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developing multifunctional surfaces with 
unique capabilities, including superhydro-
phobicity,[1,2] self-cleaning,[3,4] anti-icing,[3,5] 
anti-biofoulin,[6,7] biological sensors,[6] and 
radiative cooling.[6,8] For example, Namib 
Desert beetles use the superhydrophobic–
superhydrophilic micropatterned skin to 
harvest water from fog.[12–14] Plants such 
as lotus utilize microstructures on leaves 
to influence wetting behavior and enable 
self-cleaning.[12,15] Sharks’ unique skin mor-
phology augments the near-wall vorticity 
during turbulent flow. This augmentation 
reduces the skin friction and enables sharks 
to be one of the most efficient swimming 
species in the ocean.[16–18] These drag-
reducing microstructures are particularly 
interesting to the scientific community. 
Thus, researchers have focused on peri-
odic microstructures aligned in the flow 
direction, similar to sharkskin.[19] In prior 
modeling and experimentation, researchers 
have decreased frictional drag by using dif-
ferent variations of linear periodic micro-
structures. For example, Xu et al. developed 

a series of linear microtrenches demonstrating a maximum drag 
reduction of ≈30% in high Reynolds number applications.[20] In 
addition, Park et al. studied the impact of grating parameters on 
drag reduction and demonstrated a max drag reduction of 75%.[21]

Lithography is one of the standard processes for manu-
facturing superhydrophobic periodic microstructures.[20–22] 

Periodic micro/nanoscale structures from nature have inspired the scien-
tific community to adopt surface design for various applications, including 
superhydrophobic drag reduction. One primary concern of practical applica-
tions of such periodic microstructures remains the scalability of conventional 
microfabrication technologies. This study demonstrates a simple template-free 
scalable manufacturing technique to fabricate periodic microstructures by 
controlling the ribbing defects in the forward roll coating. Viscoelastic com-
posite coating materials are designed for roll-coating using carbon nanotubes 
(CNT) and polydimethylsiloxane (PDMS), which helps achieve a controllable 
ribbing with a periodicity of 114–700 µm. Depending on the process param-
eters, the patterned microstructures transition from the linear alignment to a 
random structure. The periodic microstructure enables hydrophobicity as the 
water contact angles of the samples ranged from 128° to 158°. When towed in 
a static water pool, a model boat coated with the microstructure film shows 
7%–8% faster speed than the boat with a flat PDMS film. The CNT addition 
shows both mechanical and electrical properties improvement. In a mechan-
ical scratch test, the cohesive failure of the CNT-PDMS film occurs in ≈90% 
higher force than bare PDMS. Moreover, the nonconductive bare PDMS shows 
sheet resistance of 747.84–22.66 Ω □−1 with 0.5 to 2.5 wt% CNT inclusion.

M. D. Islam, B. Black, M. Phillips, M.-J. Chen, G. Hodges, Y. Liu, 
M. Zikry, Y. Zhu, M. Pankow, J. E. Ryu
Department of Mechanical and Aerospace Engineering
NC State University
Raleigh, NC 27695, USA
E-mail: jryu@ncsu.edu

ReseaRch aRticle

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202201237.

© 2022 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of 
the  Creative Commons Attribution-NonCommercial License, which per-
mits use, distribution and reproduction in any medium, provided the 
original work is properly cited and is not used for commercial purposes.

H. Perera, S. Khan
Department of Chemical and Biomolecular Engineering
NC State University
Raleigh, NC 27695, USA
A. Jackman
Flow Science Inc.
683 Harkle Road, Santa Fe, NM 87505, USA
C.-J. Kim
Micro and Nano Manufacturing Lab
UCLA Samueli School of Engineering
7400 Boelter Hall, Los Angeles, CA 90095, USA

1. Introduction

Biological systems have been utilizing micro/nanoscale struc-
tures for millions of years to achieve multifunctional capabili-
ties.[9–11] Nature remains a significant source of inspiration for 
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However, one primary limitation of this method is that the size 
of the SHPo surface is limited by the substrate size, which in 
the case of a silicon substrate, ranges from 10 to 30  cm. This 
is far smaller than actual boats that are larger in magnitude 
ranging from several meters to hundreds of meters. Thus, the 
photolithography process is impractical to manufacture large-
area substrates due to its high cost and low throughput. Nano-
imprint lithography is another technique that can replicate the 
hydrophobic micropatterns by utilizing flexible polydimethylsi-
loxane (PDMS). Such a technique has been utilized to mimic 
lotus leaf microstructure on a surface.[23] Although a high 
water contact angle was achieved, the method cannot still be 
utilized on a large scale. Other related technologies such as 
microcoining, biopattern imprinting, laser cutting, and 3D 
printing also have critical limitations as these methods are 
time-consuming, expensive, and complex, compromising the 
scalability.[24–28] Therefore, creating a scalable manufacturing 
process to produce SHPo micrograting structures is necessary 
for practical drag reduction applications.

The challenge of scalable manufacturing of microtrench 
structures has motivated the authors to look more into a 
common roll-to-roll manufacturing defect known as ribbing 
(Figure S1, Supporting Information), where spatially periodic 
patterns appear transverse to the roll-coating direction.[32–35] 
During the roll-coating process, a positive pressure gradient is 
developed in the downstream meniscus of the coating fluid.[36] 
The flow becomes unstable when the pressure gradient exceeds 
a critical value, and a finger-like growth is observed.[37,38] The 
ribbing instability is undesirable in general roll-coating appli-
cations, such as painting,[39,40] polymer thin films,[41,42] and 
flexography printing.[43,44] However, carefully controlling these 
ribbing patterns could assist in replicating periodic microstruc-
tures obtained by the traditional methods.

The ribbing behavior of Newtonian and non-Newtonian 
fluids has been studied through experimental and computa-
tional models to minimize roll-coating defects.[32–35,45] It was 
found that the ribbing periodicity or wavelength (λRibbing) and 
amplitude have a strong relationship with material properties 
as well as process parameters, including the surface energy 
γ, viscosity η, roller radius R, roller gap d, and roller speed 
U.[37,38,46,47] For a Newtonian fluid, the onset condition of the 
ribbing instability was found describable by two dimension-
less parameters: the capillary number Ca  = η*U/γ and the 
geometric factor R/d. The critical capillary number Ca* showed 
a linear proportionality with the geometric factor R/d for New-
tonian fluids.[32,33,35,38,48,49] On the other hand, the critical 
Capillary number for non-Newtonian fluids is much lower than 
for Newtonian fluids.[49] However, unlike the Newtonian fluid, 
the theoretical prediction of the Ca* in the viscoelastic fluid is 
not obtainable. There remains a lack of understanding of how 
the ribbing occurs in coating applications. López et  al. con-
trolled the elasticity with the concentration of polymer mole-
cules in a Newtonian fluid (glycerol/water) and showed similar 
trends in the Ca* and the normal stress parallel to the flow as 
the polymer concentration increases.[49] The results imply that 
the behavior of the viscoelastic fluid increases the stress in the 
flow direction by restricting the flow and causes the ribbing 
instability at a slower roller speed, i.e., a lower capillary number. 
According to computational simulations, Zevallos et al. showed 

that at any given Ca, there is a critical Weissenberg number Wi 
above which the flow becomes unstable.[36] Most research on 
non-Newtonian fluids has focused on identifying the critical 
capillary numbers or threshold conditions to initiate the insta-
bilities. However, the fluid propagation and ribbing formation 
beyond the onset conditions are yet to be explored.[34,50,51]

