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Abstract
This work reports large-area fabrication of polymer [polydimethylsiloxane (PDMS), polycaprolactone (PCL) and poly-

tetrafluoroethylene (PTFE)]-based superhydrophobic surfaces decorated with Cu(OH)2 nanowires. The process flow

involves fabrication of nanostructured copper hydroxide surface (Cu(OH)2_NSS) by etching and coating the Cu(OH)2_-

NSS with a hydrophobic silane layer. This is followed by transferring the nanowires on to the polymer surface. The

fabricated surfaces [which are Cu(OH)2 nanowires on PDMS: PDMS_Cu(OH)2, Cu(OH)2 nanowires on PCL:

PCL_Cu(OH)2 and Cu(OH)2 nanowires on PTFE: PTFE_Cu(OH)2] exhibited dual scale roughness imparting very good

water repelling behavior with a static contact angle greater than 150� and contact angle hysteresis of less than 10�. In
addition to water repelling behavior, the fabricated surfaces exhibited bloodphobic behavior making them suitable for

specific healthcare applications. Using the same technique, fabrication of superhydrophobic surface with complex 3D

shape was also demonstrated. The same methodology was further adopted to fabricate a large-area (22 cm 9 22 cm)

superhydrophobic surface by replacing silane with stearic acid, which is a non-fluorinated surface modifying agent. This

helped in reducing the cost and time of fabrication which is important when it comes to large-scale manufacturing.
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Introduction

Superhydrophobic surfaces have a static water contact

angle greater than 150� and a water contact angle hysteresis
less than 10�. Superhydrophobicity is commonly attained

through structuring hydrophobic surfaces at micro- and

nanoscale. Over time these surfaces have gained impor-

tance due to of their diverse applications in various

industries, public places and household (Dalawai et al.

2020; Geraldi et al. 2018; Modak et al. 2017; Saha et al.

2017). For years, nature has provided us with excellent

illustrations of superhydrophobic surfaces with multiple

integrated functionalities which includes, but is not limited

to self-cleaning properties (Koch et al. 2009; Tripathy et al.

2016; Xue et al. 2015), drag reduction (Lee et al. 2016;

Modak and Bhaumik 2017; Rothstein 2010), minimizing

axial dispersion (Bhaumik et al. 2015; Saha et al.

2016, 2017), antifouling properties (Tripathy et al.

2016, 2017b, 2018b), ability to resist bacterial colonization

(Tripathy et al. 2018a, c), etc. Some of the popular

examples that we commonly come across include lotus

leaves, gecko foot, shark skin, cicada wings, fish scale, and

spider silk (Hasan et al. 2013; Tripathy et al. 2017a). Our

interest in these structured superhydrophobic surfaces

stems from their inherent self-cleaning property that allows

them to reduce bacterial adhesion also. In addition, it also

has the ability to slow down bacterial biofilm formation by

easy removal of the cells. The wettability of a surface is a

deciding factor when it comes to bacterial adhesion (Zhang

et al. 2013b), and it has been seen that bacteria adheres to

polymeric surfaces having a water contact angle between

40� and 70�. The efficacy of superhydrophobic surfaces in

repelling bacteria is associated with reduced protein

adsorption due to the entrapment of a layer of air between

the surface and the bacterial cells (Zhang et al. 2013b). In

addition to wettability, surface roughness is another key

design parameter (Zhu et al. 2014) that can be used to

influence bacterial adhesion.

There have been several reports in which different

fabrication methods have been described to create super-

hydrophobic surfaces. These processes involve lithogra-

phy, dry etching, template based method, sol–gel

technique, layer-by-layer deposition, micro-/nano-imprint-

ing, chemical deposition method, etc. (Celia et al. 2013).

Most of these processes are not suitable for fabrication of

large-area superhydrophobic surfaces (Feng et al. 2011;

Passoni et al. 2014; Taghvaei et al. 2017; Zhang et al.

2013a). Further, complicated processing technologies and

use of sophisticated tools means demonstrating low-cost

large-area superhydrophobic surface is still a big challenge.

