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Abstract

Linear periodic microstructures are of significant importance in various applications, including drag-reduction, biofouling, self-
cleaning, and superhydrophobicity. However, practical applications of such surfaces require mass manufacturing techniques, which
are highly limited. This study demonstrated a simple template-free scalable manufacturing technique to fabricate linearly periodic
microstructure by controlling the ribbing defects in forward roll coating. A viscoelastic polymer nanocomposite with tailored
properties was synthesized and utilized as the coating material. The ribbing instabilities were controlled with process parameters
that resulted in variable periodicity of the linearly aligned microstructures with a spacing of 114 — 700 pm. The microstructure
arrangement also had a linear to random transition as the instabilities increased. The manufactured surface has a high Wenzel
roughness factor that ranges from 1.6 to 3.6, which results in water contact angles of 128° to 150°. The linear microstructure films
can have critical applications in the mass manufacturing of drag reduction surfaces. The high aspect-ratio microstructure films can
also have applications in superhydrophobic, self-cleaning, anti-icing, and anti-biofouling surfaces.
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1. Introduction one of the best swimmers in the ocean. They have unique skin

morphology with periodic microstructures that modify the near-

Through many examples of their complex structures used to
adapt to the environment, biological systems remain a
significant source of inspiration to utilize fundamental
scientific principles [1-3]. Nature remains far ahead of human-
developed technologies, as natural systems have been using
micro-nano scale structures to produce unique functionalities
for millions of years [4-6]. For example, lotus leaves have a
specific surface roughness with modified surface chemistry to
enable self-cleaning [4,7]. Sharks also use microstructures to be

wall vorticity during turbulent flow, reducing skin friction [8—
10]. Namib desert beetles harvest water from the fog with
superhydrophobic-superhydrophilic microstructures that allow
them to survive in harsh dry weather [11-13]. These unique
surface topographies with different functionalities have
inspired researchers to develop biomimetic micro-nano
structures for applications such as self-cleaning surfaces [14—
17], drinking water harvesting from fog [18-20], friction
reduction in solid-solid interfaces [9,21,22], and hydrodynamic
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drag reduction in ships [8,10,23-25]. While various
technologies including photolithography, laser cutting, micro-
coining, 3D printing, and bio-pattern imprinting have been
utilized to fabricate these micro-nano structures, there are
critical limitations in practical applications as most of these
methods are complex, expensive, and time-consuming, making
them unsuitable for mass-manufacturing [26—30]. For example,
lithography techniques have been implemented to manufacture
periodic linear micro-trench surfaces that have demonstrated
drag reduction effects in open-water turbulent flows [31].
However, these surfaces were made from silicon wafers using
microelectromechanical systems (MEMS) technology, limiting
them to the size of the wafer — that are far smaller than a real-
life boat or ship. Manufacturing these micro-patterned
structures in a low-cost scalable process is essential for practical
applications.

Such desirability of periodic microstructures has motivated
for a more insightful look into a common roll-coating defect
known as ribbing instability. During the roll-coating process, a
positive pressure gradient is developed in the downstream
meniscus of the coating fluid [32]. The flow becomes unstable
when the pressure gradient exceeds a critical value, and a
finger-like growth is observed [33,34]. A visual representation
of the ribbing formation is shown in Fig. 1. These spatially
periodic patterns transverse to the roll-coating direction are
known as ribbing instability [35-38]. Conventionally, these
patterns are undesirable in coating applications, such as
painting, applying adhesives, or preparing functional films for
optical and electrical applications. However, careful controlling
of these ribbing patterns could assist in replicating periodic
microstructures obtained by the traditional methods.
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Fig. 1. (a-b) Schematic of the ribbing formation phenomenon on a two-roll
coater.

The ribbing behavior of Newtonian and non-Newtonian
fluids has been studied through experimental and
computational models that aim to minimize roll-coating defects
[35-39]. The periodicity, wavelengths, and severity have been
studied, which heavily depends on several factors, including the
surface energy, viscosity, and shear rate [33,40-42]. Several
researchers also identified the capillary number (viscosity
rollers speed / surface tension) as a crucial parameter to
describe the on-set condition for the ribbing initiation
[34,36,43,44]. A higher capillary number results in a more
unstable flow for Newtonian and non-Newtonian fluid.