An in-depth investigation of the physical properties of the 
roll-coating pastes and how it influences the ribbing insta-
bilities in a roll-coating process can achieve scalable manufac-
turing of periodic micropatterns surface. Unlike the roll-coating 
applications, this study focuses on investigating beyond the 
onset conditions and carefully controlling the process param-
eters to manufacture periodic microstructures by controlling 
the instabilities. One phenomenon observed for most coating 
materials is that ribbing patterns tend to flatten when the 
roller stops, as the surface tension dominates over viscosity. 
However, retaining the deformed shape when the rollers stop 
is necessary to manufacture periodic microstructures. The sur-
face flattening can be avoided by tailoring the coating liquid’s 
viscoelastic properties. One method to engineer the viscoelas-
ticity of the polymers is nanoparticle addition.[52–54] The desired 
materials will behave only like a fluid above the yield stress but 
act solid when the stress is unloaded. Previous studies suggest 
that the inclusions’ volume fraction and geometry influence the 
composite’s rheological properties. Notably, composites with 
cylindrical or high aspect ratio nanoparticles are more likely to 
possess yield stress than spherical particles.[55,56]

In this study, an in-depth investigation of the roll-coating 
parameters to manufacture linear periodic microstructures is 
conducted. First, the ribbing formation of polydimethylsiloxane 
(PDMS, Sylgard 184) in a forward roll coating for various pro-
cess parameters was investigated. The finger-like ribbing was 
observed during the roll coating. However, when the rollers 
stopped, the liquid surface flattened due to the surface tension. 
Thus, a viscoelastic composite paste was formulated by adding 
cylindrical nanoparticles (carbon nanotubes, CNTs) to PDMS. 
This helped to achieve a yield behavior and avoid surface ten-
sion-driven flattening. Finally, utilizing the composite paste, 
linearly periodic microstructures were manufactured by the roll-
coating process. The physical properties of the coating paste and 
computational fluid dynamics (CFD) analysis of the roll-coating 
parameters helped to successfully manipulate the ribbing insta-
bilities to manufacture periodic microstructures. The manufac-
tured samples were then applied to a miniature boat to measure 
the drag reduction and load testing. In addition, the mechanical 
and electrical properties of the CNT-PDMS composite were also 
evaluated for multifunctionality and robustness.

2. Results

2.1. Physical Properties of the PDMS and CNT-PDMS

2.1.1. Rheological Properties

The viscoelastic properties of the coating pastes are investigated 
first, which were later utilized in CFD analysis and helped deter-
mine the desirable properties of the coating paste. Figure 1a  
shows the complex viscosity of the PDMS-only sample as a 
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function of frequency. We find the sample to be Newtonian 
with a low viscosity consistent with a low molecular weight 
polymer.[57] The elastic (G′) and viscous modulus (G″) also 
reveal a frequency-dependent behavior with G″ dominating 
G′ indicative of viscoelastic material (Figure S2, Supporting 
Information). When CNTs are incorporated into the PDMS, 
both the elastic and viscous moduli increase by several orders 
of magnitude (Figure S2, Supporting Information). The elastic 
modulus becomes larger than the viscous modulus, and both 
are independent of frequency, characteristic of 3D sample span-
ning networks.[58,59] Such microstructure formation via physical 
interlocking between the CNTs and PDMS has been suggested 
before, suppressing the molecular motions of the polymer 
chains.[60,61] The CNTs entanglement in PDMS is also observed 
in Figure S3 (Supporting Information).

In Figure 1a, we note that the complex viscosity of the CNT-
loaded samples exhibits a power-law behavior with respect to 
frequency. The absence of a Newtonian regime is consistent 
with microstructure formation.[62] All samples show a signifi-
cantly enhanced value compared to PDMS alone; more impor-
tantly, we observe a slope approximating −1, suggestive of the 
presence of yield stress. Huang et al. measured similar trends 
in this type of system, with high modulus and yield stress 
values attributed to nanotube clusters which jam and cause 
internal percolation within the polymer matrix.[63]

In addition to the moduli increase, the physical interlocking 
of the CNT in the PDMS matrix results in yield stress, which 

increases with CNT loading, as seen in Figure  1b. We have 
used the elastic stress approach to measure the yield stress in 
this plot.[59,64] The yield stress prevents the paste from flowing 
until specific stress is met, beneficial as surface features can be 
preserved postprocessing. This was also confirmed in the sub-
sequent experiment that PDMS could not retain the ribbing 
shape due to lack of yield behavior, whereas CNT-PDMS sam-
ples prevent surface-tension-driven flattening.

2.1.2. Apparent Surface Energy

As discussed prior, the dynamics between surface energy and 
viscosity of the fluid, often described as a capillary number in 
roll coating, have a crucial role in ribbing instability. The surface 
energy (γ) of PDMS has been well-studied.[65–68] The dispersive 
component of surface energy was measured 17.5–21.7 mJ m−2 by 
several methods such as pendant drop, polymer melt, and liquid 
contact angle measurements approach.[65–68] The polar compo-
nent was negligible compared to the dispersive component, as 
the value ranged from 0.8 to 2.3 mJ m−2. The surface energy of 
multiwall CNTs was also measured by the Washburn, Wilhelmy, 
and scanning electron microscopy (SEM) contact angle meas-
urements method.[69–72] The dispersive component of the sur-
face energy of CNTs with 90%–99% purity was 23–37 mJ m−2, 
whereas the polar part was 0–16.1 mJ m−2.[69–72] Despite the avail-
ability of references with PDMS and CNTs surface energy data, 

Figure 1. a) Complex viscosity (η*) versus angular frequency. b) Yield stresses (σy) of the composites versus CNT wt%. c) The surface energy compo-
nents of the materials are based on the fitting.
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the CNT-PDMS composite has not been studied previously. In 
this study, three reference liquids, water, diiodomethane (DIM), 
and ethylene glycol (EG), are used to measure contact angles in 
several flat samples of the composite materials. The mean and 
standard deviation (SD) of the measured contact angles are pre-
sented in Table S1 (Supporting Information). The data were fitted 
in Owens–Wendt model [Equations (1) and (2)], and the apparent 
surface energy was evaluated (Table S1 and Figure S4, Supporting 
Information). The summary of the apparent surface energy 
is shown in Figure  1c. The addition of CNTs showed minimal 
impact on the surface energy of the PDMS. The polar component 
( t

pγ ) for each test material was low, 0.07–0.17 mJ m−2, and the 
dispersive component ( t

dγ ) was dominant in all cases. The total 
surface energy (γt) for PDMS, 3 wt% CNT, and 10 wt% CNT, was 
found 23.23, 21.85, and 23.2 mJ m−2 based on the Owens–Wendt 
model. The surface energy of the PDMS was found to be in good 
agreement with the prior studies validating the experimental 
method. The results provide further understanding for the next 
phase of this study. As the surface energy of the composite 
appears to be dominant by the PDMS, the only scope to tune to 
dynamics between viscous force and surface energy would rely on 
tuning the viscoelastic properties as observed in the prior section.