Although there are a few reports on fabrication of super-

hydrophobic surfaces using roll-to-roll processes (Khan-

davalli et al. 2018; Li et al. 2015), they are, however,

limited to flat geometries. Some spray-coating-based

techniques have been demonstrated (Das et al. 2018;

Makaryan et al. 2016; Yang et al. 2015). Coating complex

geometries are not possible due to challenges in accessing

the surfaces. So superhydrophobicity is generally achieved

using other techniques such as templating and vapor

deposition. (Das and Bhaumik 2018; Geraldi et al. 2018;
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Jin and Kim 2011; Ozkan et al. 2016; Shirtcliffe et al.

2009). These techniques are either expensive or involves

complicated fabrication process. Hence, there is a necessity

of a technique, which ensures easy processing, low cost

and versatility.

In our previous work (Tripathy et al. 2018a, b), we have

developed a simple process for transferring copper

hydroxide nanowires on to PDMS surfaces. The novelty of

the process is in the fact that it does not require a clean

room facility or any other sophisticated equipment to grow

and transfer the nanostructures. However, due to its soft

nature PDMS alone does not have sufficient strength for

practical large-area applications. Further, dependence on a

single polymer hinders the use of the surface in different

applications. In this work, we present process optimizations

required for transfer of copper hydroxide nanostructures

onto polycaprolactone (PCL) and polytetrafluoroethylene

(PTFE). For these transfers (including transfer to PDMS),

we demonstrate incorporation of fabric support. Incorpo-

ration of fabric support not only improves strength, but also

allows us to coat surfaces of wearables (e.g., gloves) with

the nanostructured superhydrophobic surface. These pro-

cess optimizations now allow us to develop surfaces for use

in real-life applications. We further demonstrate the ver-

satility of this process in coating surfaces with complex

shapes. The materials being used are already economical,

and we demonstrate further cost reduction by replacing

silane with stearic acid. Apart from cost aspect, stearic acid

is free from toxic chemicals and can be used for wide range

of biological applications. The scalability of this process

can be used to achieve real-life production, and once again

this is coherent with our final objective of improving its

applicability.

Materials and methods

Copper nanowire fabrication

Copper foils (30 mm 9 20 mm 9 0.15 mm) having a

purity of 99.98% were used. Cleaning of the substrates was

performed using acetone, isopropyl alcohol (IPA) and

deionized water, consecutively and the foils were ultra-

sonicated for 7 min each time. Following this, the foils

were dipped in 1.0 M sulfuric acid for 30 s and cleaned in

deionized water and dried with a nitrogen purge. After

cleaning was complete, the substrates were immersed in an

aqueous solution of 2.5 mol L-1 sodium hydroxide and

0.1 mol L-1 ammonium persulphate at room temperature

for 20 min. Finally, they were dipped in IPA and heated at

110 �C for 60 min until they dried.

Pattern transfer to PDMS

PDMS (polydimethylsiloxane) and a curing agent were

taken in a ratio of 10:1 by weight, and mixed vigorously,

before being poured on the silanized (using 1H, 1H, 2H,

2H-perfluorooctyltriethoxysilane) nanostructured copper

surface. The polymer covered foils were then desiccated

until all the air bubbles were completely removed. After

this, cotton fabric (30 mm 9 20 mm 9 0.5 mm, thread

size * 20 lm) was placed on the polymer coating and

PDMS was cured at 90 �C for approximately 20 min, until

it hardened. Finally, the copper foils were peeled off gently

from the PDMS-cloth stack.

Pattern transfer to PCL

1.0 g of PCL pellets were dissolved in 15 mL of chloro-

form for 45 min, following which it was poured on to the

silanized (using 1H, 1H, 2H, 2H-perfluorooctyltri-

ethoxysilane) nanostructured copper surfaces. Cotton fab-

ric (30 mm 9 20 mm 9 0.5 mm) was placed on the

substrate covered with PCL and allowed to air-dry at room

temperature, for about 4 h. Once PCL hardened, the copper

surfaces were gently peeled off from the PCL-fabric stack.

