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What is Roll to Roll Manufacturing? 

• A thin and flat (film-type) structures are processed continuously on a 
flexible moving web that is conveyed at some finite speed between two or 
more rotating rolls.  

•  The web comprises an inert and flexible substrate (or carrier) 
• A layer (or layers) of a functional material is applied by some means  

including printing, coating  

Printer etc. 



HISTORY 
Roll to Roll  manufacturing technology dates back 19th century 

1840  Richard Hoe combined earlier inventions 
of rolled paper and the steam engine  to print 
paper continuously. 
 
1880 George Eastman  of Kodak Company 
developed R2R production of photographic film 
on paper. 
  
1889 Production of photographic film on a clear 
cellulose nitrate substrate ( H. Reichenbach) 
 
 

 

Drawing of a roll-to-roll coating process in Reichenbach’s 1889 patent. 



HISTORY 

• Printing 
• Paper consumables 
• Silver Halide Photography 

Roll to Roll  manufacturing technology dates back about a century 

Traditional 

Recent 
• Microelectronics 
• Display 
• Photovoltaics 
• Thin flexible batteries 

Biggest advantage  of Roll to roll manufacturing is low manufacturing cost. 

Battery 
PV 

Photographic films 
required as much as 
24 layer precise 
coatings on a fast 
moving web. 



Food Packaging & Food Service 
 Flexible Packaging   Interleaving sheets for separation 
 Heat Seal film -- For pouch and food packaging 
 Barrier layer films to prevent Moisture, vapor and oxygen transmission  
 Food service labels    Barrier layers against flavor scalping 

Batteries 
 Lithium Ion and Lithium Polymer –   Foil adhesion coat for electrodes 
 Release film for lamination transfer electrodes  Catalyst layers for fuel cell membranes 
 Battery separator membrane films  Paper battery separators  
 Rechargeable Battery Foils  Battery Separators 
  

Alternative Energy 
 Catalyst layers for fuel cell membranes Membrane Manufacturing 
 Photovoltaic Cells   Solar Films 
 Energy Storage   Daylighting films to redirect light 
  

Medical: 
 Dermal patches, tapes, self-adhering bandages      Diagnostic strips for analysis in home and in-home  
 Electrodes for skin contact   Sublingual drug delivery systems 
  

Information Storage 
 Photographic films for medical, industrial, graphic arts, and consumer use;  
 Optical and magnetic media for audio and visual use data storage;  
 Printing plates; analogue, digital, screen, flexo, gravure, offset;  
  

Printed Electronics 
 Multi-Layer Ceramic Capacitors   Liquid Crystal Display 
 OLED lighting    Smart Labels 
 Logic circuits    RFID radio frequency identification devices  
 Antennas, circuitry, memories, transistors  Organic Photovoltaics  
 



What are  the Functional Materials? 

• Chemically sensitized layers used in traditional photography,  
• Ink used in various printing lines,( conductive, 

semiconducting, dielectric)  
• Optically refractive, diffusive or collimating layers used in 

optical films for liquid crystal displays,  
• Photovoltaic layers used in flexible solar cells,  
• Barrier layers used in various packaging applications 
• Magnetic layers used in magnetic tape, 



What are  the Functional Materials? 

• Patterned by standard printing methods  
•  Ink-jet printing, flexography and screen printing 

• Photolithographic, embossing.  
• For light collimation as in the case of prism films used in liquid 

crystal displays 
• Special fluid management as in the case of microfluidics films   
• Patterning of the functional layer can also be achieved by self-

assembly of block copolymers 

They can be patterned surfaces using various methods 



Anciliary Layers 

 
• Adhesion promoting layers to insure good adhesion of the functional layer or an 

ancillary layer to the substrate or to another layers,  
• Anti-static layers that dissipate static charges during conveyance and final use,  
• Protective layers that protect the functional layers from environmental or 

mechanical damage  
• Slip layers used to minimize friction during conveyance and end use 
• Barrier layers used to minimize contact with ambient gases (oxygen, moisture, 

etc.).  

Their functions is secondary to the intend end application but are critical  to the 
effective processability and function  of the film product 

These are: 



SUBSTRATE 

This layer serves as a support for the functional layers that are 
generally not mechanically sturdy by themselves and it is expected to 
interfere as little as possible with the performance of functional 
layer(s) 
 
 They must be generally dimensionally, mechanically and 
environmentally stable throughout the lifetime of the product.  
 
