pressure at
the entrance of micro-/nanocavity. Hence, the filling distance
in the submicrometer cavity during the packing stage in eq 1
was modified to include the parameters of capillary pressure
and entrapped air pressure:

=
− −

d
P P P h

EH

( )

32
capillary air

4

3 (2)

where Pcapillary is the capillary pressure induced by surface
tension and Pair is the entrapped air pressure inside of the
cavity.41 Pcapillary can be calculated by

γ= − ϑ
P

h
2 cos

capillary (3)

where γ is surface tension of polymer melt and ϑ is the
dynamic contact angle between polymer melts and the mold.
In our work, Pcapillary was calculated to be ∼0.066 MPa, which is
3 orders of magnitude smaller than cavity pressure (several
tens of megapascals). Although the contribution of capillary
pressure induced by surface tension is negligible in the
dimension of several hundreds of nanometers (200−300 nm in
this case), it is expected to be a significant factor when the
cavity dimension is smaller than 100 nm.
The entrapped air pressure is determined by an ideal gas

volumetric behavior:42

=P P
V
V

y

air 1
1

2

i
k
jjjjj

y
{
zzzzz (4)

where P1 and V1 are the initial pressure and volume and V2 is
the current volume. A schematic of the cross-sectional
geometry of the filling of 300 nm grating can be found in
Figure S4, with further explanation on the calculations of
unfilled space (V2) and polymer filling percentage based on
simulated filling depths (d) and the extent of corner filling.
The frozen layer thickness during the molding process was

determined via the following equation:

λ α=H t2 s (5)

where λ was obtained by solving eqs 6−8, αs is the thermal
diffusivity of the solid, and t is the time. λ in eq 5 is the
solution of the equation43,44

Table 1. Parameters Used in the Analytical Model

parameter description units value

known parameters

h feature wall thick-
ness

nm 300 nm for grating; 250 nm for
pillars

E Young’s modulus MPa 105 and 72 MPa at 130 and 150
°C, respectively31,32

αs thermal diffusivity
of solid polymer

m2 s−1 7.07 × 10−7 33

αl thermal diffusivity
of polymer melt

m2 s−1 5.53 × 10−7 34

Cl heat capacity of
liquid phase

J g−1 °C−1 2.1535

Cs heat capacity of
solid phase

J g−1 °C−1 1.9235

Hf latent heat of fu-
sion

J g−1 18436

Tl temperature of
liquid phase

°C 210

Tm melting tempera-
ture

°C 160

γ surface tension of
polymer melt

mN m−1 2037

ϑ contact angle be-
tween polymer
melt and mold
wall

deg 120°38

P1 initial air pressure MPa 0.05 MPa for the grating that is
aligned with the flow direc-
tion;39 0.1 MPa for pillars

y constant for a dia-
tomic gas

1.4

V1 initial space nm2 90000 nm2 for grating; 500000
nm2 for pillars

parameters determined by Moldflow

P pressure at the en-
trance of micro-/
nanocavity

MPa results are discussed in the main
text

Ts temperature of
solid phase

°C

parameters determined by the analytical model

d filling depth during
the packing stage

nm

H thickness of frozen
layer

nm

Pcapillary capillary pressure MPa

Pair entrapped air pres-
sure

MPa

t time s
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λ λ
α

α α λ α λ α α
λ π− =

St St

exp( ) erf( ) exp( / ) erfc( / )
l s s

l l s l s
2 2

(6)

where

=
−

St
C T T

H
( )

l
l l m

f (7)

=
−

St
C T T

H
( )

s
s m s

f (8)