Pattern transfer to PTFE (Teflon)

Liquid PTFE (purchased from Dupont Chemicals) was

used in our experiment. Silanized copper nanostructure

surface was stuck at bottom of the square mold of area

2 cm2. Teflon was poured inside the square mold and

allowed to cure at 120 �C. Teflon upon curing forms a very

thin film. So, before Teflon was fully cured additional

amount of Teflon solution was poured on the semi-cured

PTFE surface already present inside the mold. Once it was

completely cured, we ended up with a 76-lm-thick layer of

PTFE. The mold was removed, and the copper foil was

peeled gently such that nanowires were transferred to the

PTFE surface.

Surface characterization

The electron microscopy images of the nanostructured

surfaces were captured using a field emission (Carl-Zeiss)

scanning electron microscope with an accelerating voltage

of 5 kV at different magnifications. Further a custom-made

Goniometer setup was used to measure the static contact

angle on the fabricated surfaces. An 8-lL water droplet

was placed gently on the substrate, and the image of the

droplet was captured by a CMOS Camera (Thor Labs). The

contact angle measurement was taken using ImageJ�
software (Schneider et al. 2012). The same Goniometer
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was used to measure the contact angle hysteresis by tilting

the entire setup to record the advance and receding contact

angles of the droplet with the surface just before the droplet

began to slide and calculating its difference as the required

contact angle hysteresis. All the measurements were

repeated thrice to ensure repeatability.

Results and discussion

Figure 1a shows the process flow for the fabrication of

polymer-based nanostructured surfaces on fabric. This

imparts the fabric with anti-wetting property. The process

involves etching the copper sheet as the first step to obtain

the Cu(OH)2 nanowires (Fig. 1b, diameter of nano-

wires * 220 nm) followed by transferring the nanowires

on to the polymer-fabric stack (Fig. 1c). PDMS, PCL and

PTFE polymers have been used in this study to hold the

nanowires tightly while they are transferred from the

copper surface to the fabric. PDMS is a silicone-based

polymer which is optically transparent, biocompatible,

hydrophobic, chemically inert and non-flammable making

it suitable for several scientific and industrial applications

(Dai et al. 2003; Roh et al. 2016). Similarly, PCL possesses

good resistance to oil, water and various solvents. It has

been used in many biomedical applications such as targeted

drug delivery, implantable biomaterials, as a component in

dental splints and root canal filling (Bassi et al. 2011;

Eshraghi and Das 2010). Teflon or PTFE is a fluoropoly-

mer consist of carbon and fluorine molecules and has very

low surface energy. It has been widely used as a low sur-

face energy coating for numerous applications including

cooking ware, semiconductor manufacturing, lab on a chip

and multi-sensors devices (Dhanumalayan and Joshi 2018).

The polymers were chosen due to their unique properties as

mentioned above and more importantly due to their bio-

compatibility (Dhanumalayan and Joshi 2018; Lee et al.

2018; Nishida et al. 2011; Peterson et al. 2005; Salgado

et al. 2012) so that the fabricated surfaces in this work can

be used in household and healthcare applications.

Apart from nanowire transfer in PDMS, this study

shows the versatility of the process, i.e., transfer of nano-

wires to other polymer like PCL and PTFE. Previously

many other transfer processes are limited to PDMS only

(Kim et al. 2018, 2019). This demonstration gives the

flexibility to use polymer other than PDMS. Figure 2

shows the SEM images of PDMS_Cu(OH)2,

PCL_Cu(OH)2 and PTFE_Cu(OH)2 surfaces after the

successful transfer of the Cu(OH)2 nanowires. On all the

surfaces, dual-level roughness [microstructured polymer

surface with Cu(OH)2 nanowires on top] was observed.

