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ABSTRACT 

 
Polymeric materials are easily fabricated into a wide array 
of structures for numerous applications.  The bulk 
properties can be tailored for preparing novel structures and 
substrates for use as substrates for 3D printing.  
Particularly, the ability to tailor the surface for specific 
applications or enabling the printing of structures onto the 
substrate.  For example, the surface chemistry and structure 
can be tailored for superhydrophobic or omniphobic 
properties.  A process that is easily scaled to a continuous 
or large area structure is critical for commercialization and 
this work demonstrates scalable polymer patterning for 
creating superhydrophobic surfaces and tailored surfaces 
for controlling the printing of secondary structures by 
patterning of hydrophobic and hydrophilic surface patterns.  
In contrast to other manufacturing approaches, the 
processes described are cost-effective and rapid.  This work 
presents novel manufacturing approaches for the 
incorporation of nano/microscale functionality that are 
environmentally friendly (melt-based), industrially relevant, 
and can be transferred to a continuous polymer patterning 
process.  Nano or micro-structured surfaces with patterns of 
different polymers or nanoparticles can be made with 
directed assembly and transfer to a polymer substrate.  
Unique structures for flexible electronic devices, 
metamaterials (near-IR and microwave), structural 
nanocomposites, icephobic surfaces or biocompatible 
materials will be described. 
 
Keywords: directed assembly, superhydrophobic, 
nanostructures  
 

1 INTRODUCTION 
 
Nanotechnology offers unprecendented potential for 

many new high performance products.  For example light 
weight enhanced materials, sensors with improved 
sensitivity, novel medical products, and new electronics 
devices.  Fabrication of these devices is dependent on new 
nanomanufacturing approaches and new substrates on 
which place the nanomaterials. Nanomanufacturing 
processes have emerged in different areas, including  
biological systems[1] and polymer nanocomposites 
electronics[2].  From a fabrication perspective, printing is an 
attractive method to create new structures.   Polymers are 

attractive for printing and for substrates for subsequent 
printing.  Polymers are light in weight, have a range of 
material properties, and can be processed at high rates and 
low temperatures. The printing approaches are based on 
directed assembly of nanoelement, such as conducting 
polymers[3] or nanotubes[4].  After printing, the assembled 
structures can be transferred to a polymer substrate.  
Patterning of two polymers can also be  accomplished.  For 
example the printing of two polymers (polymer blends) into 
uniform or nonuniform micro and nanoscale 
desisgns[5],[6],[7]. The printing can be scaled to a continuous 
or roll to roll process.   

Fabrication of novel, designer substrates is also 
possible.  These substrates can be used to transfer the 
printed structure.  For example twin screw extrusion to 
make nanocomposites[8] and multi-layer films by 
extrusion[9],[10],[11].  These novel substrates can be used in 
conjunction with the printing process to prepared unique 
structures, such as conducting polymers on an insulating 
polymer substrate for metamaterials or flexible electronics.  
The substrates can also be tailored to have specified 
properties in designs, such as hydrophilic areas to enable 
printing of materials and superhydrophobic in other areas to 
resist adhesion.  Novel designer substrates are enabled by 
use of a variety polymer nanomanufacturing methods.  

  
2 SCALABLE POLYMER PRINTING 
 

2.1 Printing of nanoscale structures 

Nanoscale designs, such as patterned polymers can be 
used for applications in biosensing[12] or metamaterials.  
Nonuniform patterns and geometries usin polymers or 
nanoelements and polymers are needed for layouts for 
integrated circuits[13].  Nanoelemenets, such as carbon 
nanotubes, nanoparticles, etc. can be patterned by directed 
assembly.  Either electric fields or chemical attraction can 
be used to assemble the nanoelements.  This step can be 
considered similar to an inking process.  A template, which 
will have the print design is  used to “ink” the material and 
will vary in design and type depending on what is to be 
patterned. 

For patterning of nanoelements, electric fields are an 
attractive method to pattern conducting materials.  The 
approach can be used in a roll to roll process to assemble 
nanoelements, followed by transfer to a heated sheet.   
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Polymer blends can be patterned into a variety of 
nanoscale structures, which is attractive since blending two 
commercially available polymers is cost effective and 
offers a range of materials.  Nonuniform geometrical 
patterning and fabrication of multiple length scale patterns 
on a single substrate are also possible.  The blends can be 
either patterned in a two step process, where the polymer is 
assembled first, followed by a transfer step to a secondary 
polymer substrate or a polymer blend solution can be 
patterned directly onto chemically functionalized substrates 
in a single step process.   Figure 1 shows an example of a 
unique pattern fabricated by this approach 

 

 
  

Figure 1: Nonuniform structures from directed assembly of 
polymer blends.   

