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ABSTRACT 
 

Nanostructured surfaces have unique optical and 

wetting properties that can transform commercial products 

including OLEDs, biosensors, wire-grid polarizers, solar 

panels, and augmented and virtual reality headsets. Still, 

nanopatterning is generally limited to small-area, high-cost 

applications since traditional nanofabrication techniques are 

slow and expensive. Indenting a nanopatterned die into a 

metal surface allows rapid multiplication of nanopatterns 

over large areas. This paper will discuss Smart Material 

Solutions’ recent developments towards large-area 

nanostructured mold fabrication using indenting processes. 

Results include ultrasonic nanocoining, a patented process 

that enables seamless patterning of cylindrical drum molds 

for roll-to-roll (R2R) manufacturing hundreds of times 

faster than competing technologies like electron-beam 

lithography. Results also include lessons learned from 

traditional, slow-speed step and repeat indenting methods. 
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1 INTRODUCTION 
 

Nanopatterns can revolutionize technologies ranging 

from augmented and virtual reality to biosensors by 

imparting advanced optical and wetting properties  [1,2,3]. 

Nevertheless, these technological advances remain largely 

confined to lab-scale demonstrations, since large-area 

nanopatterning is prohibitively slow and expensive for 

industrial-scale manufacturing.  

Smart Material Solutions, Inc. (SMS) overcomes this 

obstacle through a precise indenting process, wherein 

nanopatterns are rapidly replicated by repeatedly indenting 

a nanopatterned die into the surface of a metal (Figure 1).  

 

 

Figure 1: Nanopatterning by indenting. 

 

A traditional, slow, nanopatterning process (FIB 

milling) is performed once to create a diamond die. The 

diamond die is then used to indent the nanopattern into a 

metal mold. The resulting nanopatterned master mold can 

be used to replicate nanopatterns over large areas using 

nanoimprint lithography (NIL). 

 

2 INDENTING NANOPATTERNS 
Indenting nano and micro-scale features requires precise 

alignment between the indenting die and the mold, which is 

a locally flat, malleable material such as copper, nickel or 

aluminum. Indents can be tiled into vast arrays using many 

configurations of axes and actuators, each with advantages 

as outlined in Table 1. SMS’ patented process – ultrasonic 

nanocoining – employs a high-speed resonant actuator to 

deliver a 500x advantage in speed compared to other 

indenting lithographic methods. The 50 mm long x 50 mm 

diameter cylinder in Figure 2 was nanopatterned in about 

20 minutes. However, because it relies on resonant behavior 

that occurs at a particular frequency, it suffers from 

limitations in deterministic positioning of indents. SMS and 

other researchers at NC State University have used sub-

resonant processes to create small-area masters or study 

indent mechanics; however, these processes are typically 

too slow to create a drum mold for roll-to-roll imprinting 

that may be 1 m2 [4,5]. 

 

Figure 2: Photo of a prototype drum mold seamlessly 

nanopatterned in 20 minutes with ultrasonic nanocoining. 
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2.1 Ultrasonic Nanocoining 

Ultrasonic nanocoining is a patented process to rapidly 

and seamlessly nanopattern the outside of a cylindrical 

drum mold for R2R manufacturing. During nanocoining, a 

nanopatterned die is mounted on a piezo-driven actuator 

that vibrates the die along an elliptical path at a frequency 

of about 50 kHz. This vibrating die is brought into contact 

with a rotating metal drum such that the nanopatterned die 

indents the metal one time per ellipse. Precise control of the 

drum rotation speed and the frequency of the ultrasonic 

actuator allows speed matching of the die and the metal 

drum during each indent as well as side-by-side tiling of the 

indents. Figure 5 shows a photo of a prototype mold made 

using nanocoining. 

 

Table 1: Comparison of different methods to create arrays of precisely aligned indents.

  Planar X, Y, Z Indenting Cylindrical X, Z, theta Indenting Continuous, Ultrasonic Indenting 

 
  

 

  

Features sizes: 200 nm – ~100 µm  

Low speed: ~0.5 mm2/min 

Arbitrary indent placement on  

Flat/planar molds. 

Features sizes: 200 nm – ~10 µm  

Low speed: ~0.5 mm2/min 

Arbitrary indent placement  

Cylinder OD, front face, or wrapped 

foil 

Features sizes: 200 nm – ~3 µm 

Resonant actuator:   

High speed (>1000 mm2/min),  

Uniform indent placement only. 