However, morphology of the surfaces was different. This is

due to the difference in their wetting properties and their

curing process (Tropmann et al. 2012). PCL hardens faster

Fig. 1 a Process flow for the

fabrication of PDMS_Cu(OH)2,

PCL_Cu(OH)2 and

PTFE_Cu(OH)2 nanostructured

superhydrophobic surfaces.

b SEM image of Cu(OH)2
nanowires post etching the

copper substrate for 20 min.

c SEM image of the fabric used

in our experiments
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than PDMS at room temperature. Thus, PCL does not get

enough time for restructuring and hence micro-structuring

on PCL after transfer was found to have reduced micro-

level roughness as compared to PDMS (Fig. 2a–d). Unlike

PDMS that is used without solvent, PCL beads are to be

mixed with choloform to get viscous polymer emulsion.

The viscosity of PCL is optimized by mixing optimum

ratio of PCL and choloform (1:23, w:w) so that polymer

should flow inside nanostructures. This process ensures

proper transfer of nanostructures on PCL. On the other

hand, PTFE dry upon heating and the drying temperature

plays a significant role in polymer structuring (Song et al.

2008; Xiaoming et al. 2019). Due to its low viscosity,

concentration optimization is not required, but thickness

optimization is done. The pouring was thus done twice to

make sure the film that is formed is thick enough so that it

can be peeled from nanostructured copper surface. Initially

for a volume of 1 cm3 Teflon, we obtained thickness of

40 lm after curing at standard curing temperature of

120 �C. Again to get optimum thickness that ensures

proper peeling, same volume was poured on top of semi-

dried Teflon to get a final thickness of 76 lm. Total time

required for curing is about seconds. Figure 2e–f shows the

polymeric structuring apart from nanowires that are trans-

ferred. However, on all the surfaces PCL, PDMS and

PTFE, successful transfer of nanowires took place making

the fabrication process suitable for polymer other than

PDMS (Tripathy et al. 2018a, b) as well.

The present understanding of nanostructures transfer

process can be summarized in two main parameters: the

thickness and viscosity of polymers. Both are related to

transfer efficiency of nanostructures. Higher viscous liquid

cannot go inside the nanostructure, and very thin film

creates peeling issue. The optimum viscosity and film

thickness that ensures proper transfer are 3500 cps and

76 lm, respectively. The curing time for PCL is faster than

PDMS and Teflon, but dual-level hierarchical structuring is

better in PDMS. Apart from parameterical differences PCL

and PTFE show successful transfer efficiency.

Further the wettability of the surfaces was tested under

static condition by measuring the contact angle and contact

angle hysteresis of water droplet (8 lL) placed on the

surface. Water contact angle for the PDMS_Cu(OH)2 sur-

face was found to be 169� ± 2�, for PCL_Cu(OH)2 surface

Fig. 2 SEM images of a,
b PCL_Cu(OH)2 NSS on fabric,

c, d PDMS_Cu(OH)2 NSS on

fabric, e, f PTFE_Cu(OH)2 NSS
film
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contact angle was 166� ± 3� and for PTFE_Cu(OH)2 sur-

face it was measured to be 171� ± 3�. Contact angle

hysteresis for all the surfaces was below 10�. Figure 3

shows the photographs of the water droplet on the fabri-

cated surfaces. In comparison PTFE surface gives higher

repellency than PDMS and PCL surfaces. Water droplets

did not spread and stayed on the surfaces maintaining a

spherical shape. This water repelling property can be

attributed to the dual-level roughness, i.e., the roughness

due to the self-structuring of the PDMS/PCL/PTFE poly-

mers during wetting the Cu(OH)2 nanowire jungle and the

presence of the Cu(OH)2 nanowires on top of the polymers

after transfer. This combination gives a hierarchical

roughness and hence imparts very good water repelling

ability (Video S1).