Here, erf and erfc are the error function and complementary
error function, respectively, and αl is the thermal diffusivity of
the liquid. Cl and Cs are the heat capacities of the liquid and
solid, respectively. Hf is the latent heat of fusion. Tl, Tm, and Ts
are the temperatures of liquid phase, melting point, and solid,
respectively.
To validate the proposed multiscale modeling approach, two

types of surface structures, anisotropic grating and high-aspect-
ratio isotropic pillars of submicrometer scale, were investigated
for injection molding of PP. The filling depth (or grating
height) can be directly measured from the SEM images of
cross-sectional view of grating structure, and the experimen-
tally measured filling depths were compared with the simulated
filling depths. From Figure 3a, both the simulation and
experimental results show the same trend of filling depth for
grating at the center of the semicylindrical surface as a function
of holding pressure for various mold temperatures. Filling

depth of grating at the center of the semicylindrical convex
surface (R = 28.6 mm) increases when the mold temperature
and holding pressure increase (Figure 3a). The SEM images of
the injection-molded grating structure, which were created at
various mold temperatures and holding pressures (points A to
C in Figure 3a), are shown in Figure 3b. When injection
molded at Tmold = 25 °C and Pholding = 10 MPa, the grating
height was measured to be 208 ± 11 nm, lower than then the
corresponding grating depth in the mold and the top of the
grating was rounded (Figure 3b(i)); these features indicate
incomplete filling. Further increase in the holding pressure to
25 MPa improved the filling depth of the grating although the
filling depth is still 15% shorter than the mold dimension
(Figure 3b(ii)). Maintaining the holding pressure at 25 MPa
and now increasing the mold temperature to 40 °C resulted in
the highest pattern fidelity (>95% of the mold dimension) as
characterized by grating height, width, and shape. As shown in
Figure 3b(iii), the squarish shape observed on the tops of the
300 nm grating indicates complete filling with average grating
height of 287 nm and width of 294 nm at the center (position
1) and side (position 2). In contrast to nonpatterned surfaces,
the entire surface-patterned convex surface presents iridescent
color, indicating nearly 100% pattern transfer. It is noteworthy
that at a mold temperature of 40 °C the optimal holding
pressure was determined to be 25 MPa; further increase in the
holding pressure (e.g., 30 and 35 MPa) is not recommended
due to an increase molded-in stress caused by overpacking of
the rubbery polymer.45,46

Figure 3. (a) Filling distances of grating structure at the center of the semicylindrical convex surface (R = 28.6 mm) as a function of holding
pressure and mold temperatures. The simulation results are expressed in solid curves while the experimental data are shown in symbols. (b) SEM
images of top and cross-sectional views of injection-molded grating structure fabricated by different process parameters as indicated in (a) (i.e.,
points A−C). Photographs of the injection-molded parts (R = 28.6 mm) uncoated and coated with Au−Pd are shown in (iii). (c) Schematic
representations (not to scale) of the filling of 300 nm grating (i) without corner filling and (ii) with corner filling during the packing stage based on
a frozen layer deformation model. The blue and orange colors indicate the frozen layer and the melt, respectively.
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Unlike the injection molding of micro-/nanostructures using
nickel- or silicon-based mold inserts, which were typically
conducted at Tmold > 100 °C and Pholding > 70 MPa,12,15,20

relatively low range values for Tmold (below 50 °C) and Pholding
(10−40 MPa) were used for injection molding in the current
work. Mold inserts made of Digital ABS would undergo
deformation when the mold temperature is above its Tg, which
is 50 °C. An overly high holding pressure risks physical damage
to the mold insert. Similarly, the same process parameters
(Tmold = 40 °C and Pholding = 25 MPa) successfully replicated
300 nm grating on a semicylindrical part with a higher degree
of curvature (Figure S5).
Schematic representations of the cross-sectional geometry of