However, the critical capillary number for non-Newtonian fluid
is much lower than Newtonian fluids [44]. The elastic nature of
the non-Newtonian coating fluid restricts the flow rate causing
a rapid increase in the pressure gradient, which results in more
instabilities [32,36,40]. The geometric features such as the
roller to roller gap (d) and roller radius (R) is also a critical
factor. Often represented in literature as a dimensionless
parameter of roller distance to roller radius ratio [36,38,45]. The
flow is more susceptible to instabilities at a lower roller gap to
radius ratio, as the critical capillary number was found to be
lower. This is due to the increase in a pressure gradient that
occurs as the fluid flows through a narrower passage, elevating
shear stress.

Despite numerous studies, the ribbing formation of non-
Newtonian fluids are still not well understood compared to
Newtonian fluids [34,38]. Most research on non-Newtonian
elastic fluid has focused on identifying the critical capillary
numbers or threshold conditions to initiate the instabilities.
However, the fluid propagation and ribbing formation beyond
the on-set conditions are yet to be explored [46—48]. One
primary reason for this limitation is that researchers put efforts
into identifying the on-set condition of instabilities to avoid
coating defects. Moreover, defining the capillary number and
the shear rate appropriately for the roll-coating process is
arguable. The shear rate-dependent viscoelastic behavior of the
coating materials are usully measured by rheometer. However,
the roll-coating instruments are not intrinsically viscometric, as
they do not have the necessary sensors. Thus the exact viscosity
of the coating paste during the roll-coating process is often
unknown. Estimating the capillary number relies on either
assuming a constant viscosity or calculating the shear rate based
on the velocity gradient of the two rollers [49]. It is
inappropriate since it cannot effectively define the shear rate
when the two rollers run at the same speed. Accurate
measurement of the shear rate can be obtained either by
incorporating viscometry to the roll-coater or by finite element
analysis to determine the fluid velocity gradient during the roll-
coating process [50,51].

The roll-coating method can be used to produce a large
surface micro-patterned area by manipulating the ribbing-
instability phenomenon. However, there remains a lack of
understanding of how the ribbing behavior of non-Newtonian
pastes occur. An in-depth investigation of the physical
properties of the roll-coating pastes and how it influences the
ribbing instabilities in a roll-coating process can achieve
scalable manufacturing of periodic micro-patterns surface.
Unlike the typical coating applications, this study focuses on
going beyond the on-set conditions and carefully controlling the
process parameter to manufacture periodic microstructures by
controlling the instabilities. One phenomenona observed for
Newtonian liquid is that ribbing patterns tend to flatten when
the roller stops, as the surface tension dominates over viscosity.
However, to manufacture periodic microstructure, it is
necessary to retain the deformed shape when the rollers stop.
The surface flattening can be avoided by tailoring the coating
liquid’s viscoelastic properties. Such materials will only behave
like a fluid under shear stress but act as solid when the stress is
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unloaded. One method to engineer the viscoelasticity of the
polymers is nanoparticles addition [52—-54]. Previous studies
suggest that the volume fraction and geometry of the inclusions
influence the rheological properties of the composite. Notably,
composites with cylindrical or high aspect ratio nanoparticles
are more likely to possess yield properties than spherical
particles [55,56].

In this study, the ribbing formation of a Newtonian fluid in
a forward roll coating for various process parameters was
studied. The finger-like ribbing was observed during the
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 to the Newtonian fluid. This helped to achieve a
yield behavior and avoid surface tension-driven flattening.
Finally, utilizing the composite paste, linearly periodic
microstructures were manufactured by the roll-coating process.
An in-depth investigation of the physical properties of the
coating paste and roll-coating parameters helped to achieve
scalable manufacturing of linearly periodic microstructure
surfaces. These surfaces have the great potential to manufacture
multifunctional surfaces for drag reduction,
superhydrophobicity, self-cleaning, anti-icing coatings, anti-
biofouling, biological sensors, and radiative cooling.

2. Methodology
2.1. Coating materials preparation

A nanocomposite paste was synthesized using a
polydimethylsiloxane elastomer kit (PDMS Sylgard 184, Dow
chemicals) and multi-walled carbon nanotube (CNT, 6-9 nm
diameter, and 100-200 pm length). The PDMS and CNTs were
initially mixed utilizing a universal planetary mixer for 10
minutes. Next, the hardener was introduced as 10:1 ratio with
the PDMS, and the combined mixture was 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 CNT wt% was varied to get
composite pastes with tailored rheological properties.