Along with water repelling ability, all the surfaces

PDMS_Cu(OH)2, PCL_Cu(OH)2 and PTFE_Cu(OH)2 also

exhibited blood repelling behavior. In our previous work

(Tripathy et al. 2018b), we had demonstrated the blood-

phobic behavior of the PDMS_Cu(OH)2 surface. In this

work, we further demonstrated the bloodphobic behavior of

PCL_Cu(OH)2 and PTFE_Cu(OH)2 surface also. Whole

blood was used in the experiments to test the blood

repelling ability of the polymer-based nanostructured sur-

faces (Video S2). This opens up the possibility of a new

applications for PDMS_Cu(OH)2, PCL_Cu(OH)2 and

PTFE_Cu(OH)2 surfaces in a hospital setting.

Several applications of superhydrophobic surfaces such

as covering for door knobs/handles, outer surface of ban-

dage, gloves, or support rail in public transportation require

superhydrophobic surface having complex 3D shapes. One

of the approaches of attaining complex 3D shapes is

through flexible surfaces. However, when flexible super-

hydrophobic surfaces are stretched, their anti-wetting

properties are compromised due to the increase in the

distance between the nanostructures. Several reports on

superhydrophobic flexible surfaces are limited to flat sur-

faces (Khandavalli et al. 2018; Li et al. 2015; Tripathy

et al. 2018a, b). 3D-based superhydrophobic surfaces are

still challenge. Hence, a technique to fabricate 3D super-

hydrophobic surfaces will find use in many applications.

Using the proposed nanowire transfer process, fabrication

of superhydrophobic surface with complex 3D shapes is

possible. The present transfer process demonstrates the

versatility of the process to be used for 3D curved surfaces.

3D surfaces are obtained by first shaping the copper surface

to required shape and then performing the nanowire etch

and transfer using the 3D-shaped copper surface.

Here a 3D mold having the shape of an elbow was

fabricated on polylactic acid surface using 3D printing

technique (Fig. 4a). Figure 4b shows the dimensions of the

3D mold having undulated shape. First the copper sheet

was fixed inside the 3D mold to get the shape of the mold.

After that the copper was etched and the standard protocol

was followed as shown in Fig. 1a. Figure 4c shows the

photograph of the PDMS_Cu(OH)2 surface having the

shape of an elbow. The blue color is due to the successful

transfer of the Cu(OH)2 nanowires. To further ensure the

successful transfer of the nanowires, SEM imaging was

performed. Figure 4d shows the SEM image of the

PDMS_Cu(OH)2 surface having an elbow shape. Hence, it

is clearly seen that this technique can be used to fabricate

superhydrophobic undulated flexible surfaces with com-

plex 3D shapes for practical applications.

To check how small curvatures would effect the transfer

process, we fabricated PDMS_Cu(OH)2 surfaces having

semi-cylindrical shapes with different diameters. For this,

copper strips having different semi-cylindrical shapes (di-

ameter ranging from 5 to 25 mm) were used. Post-etching,

the PDMS was poured on the surfaces and the standard

process was followed to get the PDMS_Cu(OH)2 surfaces

having different cylindrical shapes. As seen in Fig. 4e, we

were successful in forming surfaces with diameters as

small as 5 mm.

Another important aspect of any fabrication technique is

the feasibility of the process for realizing low-cost, large-

Fig. 3 Contact angle measurement using 8 lL water droplet on the a Fabric_PDMS_Cu(OH)2 surface, b Fabric_PCL_Cu(OH)2 surface,

c Film_PTFE_Cu(OH)2 surface
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area surfaces. Traditionally, silane has been used for tuning

the wettability of the Cu(OH)2 nanostructured surface

before transferring the nanowires (Tripathy et al. 2018b).

Even though the nanowire transfer approach is a low-cost

process for fabricating anti-wetting surfaces (Tripathy et al.

2018a, b), the fabrication cost can be further reduced by

replacing the silane with stearic acid. To estimate the exact

cost of fabrication, a table was prepared, in which the cost

of fabricating an A4 size PDMS_Cu(OH)2 and

PCL_Cu(OH)2 surfaces using silane and stearic acids,

separately, has been calculated (Table S1).