Key properties: mechanical stiffness, thermal properties ( Tg, Tm), 
optical properties ( transmittance, birefringence) 
 
  



Plastic films Stainless Steel Foil Flexible Glass 
R2R processing 
compatibility  

Excellent  Excellent  Challenging  

Mechanical stiffness 
(Young’s modulus)  

<5 GPa  200 GPa  70 GPa  

Fracture toughness  1–5 MPa√m  62–280 MPa√m  0.5–0.8 MPa√m  
Safe bending radius  4 cm  4 cm  40 cm  
Visual transparency  Depends on polymer  None  Excellent  
Coefficient of thermal 
expansion  

72–198 x 10-6  13–20 x 10-6  1–10 x 10-6  

Thermal conductivity  0.1–0.3 W/m-°C  5–11 W/m-°C  0.7–1.5 W/m-°C  
Maximum processing 
temperature  

<300°C  1000°C  600°C  

Comparison of R2R Substrate Materials  

DOE, Quadrennial Technology Review 2015 

Potential Substrates 
The substrate layer itself is often polymeric or paper-based although it could also be 
metallic and more recently flexible  ceramic started to appear in marketplace 



GENERAL OPERATION 

Typical process steps  
 
(1)film-forming steps : a thin material layer(s) is deposited on the moving substrate 

   examples: wet coating, vacuum deposition, printing, solvent casting, extrusion casting,  
(2) film enhancement steps : consolidate, modify and improve the performance of the 

deposited layer(s).   
          drying, radiation curing, thermal curing, micro- or nano-patterning, heat treatment, 
annealing, chemical treatment, cleaning, interleaving, etc.    
 
Special Environments may be included in the design :  temperature, humidity, vacuum, 
nitrogen blanket, etc. 
 
As the web is conveyed at a constant speed through all process steps. 
 

 

Generally typical R2R operation involves five 
process steps( S1-S5), tension roller(T) and 
conveyance rolls (C)  



GENERAL OPERATION 

 
The final line speed is constrained by the slowest process step called rate determining step.   
 
If one or more steps must operate at very different speeds from the rest, the operation must be split into 
more than one line. 
Or the web needs to run multiple times through the same line at different speeds.   
 
 
 
It is controlled throughout the line by the winder, but it can be adjusted locally by idler ‘tension’ rolls 
distributed along the line.   
 
 Non-optimal or non-uniform tension can give rise to various defects, such as wrinkling, coating lines 
and coated layer thickness non-uniformity,  

Generally typical R2R operation involves five process 
steps( S1-S5), tension roller(T) and conveyance rolls 
(C)  

LINE   SPEED 

LINE TENSION  



STORAGE ISSUES  

1. Curl: The final product could acquire some curl (curvature) and become non-
planar 
 Depends primarily on the winding diameter, thickness of the film, storage 
time and conditions, the viscoelastic properties of the web materials/substrate 
 

2. Core damage: High winding pressures and stresses within the wound roll could 
damage ( highest stresses near the core)  the functional layers and produce a 
defective product if wound up under excessively high tension; 
 High tension > Damage, Low tension> telescoping 
 

3.  Blocking:  The top layer (functional layer side of the film structure) could 
interact with or adhere to the backing layer on the bottom side of the film when 
they come in contact during rolled storage, thus damaging the final film product.  
   One solution adding an inert interleaving layer to physically separate the 
top and backing layers during rolled storage 

  
 

The product storage in wound state  require multiple considerations particularly product quality 



COATING  

 Solution Preparation 
 
Mixing hardware and different mixing techniques, Solution characterization properties, viscosity, 
surface tension,  
 

Coating Methods: 
 
• Slot die, Dr Blade , gravure, reverse roll, Mayer rod, micro-gravure, and extrusion 
  

Drying and Solidification 
 
Defects 
 
 • The Fundamental causes of defects 
 
 • Most common defects 



There are two goals in mixing: macromixing and 
micromixing.   
Macromixing refers to the elimination of long range 
concentration gradients on the order of the dimensions 
of the tank (e.g. the agglomeration of solids under the 
agitator in an unbaffled tank).   
Micromixing refers to the elimination of local 
concentration gradients  
 
There are numerous mixers to prepare solutions: 
 
Turbulent mixing in the coating industry include axial 
turbines and “air foil” (propellers) for overall blending, 
high shear mixers (e.g., the Cowles blade) for 
micromixing, and the off axis propellers such as the 
Lightnin’ mixer. 
 