2.2. Ribbing Instabilities in Roll-Coating

2.2.1. CFD Simulation of Roll-Coating of PDMS

A fundamental limitation in all prior studies related to 
roll-coating of non-Newtonian materials was defining the 
process parameters during the roll coating, such as the cap-
illary number Ca*, shear rate ( �γ ), and wall shear stress (τw). 
The shear rate-dependent viscoelastic behavior of the coating 
materials is usually obtained by a rheometer. However, the 
roll-coating instruments are not intrinsically viscometric, as 
they do not have the necessary sensors. Thus, the exact vis-
cosity of the coating paste during the roll-coating process is 

unknown as the associated shear rate is also unknown. Esti-
mating the capillary number relies on either assuming a 
constant viscosity or estimating the shear rate based on the 
velocity of the rollers,[73] which results in inaccurate Ca. Accu-
rate measurement of the shear rate can be obtained by finite 
element analysis to determine the fluid velocity profile gra-
dient during the roll-coating process.[74,75]

Hence, a CFD simulation was conducted to develop an effec-
tive method to determine the unknown process parameters, 
including the pressure gradient in the fluid flow direction 
(dp/dx), fluid flow velocities (Vx), shear rate ( �γ ), and wall shear 
stress (τw). These parameters were later studied along with the 
experimental results for further understanding. A commercial 
software FLOW-3D is utilized to investigate the effect of roll-
coating speeds (U) and rollers distance (d) to the parameters 
mentioned above. Both rollers were kept at the same speed for 
each simulation (U1 = U2).

The ribbing formation was observed in the CFD simulation 
of roll-coating under various process conditions, as observed 
in Figure 2a. First, a 3D simulation was conducted at a fixed 
roller speed of U = 40 rad s−1 for different roller distances (d). 
A dimensionless parameter (R/d) was defined, where R is 
the roller radius. The ribbing wavelength (λRibbing) is initially 
observed to be equally spaced for each condition and reduces 
from 7.9 to 3.3 mm as R/d increases from 63.5 to 84.67. How-
ever, as the R/d further increases to 101.6, the periodicity 
becomes irregular as λRibbing observed between 1.6 and 2.5 mm. 
Finally, with an R/d of 127, the ribbing patterns show further 
distortion and λRibbing increases to 5  mm. The filamentation 
phenomenon is also observed in the 3D simulation.[76]

The surface tension-driven 3D model in FLOW-3D is highly 
computationally demanding. As a remedy, further investigation 
on the pressure gradient, shear rate, and shear stress during the 
roll-coating is conducted in two-dimension. The cross-sectional 
view of the fluid at the roller’s interface is shown in Figure S5a 
(Supporting Information). The pressure gradient (dp/dx) and 
fluid velocity (Vx) are observed along the x-axis (a-b direction). 

Figure 2. a) Ribbing instability observed in CFD simulation. The displayed images are for roller speeds of 40 rad s−1 and R/d (i) 63.5 (ii) 84.67 (iii) 101.6, 
and (iv) 127. b) Cross-section of the fluid profile showing the velocity and pressure gradient. c–e) Pressure gradient in the flow direction dp/dx, shear 
rate �γ , and wall shear stress τw in various roller speeds (U of 30, 50, 80, and 100 rpm) and roller distances (at R/d of 31.75, 36.29, 42.33, 50.8, and 63.5).
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As the rollers begin to rotate, a pressure differential is gener-
ated, as observed in Figure S5b (Supporting Information), with 
high pressure on the upstream, which drives the fluid flow. 
The pressure differential increases with an increase in R/d. 
The higher-pressure differential also causes a higher Vx in 
the a-b direction. The Vx is also plotted against y/d in the c-d 
direction (Figure S5c, Supporting Information), where y is the 
coordinates in the y-direction and d is the roller distance. The 
maximum velocity of the PDMS is observed at the center of the 
fluid flow, x/d = 0.5 (Figure S5c, Supporting Information). The 
shear rate was next calculated as the velocity gradient (dVx/dx)  
and presented in Figure S5d (Supporting Information). The 
maximum shear occurs at the roller’s wall and the higher R/d 
results in the higher shear rate. Next, a parametric study is 
conducted for roller speed (U) of 30, 50, 80, and 100 rpm with 
R/d of 31.75, 36.28, 42.33, 50.8, and 63.5. The resulting dp/dx, 
�γ , and τw are plotted in Figure 4f–h. Each of these parameters 
increases with an increase in roller speed and R/d. The effect 
of R/d was more dramatic at higher roller speed. For example, 
the dp/dx increases only from 0.79 to 4.14 MPa m−1 at 30 rpm 
but increases from 2.84 to 13.86 MPa m−1 at 100 rpm. Similarly, 
at R/d of 31.75, the dp/dx increases from 0.79 to 2.84 MPa m−1 
as the roller speed increases from 30 to 100  rpm, respectively, 
whereas the same increase in speed causes dp/dx to escalate 
from 4.13 to 13.86, respectively. In summary, the CFD analysis 
established a method to determine some key parameters that 
were not able to examine in prior studies due to the limitation 
of the experimental tools. The dp/dx, �γ , and τw observed in the 
CFD simulation results is utilized to analyze the experimental 
results in the following sections.

2.2.2. Ribbing Instabilities in Roll-Coating of PDMS

A parametric study was conducted for PDMS as the coating 
liquid to understand the ribbing behavior related to the pro-
cess parameters. Upon rotation of the rollers, a distinct ribbing 

phenomenon is observed, identical to what was observed in the 
CFD simulation in Figure 2a. The ribbing wavelength (λRibbing) 
is defined by the distance between each riblet’s peak. Some 
of the ribbing images are shown in Figure 3a–h. The ribbing 
wavelength (λRibbing) is investigated concerning the rollers speed 
(U) and the dimensionless geometric parameter R/d. For any 
given R/d, an increase in roller speed results in a decrease of 
λRibbing (Figure 4a). A more dramatic reduction in wavelength 
is observed with the rise of R/d for any specific speed. For 
example, at R/d 31.75, the wavelength decreases from 7.03 to 
6.47 mm with a 30–100 rpm roller speed. At 30 rpm speed, the 
wavelength reduces from 7.03 to 3.52 mm as the R/d increases 
from 31.75 to 63.5, respectively. At a higher R/d (>63.5), the 
linear ribbing periodicity started to be nonuniform (Figure 3h), 
similar to what was observed in the CFD simulation (Figure 2a).

The ribbing pattern of the PDMS is only observed when 
the rollers are rotating. As soon as the rollers stop, the ribbing 
patterns flatten in a few seconds due to the surface tension 
(Figure 3i). As observed in Section 2.1, the PDMS behaves like a 
fluid with nearly constant viscosity (about 5.2 Pa s) from a shear 
rate of 0.1 to 100 s−1. This fluid-like behavior allows the surface 
tension force to flatten the ribbing patterns quickly.