2.2. Forward roll coating

A two-roll coating machine was utilized to fabricate the
samples and analyze the ribbing behavior (Fig. 2(a)). The
radius (R) of each roller was 25.4 mm. The rollers run with
independent motors as the angular speed can be controlled
within 0 — 120 rpm. A removable polyimide sleeve was inserted
on roller #1 to transfer the composite film after the roll-coating.
The coating materials were inserted between two rollers and
were introduced to different process conditions by controlling
the roller velocities V;, V>, and the roller distance of d (Fig.
2(b)). Finally, the composite film with micro-structures was
oven cured at 125 °C for 25 minutes (Fig. 2(c)).

2.3. Rheology measurement

Steady and dynamic oscillatory rheological experiments
were conducted on a TA Instruments Discovery Hybrid-3
rheometer with an 8 mm cross-hatched parallel plate geometry,
using a 1000 um - 2 mm measuring gap. Frequency sweeps
were performed from 0.1 — 627 Hz at an oscillatory strain of
1%. According to this oscillatory strain sweep, it was
determined to be within the linear viscoelastic regime. The
lower limit of frequencies for the low modulus sample(s) was
often dictated by the transducer limit of the rheometer. Tests
were repeated three times, and standard errors were <5%.
Average values are reported. The frequency sweep data was
later utilized to get steady shear-rate vs. viscosity data based on
the Cox-Merz rule [57].

2.4. Surface morphology characterization

The surface roughness and waviness of the samples were
characterized by a non-contacting laser scanning confocal
microscope (Keyence VK-X1100, 0.5 nm height resolution,
and 1 nm width resolution). Several roughness descriptors such
as the Wenzel roughness factor (r), the density of peaks (Spd),
and arithmetic mean wavelength (Wia) were evaluated from
the laser confocal data. The surface morphology was also
investigated with a high-resolution scanning electron
microscope (FEI Verios 460 L).

(a)

(b)

1200°C for |
20 min

Fig. 2. (a) Two roll coating machines; (b) Forward roll coating of composite
paste; (c) Fabricated sample after heat-cure.

2.5. Contact angle measurement

Contact angle measurements were conducted with a Ramé-
hart goniometer (model 250) at ambient temperature (2225
°C). A water droplet of 2 uL. was carefully deposited onto the
sample surface, and the syringe was withdrawn immediately.
The water droplet images were taken in 5 different samples'
locations by a charge-coupled device camera and a 150 W fiber



4 Md Didarul Islam et al. / Manufacturing Letters 00 (2021) 000—-000

optic illuminator. Finally, the water contact angle was
measured using the low-bond axisymmetric drop shape
analysis plugin provided by the ImageJ software [58].

3. Results
3.1. Rheological properties of PDMS vs. composite paste

The viscoelastic properties of the materials are plotted in
Fig. 3. The PDMS showed 107 to 10! Pa storage modulus and
1 to 10? Pa loss modulus from 0.1 — 100 rad/s angular
frequency. As observed, the loss modulus is consistently higher
when compared to the storage modulus, which signifies that the
PDMS material behaves as a fluid. The viscosity () of the
PDMS varies between 5.3 — 5.2 Pa-s, and change is minimal
for the shear rate with a range of 0.1 — 100 s°..

The 3.5 wt% CNT addition to the PDMS dramatically
changes the viscoelastic properties of the materials. The
composite shows a storage modulus (G") of 1.3x10° — 6.7x10°
Pa and loss modulus (G") 4.6x10* — 9.7x10* Pa. In contrast to
the PDMS, the storage modulus is consistently higher than the
loss modulus meaning the CNT addition resulted in the
materials behaving as a two-phase solid. The viscosity of the
3.5 wt% CNT-PDMS shows a shear-thinning response as
viscosity decrease with shear rate. At a low shear, the viscosity
is observed to be 10° Pa.s. Whereas, with an increase of shear
rate above 600 s, the viscosity drops to 10° Pa.s. The radical
reduction in viscosity under shear also indicates a possible
yield behavior, meaning above a certain shear-stress the
materials to behave as a fluid. The material viscosity is well
fitted into power-law as the viscosity was defined by
2.067x103(y,) %% where ¥, is the shear rate (s).
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Fig. 3. (a) Storage Modulus (G') and Loss Modulus (G") vs. angular
frequency sweep; (b) Viscosity (1) vs. the shear-rate data based on Cox-Merz
rule.