Laminar mixing is generally accomplished with 
specialized agitators such as the Ross Planetary mixer or 
helical impellers.  
  

SOLUTION MIXERS Cowles Blade Mixers 

ROSS 

Lightnin’ mixer 

THINKY Mixer 



COATING FUNDAMENTALS 

The first fundamental requirement for the coating process is that the 
liquid coating must wet the substrate at the interface.   
 
CONTACT ANGLE:  
 The contact angle is defined as shown in figure  with the convention 
that if the contact angle is zero, the liquid completely wets the substrate; 
if the contact angle is 180°, the liquid balls up on the surface.   

Young  Dupre equation 
σSL-σS+σLcosΘ=0 

can be used to estimate the surface energy 
if the surface energy of the substrate is known, the contact angle can be used to estimate the surface tension of 
the liquid.  
 
Static wetting is not a function of a single surface tension surface tension  is also broken up into polar and non-
polar parts , polar nonpolar and hydrogen bonding, acid base etc.  
 
Hysteresis– if the substrate is tilted and the drop starts to move across the surface, the advancing contact angle 
is different from the receding contact angle.  This is generally an indication that the surface is not homogeneous 
–there are areas on the surface that the liquid would like to wet and others it would prefer not to wet.   



PRINTING  TECHNIQUES 

There are a large number 
of coating/printing 
techniques . Here is a few 



Comparison of Different Printing Methods and Characteristics Impacting their 
Theoretical Capacity and Practical Applicability for Large-scale  R2R Production 

Printing  
Method Speed 

Wet 
Thickness  
(µm) 

Resolutio
n  (µm) Start/Stop Complexit

y 
Applicability 

Flatbed 
screen  
printing Low 5–100 100 Yes Low Limited 

Rotary 
screen  
printing High 3–500 100 Yes* Medium Very good 

Inkjet printing Medium 1–5 <50 Yes High 
Limited, 
materials  must 
be jettable 

Flexography Very high 1–10 <50 Yes* Medium Very good 

Laser  
photoablation Low ~10 

Thermal effect  
sensitivity 

Gravure  High 
>0.07 (70 nm 
demonstrated) Very good 



R2R Process Description Example Applications 

Vacuum  
deposition 

Vacuum coating methods involve the deposition of materials onto a solid surface  in a 
vacuum environment (i.e., at a pressure well below atmospheric pressure).  : 
evaporation, sputtering, and chemical vapor  deposition (CVD). Multilayer sputtering 
systems are common.  

Multilayer electrodes;  supercomputer 
tape;  thin film solar cells;  OLEDs 

Gravure Gravure is a printing process that involves engraving the image onto a cylindrical  image carrier. 

The entire patterned cylinder is covered with ink, then the excess  ink is removed with a doctor 
blade, leaving ink only within the recessed motif  areas 

Product packaging;  print media 

Flexographic  
printing 

During flexographic printing, the substrate material is fed between the inked  printing plate and an 
impression cylinder, transferring the image as the substrate  passes through. Flexographic printing 
is essentially a modern version of a  letterpress. 

Food packaging 

Flatbed screen  
printing 

In flatbed printing, a squeegee moves across a mesh design screen, forcing ink  through the screen 
and onto the substrate. Generally, relatively thick wet layers can be achieved (10–500 μm). 

Displays; packaging 

Rotary screen  
printing 

In rotary screen printing, the substrate moves through rollers past a squeegee,  forcing ink through 
a cylindrical design screen onto the substrate.  

Packaging; clothing 

Imprint or soft  
lithography 

In soft lithography, an elastomeric stamp, mask or mold is used to  fabricate features on a 
substrate—typically at the micro- or nano-scale. 

Solid state lighting;  displays; green 
building  products; lab-on-a-  chip; 
microfluidics 

Laser  
photoablation 

Laser photoablation is used to write directly onto a polymer layer with a high-  powered laser, 
without photoresist or wet etching. The amount of material ejected  can be tuned by adjusting the 
wavelength, energy density, and pulse width of the  laser used for ablation. 

Flexible electronics;  flexible displays 

Offset printing In offset printing, the inked image is transferred (or offset) from a blanket  cylinder that bridges 
the plate cylinder and the substrate. The pattern is  transferred to the blanket (usually made of 
rubber) and then transferred to the  substrate. 

Print media 

Inkjet printing Inkjet printing is an additive technique involving the deposition of materials from  one or more print 
heads. High-resolution inkjet printing often involves an array  of piezoelectric print heads for the 
deposition of materials at precise locations. 