The calculated dp/dx, �γ , and τw from the CFD simulations 
are plotted against the experimental wavelengths (Figure 4b–d). 
As also supported by the earlier studies,[36] the dp/dx was closely 
related to the ribbing wavelengths. A higher dp/dx associated 
with more instabilities resulted in shorter wavelengths. In 
addition higher �γ , and τw also resulted in shorter ribbing wave-
lengths. A statistical analysis of the λRibbing individually with 
respect to log10(dp/dx), log10( �γ ), and log10(τw) shows a correlation 
factor of −0.836, −0.81, and −0.823, respectively, proving a strong 
relationship between these parameters. In addition, a linear 
fitting between these parameters also shows R-square values 
of 0.68, 0.64, and 0.66 consecutively for the equations shown in 
Figure 4b–d. A lack of fitting analysis for the linear fitting results 
in a p-value of 0.056, 0.243, and 0.25. This demonstrates that the 
fittings are significant with 95% confidence (p-value > 0.05).

Figure 3. a–h) Ribbing instability of PDMS under various process conditions; i) PDMS flattens after a few seconds.
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In summary, there were two crucial findings from the roll-
coating of the PDMS. The wavelength decreases with an 
increase in roller speed or R/d, whereas the reduction is more 
evident with the rise of R/d. The dp/dx, �γ , and τw drive the 
wavelength formation. The PDMS cannot retain the ribbing 
patterns when the rollers stop as the materials behave as a 
fluid. This draws interest in synthesizing coating materials 
that will behave as a solid when at rest, preventing surface ten-
sion-driven flattening, but acts as fluid during the roll-coating 
allowing the ribbing formation to occur.

2.2.3. Ribbing Instabilities in Roll-Coating of CNT-PDMS 
Composite

The CNTs were next introduced into the PDMS to tailor the vis-
coelastic properties of the coating materials. A yielding mate-
rial is necessary to avoid surface flattening when the rollers 
stop, which will selectively behave like a fluid in elevated shear 
stress but behave as a solid when the stress is unloaded. The 
entanglement of the cylindrical-shaped CNTs allowed such 
behavior. Composite paste with various concentrations of the 
CNTs was synthesized and utilized in the roll-coating process. 
At first, 0.5 and 1 wt% CNT were added to the PDMS matrix, 
and the roll-coating was observed in a high-speed camera.

Similar to the PDMS, ribbing formation is observed for 
0.5 wt% CNT-PDMS composite (Figure S6a, Supporting 
Information). However, another phenomenon known as 

filamentation was also observed during the roll-coating.[76] A 
small hole appears, generating a filament at the roller’s interface. 
As the roller rotates, the hole becomes more prominent as the 
filament stretches, eventually breaking and developing a peak on 
top of the ribs (Figure S6d, Supporting Information). The pro-
duced surface is thus a hybrid of ribbing formation and peaks 
from filamentation rupture. The elastic relaxation of the com-
posite paste has a crucial effect in generating such micropeaks, 
with lower elastic materials expected to have shorter peaks.[76] 
Future studies will investigate the extensional viscoelasticity of 
the composite paste and how it influences the instabilities in 
roll-coating.

The high-speed images of roll-coating with 1 wt% of CNT-
PDMS are shown in Figure S7 (Supporting Information). Roller 
speeds of 20, 60, and 100 rpm and R/d of 50.8, 63.5, and 84.67 
are presented. The observed hybrid pattern is similar to 0.5 wt% 
CNT-PDMS results. At 20  rpm speed, the wavelength reduces 
from 1.03 to 0.49 mm with an R/d increment from 50.8 to 84.67. 
Notice that the ribbing wavelengths in PDMS ranged from 
2.8 to 5.32 mm, whereas the wavelength significantly reduced 
with the addition of CNTs. This is primarily due to the higher 
viscosity of the coating paste, causing more dramatic dp/dx 
resulting in a shorter wavelength. In addition, the linearity of 
the wavelength formation is also compromised at higher speed 
and R/d.

The roll coating of 0.5 and 1 wt% CNT-PDMS provided 
essential understanding. i) The wavelength reduced signifi-
cantly compared to the PDMS as the viscosity and elasticity 

Figure 4. a) Experimental data of PDMS ribbing wavelengths versus various process conditions. b–d) The experimental wavelengths of PDMS are 
plotted against log10(dp/dx), log10( �γ ), and log10(τw) calculated from the CFD analysis.
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increased. ii) An additional mode for pattern formation known 
as filamentation was also observed, which affects the final pat-
terns. iii) At a lower velocity, it was observed that the patterns 
were more likely to align linearly. iv) In addition, the wave-
length control was more precise by controlling the R/d, which 
is also observed in the roll coating of the PDMS. These findings 
guided subsequent experimentation with higher wt% CNTs 
for potentially reducing ribbing wavelength in the micrometer 
range.

Coating pastes were prepared by adding various wt% of 
CNTs to the PDMS. 3–3.5 wt% CNT-PDMS provided the most 
linearly periodic samples upon extensive experimentation. As 
the wt% of CNTs increases, the higher viscosity and elasticity 
cause the generated pattern to be more random. For example, 
no forms of linearity were observed in roll-coating samples with 
>5 wt% CNTs. The 3 wt% CNT-PDMS sample showed ribbing 
instabilities and produced a microtrench profile at R/d of 63.5 at  
50  rpm roller speed (Figure S8a, Supporting Information). 
However, an attempt to further reduce the ribbing wavelength 
by increasing the R/d resulted in a linear to vein-leaf shape tran-
sition at R/d = 84.67. A further increase in R/d to 101.6 results 
in vein-leaf shape samples with a high aspect ratio with a large 
ribbing wavelength at a millimeter scale. Thus, a more viscous 
material, 3.5 wt% CNT-PDMS, was utilized to prepare the final 
samples and further reduce the microstructured surface’s wave-
length. The roller’s speed was fixed at 20  rpm, while the R/d 
varied from 56.44 to 127.

2.3. Morphology Characterization and Performance Analysis 
of Periodic Microstructure

2.3.1. Surface Morphology Analysis

The 3.5 wt% CNT-PDMS samples showed a hybrid microstruc-
ture created by ribbing and filamentation similar to 0.5 and 
1 wt% CNT-PDMS. While the ribbing waves were observed 
transverse to the roll-coating direction, filamentation resulted 
in many micropeaks in the longitudinal direction. The SEM 
images of the samples are shown in Figure 5. The R/d = 56.44, 
63.50, 72.57, and 84.67 showed mostly linear ribbing formation, 
whereas the R/d = 101.60 transitioned to a more random micro-
structure. Despite less consistent microtrenches in comparison 
to 3 wt% CNT-PDMS samples, it was possible to achieve 
shorter λRibbing. The randomness increased to taller features at 
R/d of 127. The ribbing wavelengths were reduced from 700 to 
90 µm for the linear-microstructure sample (Figure 5a–d). The 
(R/d  = 101, 127) sample showed highly dense micropeaks and 
a high aspect ratio. The entangled CNTs with their yield stress 
allowed the PDMS to retain the complex microstructure after 
roll-coating by resisting the surface tension-driven flattening.