the filling of 300 nm grating without and with corner filling are
illustrated in Figure 3c. At a filling depth of 300 nm, filling into
the submicrometer cavity corners would be impeded (Figure
3c(i)) if the entrapped air pressure is comparable to the cavity
local pressure during the packing stage. On the other hand, the
submicrometer cavity corners can be filled by the effect of
cavity pressure (Figure 3c(ii)) when the local pressure
sufficiently counteracts the entrapped air pressure. There
have been several studies reporting on the implementation of
cavity vacuum pumping systems to improve polymer filling in
injection molding of micro- and nanometer patterns.19,20 In
those studies, a continuous vacuum was applied in the mold
cavity and the runner to remove gases or trapped air during
injection molding. Although no cavity vacuum pumping system
was used in the present work, the grating structure on the mold
insert was aligned with the flow direction, which allows trapped
air to escape with the flow during filling.15,47 In our study, the
grating lines on the mold insert were imprinted perpendicular
to the curvature so that polymer melt flow direction is aligned

with the grating during injection molding. In this study, the
effective cavity pressure of a few tens of MPa is high enough to
counteract entrapped air pressure, promoting filling into the
submicrometer cavity corners (see Figure S6). Additionally,
the thickness of the frozen layer decreased when the mold wall
temperature was increased to 40 °C. The thicknesses of the
frozen layer were calculated to be 66, 55, and 48 nm for Tmold =
25, 35, and 40 °C, respectively. Because the frozen layer
thicknesses are much smaller than the grating width (300 nm),
it can be deformed to fill into the cavity corners under the
packing pressure.
The developed simulation model was extended to model the

filling depths inside AAO porous structure (250 nm wide and 2
μm deep) as a function of mold temperature. The simulated
filling distance (pillar height) at the center of the semi-
cylindrical convex mold insert (R = 10.9 mm) is shown in
Figure 4a (solid curve) as a function of mold temperature and
constant holding pressure of 40 MPa. The simulation results
fall within the range of experimental filling depths, where the
filling depth (pillar height) increases with mold temperature.
Figure 4b shows the SEM images of injection-molded pillars
(aspect ratio of ∼3) processed at a mold temperature of 50 °C.
The molded pillars were not perfectly cylindrical but with
conical tips, and the pillar height was 700−800 nm, indicating
incomplete pore filling. Based on the simulation results,
complete filling (filling depth of 1.5 μm) can be achieved at
mold temperature above 100 °C. Because the thermally treated
digital ABS can only withstand the mold temperature up to 50
°C, the use of other mold insert material with increased
thermomechanical stability will be needed for achieving higher
aspect ratio (>3) nanostructures.

Figure 4. (a) Filling distances of pillar structure at the center of the semicylindrical convex surface (R = 10.9 mm) as a function of mold
temperature at a constant holding pressure of 40 MPa. The simulation results are expressed in solid curves while the experimental results are shown
in symbols. (b) SEM images of top and cross-sectional views of nanopillar structure on the semicylindrical PP with curvature (R = 10.9 mm).
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3.1.1. Replication Uniformity of Submicrometer Texture
Over Entire Curved Surface. Polymer melt filling and cooling
processes in injection molding are space and time dependent.48

Melt pressure and temperature variations were not a major
concern in most previous studies12,13,15,47 due to the use of
very small mold (<1 cm2 in patterned area). In this study, the
surface patterned mold insert has patterned area = 2.28 cm2;
we further investigated the cavity pressure at various locations
on the patterned area. The cavity pressures at various locations
on the curved surface (semicylindrical convex, R = 28.6 mm,
patterned area = 2.28 cm2) were simulated as a function of
holding pressure at a constant mold temperature of 40 °C
(Figure 5a). Cavity pressure is termed the pressure at the
entrance of the submicrometer cavity. It is shown that during
the packing stage the cavity pressure across the curved surface
increases with holding pressure, but at a lower value than the
applied holding pressure due to a pressure drop from the
sprue. Furthermore, the cavity pressure is higher near the gate
but reduces a distance further from the gate. Injected polymer
temperatures at various surface locations were also simulated

as a function of mold temperature, as shown in Figure 5b.
Increasing the mold temperature to 40 °C results in a higher
and more uniform temperature over the curved surface with a
standard deviation of 1.5 °C. In comparison, a wider polymer
temperature distribution with standard deviation of 5 °C was
determined for a relatively low mold temperature at 25 °C.
Filling percentages at various locations on the curved surface