3.2. Ribbing instabilities in roll-coating of PDMS

Before diving into the ribbing phenomenon of the complex
shear-thinning viscoelastic paste, a full-factorial experiment
was conducted to investigate the ribbing of PDMS for various
rollers' speeds and roller distance. The rheological properties of
PDMS are primarily Newtonian, as the viscosity change during
steady shear was minimal. The two roller's speed was kept
identical (V1=V>) and varied between 30 and 100 rpm. The
roller distance (d) was varied between 0.4-0.8 mm. Upon
rotation of the rollers, a distinct ribbing phenomenon was
observed. The ribbing wavelengths are defined by the distance
between each riblet's peak. Some of the ribbing images are
shown in Fig. 4 (a-d). The ribbing wavelength (WA,ipping) 1S
investigated in relation to the dimensionless geometric
parameter R/d. For any given R/d, an increase in roller speed
results in a decrease of Wi,ipping (Fig. (e-f)). 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. Whereas, at 30 rpm speed, the wavelength reduces from
7.03 mm to 3.52 mm as the R/d increases from 31.75 to 63.5.
This was also noted that at a higher R/d (> 63.5), the ribbing
periodicity begins to be nonuniform and random (Fig. 4(d)).

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. As
observed in section 3.1, the PDMS behaves like a fluid with
nearly constant viscosity (5.3-5.2 Pa.s) from a shear rate of 0.1
to 100 s™. This fluid-like behavior allows the surface tension
force to flatten the ribbing patterns quickly.
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Fig. 4. (a-d) Ribbing instability of PDMS under various process conditions;
(e-f) Ribbing wavelengths vs. roller speed. (f) Ribbing wavelengths vs. R/d

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. However, the PDMS can not 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
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surface tension-driven flattening; but acts as fluid during the
roll-coating allowing the ribbing formation to occur.

3.3. Ribbing instabilities in roll-coating of composite paste

The CNTs were introduced into the PDMS to tailor the
viscoelastic properties of the coating materials. To avoid the
surface flattening when the rollers stop, a yielding material is
necessary, 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 3.5 wt% of CNT-PDMS were
found to be the most suitable one based on viscoelastic
properties investigation. The 3.5 wt% CNTs addition on the
PDMS ensured the material possessed extremely high viscosity
>10° Pa.s at low shear-rate, whereas the material's viscosity
decreases to 10° Pa above 600 s shear rate. The significantly
reduced viscosity under shear allows the materials to behave as
fluid during the roll-coating process and facilitates ribbing
formation.

A parameter sweep was conducted with different roller
speeds (20-100 rpm) and roller distances. At a lower velocity,
it was observed that the patterns were more likely to align
linearly. Due to a higher capillary number, a higher roller speed
induced more instabilities and randomness. In addition, the
wavelength control was more precise by controlling the R/d,
which is also observed in the roll coating of the PDMS. As a
result, the roller's speed was fixed at 20 rpm, while the R/d was
varied from 56.44 to 101.6. The roll-coated samples were heat-
cured and observed by SEM and laser confocal microscopy to
analyze the surface morphology.

Fig. 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)
entangled CNT dispersion in microstructure peaks.

The 3.5 wt% CNT-PDMS samples showed a hybrid
microstructure created by ribbing and capillary bridging. While

the ribbing waves were observed transverse to the roll-coating
direction, capillary bridging resulted in many micro-peaks in
the longitudinal direction. The SEM images of the samples are
shown in Fig. 5. The samples R/d = 56.44, 63.50, 72.57, 84.67
showed mostly linear ribbing formation, whereas the R/d =
101.60 transitions to a more random microstructure. The
ribbing wavelengths were reduced from 700 um to 90 pm for
the linear-microstructure sample (Fig. 5(a-d)). The (R/d=101)
sample showed highly dense micro-peaks and a high aspect
ratio. The CNTs can be observed at each peak of every sample.
Fig. 5(f) shows an example of the micro-peaks observed on the
surface. The entangled CNTs allow the PDMS to retain the
complex microstructure after roll-coating by resisting the
surface tension-driven flattening.