Since the SEM shows only a small area of the samples, a 
laser confocal microscope was utilized to quantify the wave-
lengths and surface roughness. Figure 6a shows an example 
of samples’ 3D topography. The ribbing wavelength (λRibbing), 
as described earlier, is defined as the distance between each 

Figure 5. SEM image of fabricated samples at 20  rpm speed, and a) R/d = 56.44; b) R/d = 63.50; c) R/d = 72.57; d) R/d = 84.67; e) R/d = 101.60;  
f) R/d = 127.
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transverse riblet. The filamentation wavelength (λFilamentation) 
is the peak-to-peak distance in the longitudinal direction, as 
shown in Figure  6a. The samples included random micro-
structures along with linearly periodic patterns. To quantify the 
wavelengths, multiple (>20) transverse and longitudinal lines 
(were drawn on the 3D surface with the Multifile-analyzer 
software (Keyence). Each of these lines showed the peaks and 
valleys of the surface topography. The wavelengths for these 
individual lines are evaluated by the software, and the mean 
and SD values are presented in Table S2 (Supporting Infor-
mation) and plotted in Figure 6b. The wavelengths reduce for 
both ribbing and filamentation phenomenon with an increase 
in R/d, associated with more instabilities. The average λRibbing 
was 777, 618, 148, and 114 µm for the R/d = 56.44, 63.50, 72.57, 
and 84.67 samples. However, when the linear microstructure 
transitions to a random microstructure at R/d  = 101.60, the 
wavelength increases to 224 µm. The average λFilamentation also 
follows the same pattern as the observed wavelengths were 455, 
337, 200, 146, 230, and 242.98  µm for the R/d  = 56.44, 63.50, 
72.57, 84.67, 101.60, and 127. The Wenzel roughness factor (r) 
was also evaluated, which is discussed in the following sec-
tion in conjunction with the water contact angle measurement 
result.

The water contact angles (WCA) of the microstructured sam-
ples were measured to demonstrate the hydrophobicity of the 
surface (Figure 7). The measurement was done in five different 
locations for each of the samples (Table S2, Supporting Informa-
tion). The average WCA of the linear microstructured samples 
were 128.17°, 133.64°, 136.98°, and 137.27° for R/d = 56.44, 63.5, 
72.57, and 84.67, respectively. In comparison, a compression-
molded flat CNT-PDMS sample showed a WCA of 115.4°. Thus 
the increased WCA to R/d is related to the roughness of the 
fabricated sample. However, the trend stalls right before transi-
tioning from a linearly periodic microstructure to a high aspect-
ratio random microstructure. The WCA dramatically increases 
into the superhydrophobic range to 150.63° and 158.13° for 
R/d  = 101.6 and 127. This is primarily due to the increase in 
the surface area of the samples due to enhanced hierarchical 
structure geometry, which is also reflected in the high Wenzel 
roughness factor of ≈3.5. The WCA and the Wenzel roughness 
factors matched well (Figure 7b). The water droplets images for 
the highest observed WCA are shown in Figure 7c.

The roll-coated samples were broadly classified into two cat-
egories based on the microstructures. The generated patterns 
were mostly linearly periodic samples for the 3.5 wt% CNT-
PDMS samples with 20 rpm speed and R/d ≤ 84.67 (Figure 5). 

Figure 7. a) Water contact angle measurements boxplot in five different locations of each sample. b) Average water contact angle and Wenzel roughness 
factor vs. R/d. c) Droplet images are the highest contact angle obtained for R/d ratio of (i) 56.44, (ii) 63.5, (iii) 72.57, (iv) 84.67, (v) 101.6, and (vi) 127.

Figure 6. a) Laser confocal microscope image of the fabricated sample showing both ribbing and filamentation phenomenon; b) λRibbing and λFilamentation 
versus R/d.
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Whereas samples with R/d 101.6 and 127 showed more vein-leaf 
shape structure with high aspect ratios. The results indicate a 
significant alteration in the ribbing formation after the critical 
R/d value of 84.67. However, since the roll-coating experiment 
itself could not provide further information on the state of 
the coating paste, such as the fluid velocity, pressure gradient, 
shear rate, and wall shear stress, further CFD analysis was con-
ducted to evaluate these parameters and potentially correlate 
with the experimental results observed by the SEM and laser 
confocal.

The pressure gradient in the direction of fluid flow, dp/dx  
for 3.5 wt% CNT-PDMS, was observed to be an order of mag-
nitude higher than PDMS. The dp/dx ranged from 667 to 
3138 MPa m−1 for R/d of 56.4 to 127 (Figure 8a). The enormous 
increase in pressure gradient is sourced from the elastic nature 
of the viscoelastic fluid, which restricts the flow and increases 
the stress significantly.[49] The high dp/dx results in much more 
aggressive ribbing instability even at a slower roller speed than 
PDMS. The associated shear rate during the roll-coating experi-
ments was also evaluated based on the CFD analysis. The roll 
coating of 3.5 wt% CNT-PDMS at 20  rpm speed results in 
54.02, 80.81, 93.04, 116.37, 119.87, and 154 s−1 shear rate for R/d 
of 56.44, 63.5, 72.57, 84.67, 101.6, and 127. Notice that the wall 
shear stress steadily increases from 0.3 to 0.41 MPa for R/d of 
56.44 to 84.67. However, at R/d 101.6, when the shear rate is 
119.87 s−1 the wall shear stress increases sharply to 0.45  MPa 
(Figure 8b). As observed in prior studies, the abrupt change in 
wall shear stress results in further tip-splitting, which results in 
the vein-leaf shape structure. Grillet et al. observed similar tip-
splitting behavior specifically for elastic materials and noticed 
that an increased elasticity dramatically changes the shape 
structure to be more random.[43] The CFD analysis of the roll 
coating of 3.5 wt% CNT-PDMS helped to uncover the critical 
roll coating process parameter along with the associated dp/dx, 
�γ , and τw that contribute for the transitions between the linear 
to vein-leaf shape formation.

2.3.2. Hydrodynamic Drag Reduction

The hydrodynamic drag reduction of the linear microstructured 
sample was measured by attaching the sample to the underside 

of a miniature boat and pulling it parallel to the water surface 
using a wire-and-pulley system (Figure 9). A weight was used 
to create a steady tension in the wire that pulls the boat with 
a constant force. Four different loads (1.7, 0.8, 0.6, and 0.5  g) 
were used for the boat to reach four different steady speeds. 
The time it took for the boats to travel a set distance (180 cm) 
was measured, and the acceleration time was short enough to 
be ignored. The velocity, acceleration, Reynolds number (Re), 
and Froude number (Fr) of the boat and the velocity increase 
of the boats with the linear microstructured sample relative to 
the ones without were calculated from the measured times. 
For Reynolds numbers 55 397, 33 163, 20 677, and 15 348, the 
velocity increases (or drag reductions) were 8.27%, 8.68%, 
7.31%, and 4.34%, respectively. This decrease of drag reduc-
tion with increasing Reynolds number, which deviates from 
what is known for laminar flows,[77] can be explained by the 
large Froude number even at low Reynolds numbers due to the 
small boat size. Note that the boat’s drag in the current experi-
ment comprises skin friction and wave-making, and the given 
sample can reduce only the skin-friction drag with no effect 
on the wave-making drag. When Fr  < 0.25, the skin friction 
drag is dominant; however, the wave-making resistance domi-
nates when Fr  > 0.25.[78] When the Froude number increased 
(0.13, 0.18, 0.29, and 0.48, correspondingly) so that the portion 
of skin friction in the total drag decreased, the reduction of skin 
friction had a diminishing effect on the total drag. The sample 
with the densest linear patterns (R/d = 84.67, λRibbing = 114 µm) 
was the most significant drag-reduction reported in this section. 
The samples with broader wavelengths did not have a conclu-
sive result as they lack the ability to retain the plastorn.