(semicylindrical convex, R = 28.6 mm) were subsequently
simulated to examine the uniformity of the molded grating
structure processed at different mold temperatures and holding
pressures (Figure 5c). Polymer filling percentage was
calculated based on the cross-sectional geometry of 300 nm
grating (Figure S4), simulated filling depths (d) and the extent
of corner filling. The simulation shows a decrease in filling
percentage from the near gate to the far end of the main cavity
for all the mold temperatures and holding pressures
investigated. Furthermore, it is found that increasing mold
temperature to 40 °C and holding pressure to 25−35 MPa can
improve the uniformity of filling with a standard deviation of
0.7% (Figure 5c). A sufficiently high cavity pressure (at least 10

Figure 5. (a) Cavity pressure at various locations on the curved surface (semicylindrical convex, R = 28.6 mm) as a function of holding pressure at
a constant mold temperature of 40 °C. (b) Polymer temperatures at various surface locations as a function of mold temperature. (c) Simulated
filling percentages of grating structure at various locations on the curved surface (semicylindrical convex, R = 28.6 mm) processed by different mold
temperatures and holding pressures. Optimal process parameters (Tmold = 40 °C and 25 MPa ≤ Pholding ≤ 35 MPa) improve the filling percentage
and uniformity over the surface. The lines that connect the data points were added to provide a visual guide.
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MPa shown in Figure 5a) provided by holding pressures of
25−35 MPa and a narrow temperature distribution for Tmold =
40 °C (Figure 5b) are the main factors that contribute to a
highly uniform filling.
3.1.2. Effects of Macroscopic Curvature on Replication

Fidelity. In addition to the above finding on pressure variation
across an array submicrometer mold cavities, pressure variation
in injection molding is also affected by the overall geometry in
the mold cavity, especially if there is thickness variation in the
geometry.16 To investigate the effect of macroscopic curvature
on the pressure variation across mold insert/cavities, all
designs investigated have a constant thickness of 4 mm. The
simulation results of cavity pressure at the center of the surface
during molding of parts with various radii of curvature
(semicylindrical and flat) at a mold temperature (40 °C) are
shown in Figure 6a as a function of holding pressure. The

cavity pressure was estimated to decrease with increasing
degree of curvature. This result could be explained by a more
substantial pressure drop with increasing degree of curvature,
at which the apex of convex molded part is further away from
the gate, leading to a higher resistance to packing flow.
As the injected polymer begins to cool and harden within

the mold, not all regions cool at the same rate, especially for
parts with changing thickness. In this work, part walls were

made uniform in thickness throughout the entire flat and
curved surfaces (R = 28.6 mm and 10.9 mm) to minimize
uneven cooling of the injected polymer at various locations.
Polymer temperatures at the center of the surface were
therefore determined to be similar for the flat and various
curved geometries.
The simulated filling percentages of grating structure at the

center of the surface for various curvatures are shown in Figure
6b. At a mold temperature of 40 °C, the flat surface exhibits
higher filling percentage compared to curved samples due to
higher cavity pressure. Nevertheless, with holding pressures
above a critical value of 25 MPa, the two curved samples
investigated (R = 28.6 and 10.9 mm) exhibit nearly complete
filling. Although not investigated in this study, cavity pressure
is expected to reduce with increasing degree of curvature and
higher mold temperature, holding pressure and injection speed
may be needed to achieve full pattern replication.
In addition to the extent of filling, demolding is another key

factor that governs replication fidelity of the injection-molded
parts. FDTS coating on the mold inserts was used to reduce
polymer stiction and preserve structure during demolding
process. The grating and pillar structures with aspect ratio
ranging from 1 to 3 on the convex surfaces (R = 28.6 and 10.9
mm) reported in this work were preserved after demolding.
However, at higher aspect ratio and degree of curvature than
the ones investigated here, other strategies may be needed such
as the introduction of draft angle to the side walls of
nanofeatures, use of highly rubbery or elastomeric polymer,
and modular mold designed for easy demolding. The
simulation model developed here can be extended to
investigate other more complicated geometries.