The water contact angles (WCA) of the micro-structured
samples were measured to demonstrate the hydrophobicity of
the surface (Fig. 6). The measurement was done in 5 different
locations for each of the samples. The average WCA was
128.17°, 133.64°, 136.98°, 137.27°, and 150.63°. The WCA
seems to increase with an increase in R/d. However, the trend
stalls right before the transition between a linearly periodic
microstructure to a high aspect-ratio random microstructure.
The WCA dramatically increases into the superhydrophobic
range at 150.63° for R/d = 101.6.
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Fig. 6. (a) Water contact angle measurements boxplot in 5 different locations

of each sample. (b) 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, and (v) 101.6.
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Since the SEM shows only a small area of the samples, a
laser confocal microscope was utilized to quantify the
wavelengths and surface roughness. Fig. 7(a) shows an
example samples' three-dimensional (3D) topography. The
ribbing wavelength (WAribing), as described earlier, is defined
as the distance between each transverse riblet. The capillary
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bridging wavelength (WAcapittary briaging) 1S the peak-to-peak
distance in the longitudinal direction, as shown in Fig. 7(a). The
samples included random microstructures along with the
linearly periodic patterns. To quantify the wavelengths,
multiple (>20) transverse and longitudinal lines (were drawn
on the 3D surface with the Multifileanalyzer 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 average values are
presented in Fig. 7(c). The wavelengths reduce for both ribbing
and capillary bridging phenomenon with an increase in R/d,
which is associated with more instabilities. The average
Wrivbing Was 777, 618, 148, 114 pm 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 pum. The average
WA Capiltary bridging als0 follows the same pattern as the observed
wavelengths were 455, 337, 200, 146, and 230 pm for the
R/d=56.44, 63.50, 72.57, 84.67, and 101.60.
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Fig. 7. (a) Laser confocal microscope image of the fabricated sample showing
ribbing and capillary bridge formation; (b) Ribbing wavelength, capillary
bridging wavelength vs. R/d; (c) Wenzel roughness factor (r), average water
contact angle vs. R/d.

The Wenzel roughness factor (r = Actual surface
area/cross-sectional area) was also calculated from the 3D

topography of the samples to correlate the hydrophobicity
observed from the WCA measurement. The surface roughness
increases with increased R/d as the r increases from 1.5 to 3.5
(Fig. 7(c)). However, a dramatic change is observed right after
the transition from a linearly periodic microstructure to a
random microstructure. This is also reflected in the water
contact angle measurement as the (R/d=101.6) sample appears
to be superhydrophobic (>150°). The surface roughness and
water contact angle measurements closely match each other.

4. Conclusion

Ribbing instabilities were observed initially for the pure
PDMS; however, the polymer flattens while resting due to a
low viscosity compared to the surface energy. The wavelengths
for the PDMS were observed in the 7.03 to 3.52 mm range for
roller speeds from 30 to 100 rpm and R/d of 31.75 to 63.50.
Increasing the CNT content to 3.5wt% on the PDMS allows the
polymer to retain its solid shape even after roll-coating is
stopped due to the high viscosity to surface energy ratio. Also,
the observed ribbing is at a controllable 114-777 pm size.
However, as the roller distance decreases even further to
increase the R/d to 101.60, the linear ribbing transitions into the
random microstructure with a high Wenzel roughness factor of
3.56. The water contact angle of the samples ranged from
128.17° to 150.63°.

This study demonstrated a simple, scalable fabrication
process to achieve periodic microstructures. The research
helped to carefully identify and narrow down the suitable
material composition and process parameters to control the
micro-trenches' periodicity. The complete sample preparation
takes 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 by 150
mm, only constrained by rollers diameter and length. Taking
advantage of the ribbing 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 to improve the control of the surface morphology.
The mechanical durability of the fabricated microstructures is
also being investigated. Finally, the fabricated samples are also
being employed to demonstrate drag-reduction capabilities in
miniature model ships, self-cleaning surfaces, and anti-
biofouling applications.
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