2.3.3. Electrical Conductivity Measurements

Adding a conductive filler in a nonconductive polymer matrix 
was found to incur electrical conductivity based on prior 
studies.[79–81] Such reinforcement by mechanical-mixing 
procedure was also observed to improve the electrical and 
mechanical properties simultaneously.[88–90] Since CNTs are 
highly conductive, there is a potentiality of achieving multi-
functionality of the SHPo samples if electrical conductivity is 
also observed. The electrical sheet resistance of the samples 

Figure 8. CFD simulation results for roll-coating of 3.5 wt% CNT-PDMS under various process conditions (a) λRibbing, dp/dx, and �γ  vs. R/d. (b) λRibbing 
and wall shear stress vs. shear rate.
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was measured by a custom-made four-point setup following the 
Van der Paw method with varying CNT wt% and is represented 
in Figure 10. It was found that CNT wt% of 0.5, 1.0, 1.5, 2.0, and 
2.5 had sheet resistance values of 747.84, 190.36, 90.64, 36.26, 
and 22.66 Ω □−1, respectively. The decrease in sheet resist-
ance because of increased CNTs creates a percolated network. 
As observed in Figure S3 (Supporting Information), the CNTs 
form a percolated network in PDMS which is attributed to the 
enhanced electrical conductivity. As more CNTs are added, the 
percolation increases until a certain percolation threshold.

In a percolated network, electrons move across the network 
under an applied electrical field, which increases electrical con-
ductivity.[82] This increase in electrical conductivity, therefore, 
decreases the measured sheet resistance. Thus, as more CNTs 
are added, the percolated network grows and enables a decrease 
in the sheet resistance by increasing electrical conductivity. The 
PDMS-Sylgard 184 sample resistance was undetermined in the 
experiment, possibly due to very high resistivity.

This is also important to mention that Lee et  al.[83] and 
Xu et  al.,[84] worked on manufacturing SHPo surfaces capable 
of plastron regeneration primarily by attaching additional 

conductive electrodes integrated into the surface, which allowed 
plastron regeneration by electrolysis when the water began to 
penetrate the microtrench cavities. However, the microtrench 
structure fabricated in the present study would also be able 
to regenerate plastrons without additional electrode molding 
since the CNT-PDMS material is reasonably conductive. Fur-
ther studies will be conducted in the future, focusing on the 
plastron regeneration capabilities of the manufactured SHPo 
surface in the presented study.

2.3.4. Scratch Testing

The robustness of the 3.5 wt% CNT-PDMS microstructured 
sample was tested to identify the critical load of cohesive and 
adhesive failure. The critical load is the smallest load that causes 
microstructural damage for possible cracking or plastic defor-
mation.[85,86] Although this test is not a comprehensive mate-
rials property test as the test parameters also have an effect, the 
critical load observed in such a scratch test is also a function 
of the mechanical strength of the materials. The first mode of 
failure, or the cohesive failure (LC1) in the CNT-PDMS sample, 
was observed for 7 N force as there seemed to be a sudden 
increase in the frictional force (Figure 11). The secondary 
failure was observed at 16 N, the adhesive failure between the 
test sample and the substrate. The frictional coefficient for the 
3.5 wt% CNT-PDMS composite was stable at ≈0.2. Compared 
to the CNT-PDMS sample, the PDMS sample’s cohesive failure 
occurred at a lower force of 3.6 N. The adhesive failure (LC2) 
was similar to the CNT-PDMS sample of 15.8 N force. The 
frictional coefficient of the PDMS sample seems to be much 
higher (≈0.35–0.45) than the CNT-PDMS sample. The micro-
structured surface assisted in this reduction in tribological 
friction, as observed in other studies.[17,87] The CNT addition 
helped the composite layer achieve superior mechanical prop-
erties compared to pure PDMS. As observed in Figure S3  
(Supporting Information), the entangled CNTs physically inter-
lock the PDMS from slippage and improve the mechanical  

Figure 10. Sheet resistance Rs of the CNT-PDMS composite samples.

Figure 9. a) The free-body diagram of drag-reduction experimental setup. 
b) Miniature model boats with standard loads. c) Experimental setup.  
d) Velocity profile of model boat with and without the linear microstruc-
tured sample.
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properties. Future studies will include the wear properties of 
the CNT-PDMS microstructures layer and underwater testing 
for a prolonged time to observe possible material degradation.

3. Conclusion

A comprehensive investigation was conducted to study the rib-
bing formation during a roll-coating process both computa-
tionally and experimentally. First, ribbing instabilities for the 
pure PDMS were investigated. It was found that the pressure 
gradient occurring due to roller speed, R/d, and the material’s 
viscoelastic properties is the key driving force of the ribbing 
instabilities. The wavelengths for the PDMS were observed in 
the 7.03–3.52  mm range for roller speeds from 30 to 100  rpm 
and R/d of 31.75 to 63.50. The ribbing formation of PDMS was 
also observed to flatten when the roller stops due to lower sur-
face energy compared to the viscosity and also not having yield 
stress. Increasing the CNT content on the PDMS allows the 
polymer to retain its solid shape even after stopped roll-coating 
as yield stress of 0.0025, 0.01247, and 0.08737 MPa was observed 
for 1, 3.5, and 10 wt% of CNT-PDMS. The observed microstruc-
ture of the surfaces by the roll-coating was characterized as a 
hybrid pattern due to ribbing instability and filamentation due 
to elastic relaxation of the coating paste.

The manufactured samples showed a controllable 
114–777 µm size. However, as the roller distance decreases fur-
ther to increase the R/d to 101.60, the linear ribbing transitions 
into the random microstructure with a high Wenzel rough-
ness factor (r) of 3.56. The water contact angle of the samples 
ranged from 128.17° to 158.63°. The CNTs addition also made 
the samples conductive, opening opportunities for multifunc-
tional applications. The mechanical durability of the fabricated 
microstructures is also investigated by scratch testing. Finally, 
the fabricated pieces are also being used to demonstrate drag-
reduction capabilities in miniature model ships, self-cleaning 
surfaces, and anti-biofouling applications.

This study demonstrated a simple, scalable fabrication pro-
cess to achieve periodic microstructures. The research helped to 
carefully identify and narrow down the suitable material com-
position and process parameters to control the microtrenches’ 
periodicity. However, the periodicity and uniformity in the 
produced samples are not close to the photolithography-based 

manufactured samples. The presented new technique has enor-
mous potential moving forward for scalable manufacturing. 
The complete sample preparation requires only half an hour, 
beginning with the coating paste preparation, roll-coating, and 
heat-curing. The maximum size achievable with the presented 
two-roll-coater is 300  mm × 150  mm, only constrained by the 
diameter and length of the rollers. Taking advantage of the rib-
bing instabilities, a large periodic microstructured surface can 
be obtained quickly by employing a more robust roll-coater 
with continuous substrate-feeding capabilities. Future work will 
be focused on fine-tuning the process parameters, including 
a new materials system to improve the control of the surface 
morphology to move closer to the photolithography-based 
techniques.