3.2. Characterization of Antiwetting on Curved
Surface with Submicrometer Structure. Grating or tilted
pillar structures have been effective in introducing anisotropic
wetting behavior on planar surfaces.49,50 The synergy of
macroscopic curvature with submicrometer surface structure
for wettability tuning is further demonstrated in this work.
Wettability of nonpatterned curved surface, as measured by
water contact angle, was first investigated as a control study. In
Figure 7a, the intrinsic contact angle (CA) on a nonpatterned,
flat (degree of curvature, 1/R = 0) PP substrate was measured
to be 92 ± 1° (mean ± s.d.). On the surface of a
semicylindrical object, the curvature is zero along the length
of the cylindrical surface. The semicylindrical PP investigated
here presents an anisotropic curvature, which results in
anisotropic wetting, whereby a substantially different CA is
observed at viewing directions orthogonal to each other. In this
study, θy and θx on curved samples are defined as the static CA
measured in the direction along the curvature and
perpendicular to the curvature, respectively. In the case of
semicylindrical convex parts, the higher the degree of
curvature, the larger the difference between the two water
contact angle, Δθ = θy − θx, will be and, hence, the larger the
degree of anisotropic wetting.
The 300 nm grating imparts an anisotropic effect to the

wetting characteristic with Δθ = 28° for the patterned flat
surface, as shown Figure 7b. On curved surfaces, the degree of
anisotropic wetting was amplified with introduction of the 300
nm grating structure for a given curvature. For instance, at
degree of curvature of 0.09 mm−1, Δθ of the patterned surface
was found to be 35°, which is higher than that of nonpatterned
surface (21°). The observed increase in apparent CA and a
higher degree of anisotropic wetting on the curved surfaces

Figure 6. (a) Cavity pressure at the center of the surface with various
curvatures (semicylindrical and flat parts) as a function of holding
pressure at a constant mold temperature of 40 °C. (b) Simulated
filling percentages of grating structure at the center of the surface with
various curvatures (semicylindrical and flat parts) as a function of
holding pressure at a constant mold temperature of 40 °C. With
holding pressures above a critical value of 25 MPa (shaded area), the
surface curvatures investigated exhibit a nearly complete filling. The
lines that connect the data points were added to provide a visual
guide.
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with 300 nm grating structure mean that resistance to water
flow resistance is reduced. Resistance to flow can be
characterized by the sliding angle (SA) which is defined as
the tilt angle when the water droplet starts to roll off a surface.
Figure 7c shows the SAs of the surface as a function of surface
texture and curvature. The volume of water droplet was 20 μL
for all experiments. For the nonpatterned, flat PP sample, the
SA was the highest, 52 ± 3°, among all samples tested. When
increasing the degree of curvature of a nonpatterned surface,
the droplet began to roll off at lower SAs of 44 ± 2° and 34 ±

2° on the surfaces with degree of curvature 0.03 and 0.09
mm−1, respectively. For a given surface curvature, 300 nm
grating surface shows a lower SA compared to nonpatterned
curved surface. For example, at a degree of curvature of 0.09
mm−1, the combination of anisotropic grating and curvature
further reduced the SA to 26 ± 3° compared to SA= 34 ± 2°
on nonpatterned surface. Water droplet on a curved surface
with highly anisotropic solid−liquid contact reduces the energy
barrier to roll off along the grating direction, leading to a lower
SA. Orthogonal to the grating direction, the droplet was