Sub-resonant actuator:   

High speed (~50 mm2/min),  

Arbitrary indent spacing. 

Cylinders or sleeves. 

 

3 TECHNICAL CHALLENGES 

3.1 Nanopatterning of Die 

The first step in every indenting process is the 

nanopatterning of the die, pictured in Figure 3. Fabricating 

features with prescribed shapes over areas up to ~20 µm x 

20 µm can be a challenge. Thus far, focused ion beam (FIB) 

milling has been used to fabricate a variety of features in 

diamond as shown in Figure 4. Nanofeatures with pitches 

below 150 nm, microfeatures up to a few microns in pitch, 

and hierarchical features comprised of nanofeatures on top 

of microfeatures have been patterned. Gratings with pitches 

below 150 nm as well as stochastic and arbitrary features 

have also been fabricated.  

 

 

 

 

 

 
Figure 3: Photography of diamond die with a 1x1 mm 

shank ground to a 20x20 µm flat tip. 
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Figure 4: SEM images of features created in diamond. 

3.2 Axis Stability 

For step-and-repeat indenting, stable axes are necessary 

to ensure that the nanopatterned die does not move laterally 

during the indent, as this movement would cause unwanted 

smearing of the features as shown in Figure 5. This is less 

of an issue for ultrasonic indenting because contact time is 

less than 1 µs. 

 

 

Figure 5: SEM image showing feature smearing due to axis 

instability. 

3.3 Surface Chemistry 

The nanostructured die can become clogged with 

material during indenting. This material, which can be 

metal from the workpiece or organic contaminants, causes 

incomplete indents like those shown in Figure 6. SMS 

therefore has created a cleanroom environment to minimize 

unwanted contaminants and the operator must ensure that 

parts are clean of oil before indenting. 

 

 

Figure 6: SEM image showing incomplete indents due to 

clogging of the nanostructure die. 

3.4 Indent Mechanics 

In nanofabrication, methods are typically divided into 

additive or subtractive processes. Indenting is neither; 

material is simply moved from one place to another. This 

flow of material creates a feature that may not be an exact 

replica of the indenting die. Figure 7 shows SEM images of 

partially-developed, micro-scale indents in metal. The 

ripples give a glimpse at how this nickel surface yields and 

flows in response to a hemispheric indenting die. 

 

  

Figure 7: SEM images showing material flow in micro-

scale indents. 

3.5 Speed Matching and Indent Registration 

The ultrasonic actuator that vibrates the nanostructured 

die in an ellipse is vital to successful patterning using 

nanocoining. Precise control of the ellipse shape and 

frequency as well as the rotation of the workpiece ensures 

that the tangential speed of the die matches that of the 
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spinning workpiece to prevent smearing during each indent. 

If these speeds are not well matched, smearing like that 

shown in Figure 8 can result. Control of the actuator and 

workpiece rotation speed also allow the indents to be 

registered side-by-side as shown in Figure 9. 

 

 

Figure 8: SEM image showing feature smearing due to a 

speed mismatch between the die and the workpiece during 

indenting. 

  

Figure 9: SEM image showing tiling of indents. 

4 CONCULSION 
Results from this work introduce and demonstrate 

ultrasonic nanocoining as an effective fabrication 

methodology for the production of large area nanopatterned 

metal molds. Materials determined to be appropriate for 

nanocoining include copper, aluminum, and nickel. Key 

steps for success of the process include careful fabrication 

of a patterned indenting tool, stability of the indenting 

system’s axes, spatial and temporal alignment of the 

resonant actuator with the rotating workpiece, and clean 

working conditions necessary to prevent failures resulting 

from contamination.  

 

5 COMPANY OVERVIEW 
 

Smart Material Solutions is an NC State University 

startup funded by the National Science Foundation to 

develop “nanocoining,” a novel high-speed method to 

nanopattern metal molds for imprinting of functional films. 

Capabilities include large-area seamless drum molds for 

display applications, hierarchical features (nanofeatures on 

top of microfeatures) to increase surface area, arbitrary or 

stochastic patterns to manipulate light, and molds from 

many different materials, including copper, nickel, and 

aluminum.  
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