4. Experimental Section
Coating Materials Preparation: A nanocomposite paste was 

synthesized using a polydimethylsiloxane elastomer kit (PDMS Sylgard 
184, Dow chemicals) and a multiwalled CNT (6–9  nm diameter and 
100–200 µm length). The PDMS and CNTs were initially mixed utilizing a 
universal planetary mixer for 10 min (Figure 12). Next, the hardener was 
introduced to the PDMS with a 10:1 ratio. This mixture was then mixed 
further in a high-shear three-roll milling machine. The roller distances 
were gradually reduced, and the materials were passed through multiple 
times to ensure adequate dispersion and homogenization of the CNTs. 
The wt% of the CNT was varied to achieve composite pastes with 
tailored rheological properties.

Forward Roll Coating: A two-roll coating machine was utilized to 
fabricate the samples and analyze the ribbing behavior (Figure 13a). 
Each with a radius (R) of 25.4  mm, the rollers run with independent 
motors that can control the angular speed from 0 to 120 rpm. To transfer 
the composite film after roll-coating, a removable polyimide sleeve was 
inserted on roller #1. The coating materials were inserted between two 
rollers and were introduced to different process conditions by controlling 
the roller velocities U and the roller distance of d (Figure  13b). Finally, 
the microstructure composite film was oven-cured at 125 °C for 25 min. 
An example of a roll-coated sample with linearly periodic microstructure 
is shown in Figure  13d,e and a vein-leaf patterned microstructure in 
Figure 13f,g.

CFD Simulation: Simulations of the roll coating process were 
performed using the commercial computational fluid dynamics software 
FLOW-3D based on the volume of fluid (VOF) method. The schematic 
of the simulation configuration with boundary conditions is shown 
in Figure 14. The fluid flow inlet is considered a pressure boundary 
condition with fluid fraction of 1, whereas an outflow boundary condition 
is used at the outlet. All other boundaries are assumed symmetric. 

Figure 11. Scratch test of a) 3.5 wt% CNT-PDMS sample and b) PDMS-Sylgard 184 sample.
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The gravity and noninertial references, surface tension, viscosity, and 
turbulence physics modules were utilized in the simulation. The PDMS 
(Sylgard-184) and 3.5 wt% CNT-PDMS were modeled based on the 
surface energy and viscosity measured experimentally in this research. 
The unsplit-Lagrangian model was used for the volume of fluid advection 
scheme. The fluid flow was solved using Navier–Stokes momentum and 

continuity equations. A minimum time step of 10−16 s and a maximum 
time step of 10−7 s were considered with a 5% volume-fraction cleanup 
to minimize computation time. FLOW-3D POST was utilized to the 
analyzing the simulation results.

Rheology Measurement: Dynamic oscillatory rheological experiments 
were conducted on a Discovery Hybrid 3 rheometer (TA Instruments) 
and performed in triplicate. Creep experiments were also conducted 
to confirm yield stress values. All experiments were performed using 
an 8  mm cross-hatched parallel plate geometry kept at 25  °C by 
using a Peltier plate. Since the samples were high modulus pastes, 
the samples were loaded in excess via spatula or by a gloved hand. 
The rheometer head was brought down to an 1100  µm trim gap, then 
brought to 1000 µm after trimming. Since the sample would eject in a 
shear deformation, no preshearing was performed, and the test was 
performed right away, as viscometric parameters did not change with 
time after loading.

The samples’ linear viscoelastic (LVE) region and yield stress were 
determined using a strain sweep. Frequency sweeps were performed 
from 0.1 to 100  Hz at an oscillatory strain of 0.1% in the LVE region. 
The yield stress was determined by evaluating the maximum of elastic 
stress, which is a product of elastic modulus and strain, with respect to 
strain. The stress associated with strain is the yield stress, which is in 

Figure 13. a) Two roll coating machines; b) forward roll coating of 
composite paste; c) fabricated sample after heat-cure. d,e) SEM image 
showing the microtrench formation and the peak formations due to fil-
amentation on a linearly periodic sample. f,g) SEM images show high 
aspect ratio vein-leaf shape samples, as the R/d crosses a critical value.

Figure 14. Schematic of the CFD simulation configuration of the two-roll 
coater in a) 2D and b) 3D. The inset image shows the fluid-flow mesh 
boundary conditions.

Figure 12. a) Coating paste formulation. b) Processed CNT-PDMS with varying wt%.
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accordance with Walls et al.[91] A creep test was performed on a 10 wt% 
sample to confirm the yield stress measurements.

Surface Energy Measurement: Several surface energy theories were 
developed based on the contact angle and θ measurements. Fowke’s 
model[92] and the Owens–Wendt model[93,94] were utilized in this study. 
Fowke’s model combines the Young and Young–Dupree equations 
and separates liquid and solid surface energy as polar and nonpolar 
components as Equation (1)
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and polar components. The Owens–Wendt model, also known as the 
extended Fowke’s model, incorporates the Good’s equation, thus 
resulting in Equation (2)
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Three reference liquids with known surface energy values, as 
mentioned in Table 1 (e.g., water, diiodomethane (99%), and ethylene 
glycol (99%)), were utilized to measure the contact angle on a flat-
surfaced test sample. The results were fitted into Equations  (1) and 
(2) to evaluate the surface energy of the test material by Fowke’s 
model and Owens–Wendt’s model. The test samples were prepared 
by a compression molding method, as shown in Figure  12a. The CNT-
PDMS-hardener compositions were mixed well in the Thinky mixer and 
the three-roll-mill. The resulted composition was placed between two 
polyamide sheets and compression-molded under 1 ton pressure with a 
0.5 mm spacer (Figure 16a). The polyamide sheet with the CNT-PDMS 
composite was next heat-cured at 120  °C for 20 min. The polyamide 
sheet was quickly removed as the polymer crosslinked, resulting in a flat 
circular-shaped composite sample with uniform thickness. The surface 

roughness of these test samples was measured using a laser confocal 
microscope that accounts for surface roughness in the surface energy 
measurement calculation.

Surface Morphology Characterization: The surface roughness and 
waviness of the samples were characterized by a noncontacting laser 
scanning confocal microscope (Keyence VK-X1100, 0.5  nm height 
resolution, and 1  nm width resolution). The Wenzel roughness factor 
(r) and arithmetic mean wavelength (λ) were evaluated from the laser 
confocal data. The surface morphology was also investigated with a 
high-resolution scanning electron microscope (FEI Verios 460 L).