In the two step process, a nanoelement, such as 
nanoparticles, nanotubes, or conducting polymers, is 
patterned using electric fields. (The inking process)  In a  
subsequent step the patterned nanoelement is transferred to 
a secondary substrate, in this case a flexible polymer.  Of 
particular interest is the use of pulsed electrophoresis 
(pulses the electric current in on and off cycles) to increase 
template durabililty[14]. The duration of current on/off time 
can be varied depending on the specific material to be 
patterned.  For example a conducing polymer can be 
patterned onto a template with a 50% redcuction in the heat 
build-up in the template. The transfer can occur using a 
simple solution casting method to apply the polymer film, 
but melt based processes, such as thermoforming are 
preferred and have been used to transfer MWNTs[15] and a 
conducting polymer.  In this approach, the assembled 
nanoelements (CNTs) on the template and heated polymer 
substrate come in contact using pressure and vacuum.   

Recent work illustrates[16],[17] rate-dependent adhesion as 
the critical for the kinetically controlled transfer printing 
approach. In this work we investigated the intrinsic 
mechanism of the transfer printing process and the effect of 
material properties on the transfer. The  solution casting 
transfer process was used to eliminate the influence of 
temperature and contact pressure.  
 Creton, et al.[18] illustrated the importance of 
entanglements to the strength of an interface between the 
immiscible polymer layers. Zhang, et al.[19] considered the 

strength of interface (Gc) to be proportional to the density 
of entanglements in the interface (). This depends on the 
Flory-Huggins interaction parameter and the distance 
between engtanglements, and statisitcal segment length[20].  
 Polyaniline emeraldine base (PANi) (Mw, 65 000 
g/mol), (1s)-(t)-10-camphorsulfonic acid (CSA),. PANi and 
CSA with a weight ratio of 1:1 were dissolved in DMF to 
make a solution of 1% weight concentration.  The template 
consisted of nanoscale gold wires on a silicon dioxide 
wafer, fabricated by the e-beam lithography process. The 
assembly time, voltage, frequency and pattern size were 
varied to investigate the effect of these parameters on the 
assembly process.  The assembled PANi was transferred to 
polymer films using solution casting. For this process 10 
wt.% solution of polymers was cast onto the templates.   
The transfer is dependent on the critical binding strength of 

PANi-gold electrode ( GoldPANi
cG  ) and the interface layer 

strength between the PANi and the polymer films 

( FilmPANi
cG  ). The transfer of PANi from the template to 

the film happenswhen GoldPANI
c

FilmPANi
c GG   .                                           

The strength of the interlayer ( FilmPANi
cG  ) is proportional 

to 2/ eI bLa .  The calculated result of 2/ eI bLa  are listed in 

Table 1.  The calculated values matched well with the 
transfer result – the stronger adhesion improved the transfer 
of PANI from the template to polymer film.  The value of 

2/ eI bLa  is controlled by the difference between the 

solubility parameters (of PANi and polymer substrates. 
The closer the solubility parameters of PANi and the 

polymer implies a higher value of 2/ eI bLa , and higher 

adhesion between PANi the polymer substrates.  

Table 1: List of Le, solubility parameters and 2/ eI bLa  

values for polymer films and PANi. 
Polymer Le 

(nm) 
 
(MPa1/2) 

2/ eI bLa  

(1/nm2) 

Transfer 
result 

PANi  22.2  

PU 4.01 22.9 4.42+11 Transferred 

PET 4.00 22.0 1.56E+12 Transferred 

PS 7.65 18.7 2.43E+10 
Non- 

transfer 

PMMA 6.70 18.7 3.17E+10 
Non-

transfer 
NBR 5.47 21.0 1.39E+11 Transferred 

SEBS 6.07 16.0 2.18E+10 
Non-

transfer 

Polyisoprene 4.74 17.5 3.87E+10 
Non-

transfer 

 
The transfer process can be scaled to a roll to roll 

process (Figure 2).  In the roll to roll process.  In this case 
the transfer depends on the belt speed.  The transfer also 
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The printing process can be generalized to consider the 

inclusion of both novel substrates and printing of 
structures(Figure 6) 

 

 
Figure 6: Printing and novel substrates 

 
3 CONCLUSIONS 

 
Polymer materials offer potentical for  

nanomanufacturing applications because of their processing 
ease, light weight and flexibility.  Frabrication of patterned 
polymer structures can be accomplished by a nanoscale 
offset printing approach based on directed assembly and 
transfer.  The approach can be scaled to a roll to roll 
process.  Substrates can be prepared from nanocomposites 
by continuous mixing, and multi-layer extrusion.  The 
novel substrates can be used for printing of novel 
structures. 
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