The large-area fabrication is demonstrated by using a

copper sheet of size 22 cm 9 22 cm and etched using the

recipe explained in Fig. 1a. In this process, stearic acid was

used to make the Cu(OH)2 nanostructured surface super-

hydrophobic. For transferring the nanowires, the cured

PDMS was peeled off from the nanostructured surface

(Fig. 5a). Figure 5b shows the large-area superhydropho-

bic PDMS_Cu(OH)2 surface. The fabricated surface

exhibited very good resistance (Video S3) to water (water

contact angle of 168� ± 2� and contact angle hysteresis of

\ 3�).
As a demonstration, fabrication of water-repellent

gloves made up of PDMS_Cu(OH)2 coated fabric was

demonstrated. In our previous work, we showed the fab-

rication of superhydrophobic gloves using commercially

available nitrile gloves and silane (Tripathy et al. 2018a).

Apart from being more expensive, surface silanization

requires 6–8 h of wet treatment to make the copper

nanostructured surface superhydrophobic. In the modified

process the time of fabrication was significantly reduced by

using stearic acid, which only takes 15–20 min to make the

copper nanostructured surface superhydrophobic. Com-

mercially available fabric (cotton) gloves (Fig. 5c) were

used in this process. The gloves were placed on the curing

PDMS on the superhydrophobic copper nanostructured

surface. Then the gloves–PDMS–copper nanostructured

surface stack was kept on the hot plate for curing the

PDMS. After curing, the copper nanostructured surface

was peeled off from the fabric-PDMS stack. The glove

fabric was found to have good adhesion with the PDMS

after curing. This allows the PDMS_Cu(OH)2 surface to

stick to the fabric despite the physical forces arising during

the use of the glove (Fig. 5d). The PDMS_Cu(OH)2-coated

fabric gloves exhibited good water repelling ability

(Video S4). These gloves can be used in hospitals while

handling different liquids including blood, to help curtail

Fig. 4 a 3D polylactic acid

mold having shape of an elbow

fabricated using 3D printing

technique. b Dimension of the

fabricated 3D mold.

c Photograph of the fabricated

PDMS_Cu(OH)2 having a shape

close to that of an elbow.

d SEM image of the

PDMS_Cu(OH)2 surface having

a complex 3D shape as

demonstrated in c showing the

successful fabrication.

e Photographs of

PDMS_Cu(OH)2 surfaces

having semi-cylindrical shape

(scale bar—5 mm)
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the transmission of pathogenic bacteria from one place to

other inside the hospital (Tripathy et al. 2018a).

Conclusion

In summary, large-area fabrication of superhydrophobic

surfaces using PCL, PDMS and PTFE polymers decorated

with Cu(OH)2 nanowires at a low cost was demonstrated.

The fabricated surfaces exhibited superhydrophobicity with

water contact angle more than 150� (PDMS: 169� ± 2�,
PCL: 166� ± 3� and PTFE: 171� ± 3�) and hysteresis of

less than 10� (PDMS:\ 2�, PCL:\ 7� PTFE:\ 2�). This
experiment validated the efficacy of the process being used

to fabricate superhydrophobic surfaces using polymers

other than PDMS. All the PDMS_Cu(OH)2, PCL_Cu(OH)2
and PTFE_Cu(OH)2 surfaces also exhibited bloodphobic

behavior making them suitable for specific healthcare

applications. Also, it was shown that the fabrication of

superhydrophobic surfaces having a complex 3D shape is

possible using the same technique. In addition, a large-area

low-cost fabrication of superhydrophobic PDMS_Cu(OH)2
surface (22 cm 9 22 cm) was demonstrated by replacing

silane with stearic acid. This improved the process feasi-

bility by also reducing the time of fabrication. Using stearic

acid as a hydrophobic coating before the nanowire transfer,

superhydrophobic gloves and superhydrophobic surfaces

having semi-cylindrical shapes were fabricated which jus-

tifies the replacement of silane with stearic acid. The sur-

faces created in this work can be used in many household

and healthcare (upholstery inside an ICU or even in general

wards, gowns, gloves, etc.) applications.
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