Contact Angle Measurement: Contact angle measurements were 
conducted with a Ramé-hart goniometer (model 250) at ambient 
temperature (22–25 °C). A water droplet of 2 µL was carefully deposited 
onto the sample surface, and the syringe was withdrawn immediately. 
The water droplet images were captured in five different locations of 
each sample by a charge-coupled device camera and a 150 W fiber optic 
illuminator. Finally, the water contact angle was measured using the low-
bond axisymmetric drop shape analysis plugin provided by the ImageJ 
software.[96]

High-Speed Imaging: A Photron SA-X2 high-speed camera was utilized 
to observe the roll-coating process with a Sigma 1800 mm Macro lens. 
The images were collected at 200 frames per second (fps). The PDMS 
ribbing pattern was collected in a high-resolution camera. The collected 
images were processed by ImageJ software to analyze the wavelength 
patterns.[97]

Scratch Testing: A Nanovea CB500 mechanical tester was utilized 
to examine the robustness of the 3.5 wt% CNT-PDMS micropatterned 
surface. A spherical-shaped indentor (6-mm diameter) was used to 
scratch the 6–8  mm sample length at 6  mm min−1 speed (Figure 15). 
A progressive normal load (FN) of 1–20 N was applied to the sample at 
a 19 N min−1 loading rate. The machine measured the frictional force 
(Ffr) corresponding to the applied normal force. The frictional coefficient 
was evaluated as f  =  FN/Ffr. The data were plotted against the scratch 
length. The first sudden change in the frictional force or coefficient 
was considered materials’ cohesive failure or mode-1 failure (Lc1). The 
second abrupt change in the data is the adhesive failure or mode-2 
failure (Lc2).[85,86]

Electrical Conductivity Measurement: The samples were prepared 
in the same method as the surface energy measurement section. 
After the samples were cured, they were cut into 2.54  mm × 2.54  mm 
square shapes. The sheet resistivity of the CNT-PDMS composites was 
measured by the Van der Pauw method by a custom-made four-point 
probe setup using Keithley 2400 source meter. Four uniform ohmic 
contacts of copper were placed at the four corners of the samples 
and connected to the source meter, as shown in Figure 16b. A current 

Table 1. Polar and dispersive surface energy components of the test 
liquids.[95]

Test liquid γl [mJ m−2] γ l
p [mJ m−2] γ l

d  [mJ m−2]

Water 72.8 51.0 21.8

Diiodomethane (DIM) 50.8 0.0 50.8

Ethylene glycol (EG) 48.0 19.0 29.0

Figure 15. Mechanical scratch testing of the samples showing cohesive and adhesive failure (image reconstructed based on refs. [85,86]).
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was driven along one edge of the sample (e.g., IAB) to make the 
measurement, and the corresponding voltage on the opposite edge VCD 
was measured. For this particular case, the ohmic resistance RAB,CD can 
be calculated based on Ohm’s law as follows

, =R
V
IAB CD

CD

AB
 (3)

In this method, the resistance was measured both in horizontal 
and vertical directions by switching the probes, and the average Rvertical 
and Rhorizontal value was calculated. Next, the sheet resistance Rs of the 
samples was measured by the Van der Pauw formula as follows
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Statistics: The rheology data reported are mean values over three 
replicates with yield stress data with SD bar in Figure  1b. The liquid 
contact angles data to calculate the surface energy was measured in five 
replicates. The average values and the standard deviation are mentioned 
in Table S1 (Supporting Information). The CFD simulation data were 
extracted and analyzed by FLOW-3D Post software. The correlation 
between PDMS ribbing wavelength, λRibbing with respect to log10(dp/dx),  
log10( �γ ), and log10(τw) was conducted utilizing JMP Pro statistical 
software. The correlation was validated by a lack of fitting analysis with 
95% confidence (p-value > 0.05). The sample’s surface roughness data 
were processed and analyzed by the Multifile Analyzer software. The 
measured surface data were filtered by the surface shape correction 
algorithm and next analyzed for wavelength and Wenzel roughness 
factor. The mean and SD of the data are presented in Table S2 
(Supporting Information).
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Figure S1. (a-b) Schematic of the ribbing formation phenomenon on a two-roll coater. 

 

 

Figure S2. Elastic (G') and viscous (G") modulus as a function of angular frequency. 
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Figure S3. CNTs distribution in PDMS matrix. 

 

 

Figure S4. The measured liquid contact angles were fitted in the Owens-Wendt model to 

evaluate the apparent surface energy. 
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Figure S5. (a) Cross-section of the fluid profile showing the velocity and pressure gradient. 

(b) Absolute pressure, p and fluid velocity, Vx at the direction of fluid flow (a-b direction) for 

R/d = 31.75, 36.29, 42.33, 50.8, 63.5 at a roller speed of 10 rpm. (c) The fluid velocity profile, 

Vx, in the c-d direction. (d) Shear rate (�̇�) generated due to the velocity gradient in the c-d 

direction. 

 

Figure S6. (a) Filamentation phenomenon on 0.5 wt% CNT-PDMS composite roll-coating (b) 

Filament initiation, (c) Filament elongation, (d) Filament breakage. 
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Figure S7. High-speed images were captured for roll coating of 1wt% CNT-PDMS for 

various roll-coating speeds of 20 rpm, 60 rpm, and 100 rpm for R/d of (a) 50.80, (b) 63.5, and 

(c) 84.67. The ribbing was relatively stable at a lower speed, whereas the higher speed 

incurred more filamentation and tip-splitting. 
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Figure S8. SEM images of 3 wt% CNT-PDMS samples at 50 rpm speed, and (a) R/d = 63.5; 

(b) R/d = 84.67; (c) R/d = 101.6.  

 

 

Table S1. Surface energy measurement based on the Owens-Wendt model 

Material Test liquid 
Liquid contact angle, θ 𝛾𝑙

𝑝

𝛾𝑙
𝑑 

𝛾𝑙(𝑐𝑜𝑠𝜃 + 1)

2(𝛾𝑙
𝑑)

1
2⁄

 𝛾𝑡
𝑑 

(mJ m-2) 

𝛾𝑡
𝑝
 

(mJ m-2) 

𝛾𝑡 =  𝛾𝑡
𝑝

+ 𝛾𝑡
𝑑 

(mJ m-2) 

Mean SD 

PDMS 

DIM 67.48 1.27 0.00 4.93 

23.06 0.17 23.23 EG 93.28 0.81 0.81 4.20 

Water 116.52 0.53 1.53 4.32 

         

         

3% CNT 

DIM 69.04 1.47 0.00 4.84 

21.78 0.07 21.85 EG 94.75 1.09 0.81 4.09 

Water 115.40 1.78 1.53 4.45 

         

10% CNT 

DIM 66.65 0.98 0.00 4.98 

23.12 0.10 23.22 EG 93.33 0.24 0.81 4.20 

Water 114.87 1.64 1.53 4.52 

 

 

Table S2. Sample roughness measurement 

R/d 
𝜆𝑅𝑖𝑏𝑏𝑖𝑛𝑔 (μm) 𝜆𝐹𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 (μm) 

r 
WCA 

Mean SD Mean SD Mean SD 

56.44 777.92 89.8 455.23 186.5 1.597 128.17 7.55 

63.5 618.21 146.55 337.38 82.03 2.01 133.64 7.09 

72.57 148.50 17.58 200.63 40.9 2.497 136.98 7.54 

84.67 114.34 12.68 146.93 27.8 2.44 137.274 3.81 

101.6 224.18 30.68 230.07 68.4 3.55 150.63 4.08 

127 199.41 24.26 242.98 49.03 3.5 158.13 5.47 

 

300 μm 1 mm 1 mm
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