Figure 7. (a) Water contact angles on nonpatterned surfaces with various degree of curvature. Schematic depiction of the intrinsic CA (θi) and
apparent CA (θy) for a liquid drop resting on top of a solid curved surface is shown in the inset on bottom right. (b) Water contact angles on 300
nm grating patterned surfaces with various degree of curvature. (c) Sliding angles on nonpatterned surfaces and 300 nm grating patterned surfaces
with various degree of curvature.
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pinned to the surface and started to slide off only at ∼80° and
when the droplet volume was doubled to 40 μL. The 300 nm
grating structure on a curved surface was thus demonstrated to
allow for anisotropic flow compared to nonpatterned surface.
The isotropic high-aspect-ratio pillar structure (∼250 nm

wide, aspect ratio ∼3) on a curved object (R = 10.9 mm) was
used to demonstrate antiwetting performance. The large water
wetting contrast between the nonpatterned and high-aspect-
ratio pillar-structured surfaces (R = 10.9 mm) is demonstrated
in Figure 8a,b. On a nonpatterned surface, a water droplet of

20 μL pinned on the apex of the surface (Figure 8a);
conversely, a water droplet rolled off the curved PP whose
surface is covered with an array of the 250 nm pillar (Figure
8b). Incorporating the high-aspect-ratio pillar structure formed
composite surface between the water droplet and nanostruc-
ture, increasing the apparent CA, θy, to 147 ± 1.5° and
reducing the SA to 13 ± 2° (Figure 8c).
Although not investigated in this study, the robustness of the

wetting effect is to a great extent dependent on the mechanical
stability of the surface pattern. Generally, high-aspect-ratio
micro- and nanoscale pattern such as high-aspect-ratio pillars
are more susceptible to damage compared to a low high-

aspect-ratio pattern like the grating structure reported in this
work. The robustness of the micro- and nanoscale surface
pattern can also be enhanced through the use of a polymer
with a higher surface hardness and/or by incorporating a
protective pattern.23

4. CONCLUSIONS

The injection-molding process simulation for multiscale
cavities filling was established by the combined Moldflow
and pressure-driven deformation modeling. The results showed
that the pressure changes during polymer melt filling and the
frozen layer deformation during packing greatly influence the
degree of filling and the uniformity of submicrometer surface
pattern over the macroscopic curvature. For the production of
nonplanar PP with 300 nm grating texture, the optimum
holding pressure and mold temperature were verified by the
experimental results. Nearly 100% yield and pattern fidelity
>95% have been achieved over a 2.5 cm2 semicylindrical PP
with surface curvature ranges from 10.9 to 28.6 mm.
Furthermore, high-aspect-ratio 250 nm pillars (aspect ratio
∼3) on a curved PP were replicated by an AAO mold insert.
Simulation also showed that an increase of mold temperature
up to 150 °C is necessary for achieving aspect ratio of ∼7 for
250 nm pillars. We further reported the combinatorial effects
of surface texture and curvature to achieve anisotropic flow and
antiwetting effects. Spontaneous dewetting on injection-
molded PP has been demonstrated through the synergy of
macroscopic curvature and submicrometer surface texture;
surface wetting properties can be tuned by simultaneous
optimization of macroscopic curvature and high-resolution
surface patterns. Because injection molding is a ubiquitous
mass production process, achieving the above in injection-
molded polymers means that many future products with the
desired surface wetting properties can be obtained through
geometries and surface texture design optimizations.
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Figure 8. (a) Water droplet pins on the apex of the nonpatterned
curved surface (R = 10.9 mm), where the droplet is dropped on. (b)
Water droplet rolls off quickly the nanostructured (250 nm pillars
with aspect ratio 3) curved surface (R = 10.9 mm). The time
sequence is shown in the top left corners of the images. (c) Static
contact angles and sliding angles on nonpatterned and nanostructured
(250 nm pillars with aspect ratio 3) surfaces (R = 10.9 mm). The
contact angles were measured in the direction along the curvature
(CAy) and without curvature (CAx).
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