Print media; displays;  thin-film 
transistors;  OLEDs 



Roll-to-Roll (R2R) Production Functional Films 

U.S. Patent Pending Birck Nanotechnology Center Birck Nanotechnology Center 

• TRANSPARENT CONDUCTIVE FLEXIBLE  ELECTRODE MANUFACTURING 
 

• TRANSPARENT/CONDUCTIVE/FLEXIBLE PIEZOELECTRIC  SUBSTRATES FOR  
 FORCE SENSORS, NANOGENERATORS, PIEZO SPEAKERS 
 
• TRANSPARENT/CONDUCTIVE/STRETCHABLE  THERMALLY AND ELECTRICALLY CONDUCTIVE SUBSTRATES 

CONTENTS 



Nanomanufacturing Flexible Transparent Conductive Films Embedded with Nanofibers  

Drum 

UV  
Curable 
Monomer 

Electrospinning 

UV Curing 

Cast film 

Carrier film 
Spool 

Vapor 
Treatment 
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ROLL TO ROLL MULTIFUNCTIONAL FILM  MANUFACTURING LINE AT PURDUE 

U.S. Patent Pending Email: cakmak@purdue.edu 

Solution Casting 

Electrospinning Melt Casting 

Laser Heating 
Magnetic Field  

Alignment 

Heating Ovens  
UV curing 

Transparent  
Conductive 

Flexible  
Electrodes 

 
Conductive 
nanowires 

embedded in 
flexible 

substrates 
nozzles 

Electrospinning cabinet 
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ρv= R*π*r2/L                     σv=1/ρv 
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Curvature (1/mm)
0.0 0.1 0.2 0.3 0.4

D
el

ta
 R

/R
0

0

2

4

6

8

10

12

ITO coated PET

Curvature (1/mm)
0.0 0.1 0.2 0.3 0.4

D
el

ta
 R

/R
0

0

2

4

6

8

10

12

ITO coated PET
Fiber embedded films 

folded 

∞ 

ITO Layer 

Cyclic bending  Folding 

FILM PROCESS SIMULATOR  
Real time birefringence and 

 electrical conductivity , true stress, true strain 
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FILM PROCESS SIMULATOR  
Real time birefringence and 

 electrical conductivity , true stress, true strain 
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COATING/DRYING  COMPLEXITIES 

U.S. Patent Pending Birck Nanotechnology Center Birck Nanotechnology Center 



INSTRUMENTED DRYING SYSTEM 






INSTRUMENTED DRYING SYSTEM 

Computerized  
Balance 

Laser Thickness 
Monitor 

Hot  Air 
Blower 

Sample 

Birefringence 
Monitoring 

System 

Light Source 
UV Light Source 

Unsal, E. et. al. Evaporation induced anisotropy in cast polymer solutions through a novel real time measurement system. PPS Annual Meeting 45, Marakesh, Morocco, 2011 
Unsal, E. et. al. Real-time measurement system for tracking birefringence, weight, thickness, and surface temeperature during drying of solution cast coatings and films. Rev. Sci. Instrum. 2012, 83 (2), 025114 
 

Pyrometers 



Casting on substrate 



Poly (amide-imide)/DMAc solution (500 µm) 

Drying Polymer Solution 



Top VIEW 
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DRYING OF A POLYMER SOLUTION 



Drying behavior of 15 wt % polyimide/DMF cast film 

37 Eguchi et al. Macromolecules 2013, 46, 7488. 



Effect of airflow temperature on the drying process of polymer solutions 

38 Eguchi et al. Macromolecules 2013, 46, 7488. 

15 wt % polyimide/DMF polymer solution with the airflow velocity 0.5 m/s 



Effect of airflow temperature on the drying process of polymer solutions 

39 Eguchi et al. Macromolecules 2013, 46, 7488. 

15 wt % polyimide/DMF polymer solution with the airflow velocity 0.5 m/s 



Effect of initial thickness of cast polymer solution on the 
drying process of polymer solutions 

40 Eguchi et al. Macromolecules 2013, 46, 7488. 

15 wt % polyimide/DMF polymer solution with drying temperature 80 C 



Evaporation driven surface tension effects 
(Marangoni Flow)  

http://www.coatings.rutgers.edu/Defects.htm 



DEFECT …. sources 
• Feed Preparation- 

 Filtration, agglomeration, flow instabilities 
• Roll Coating- 

 Ribbing, Streaks, Chatter …. 
• Die design 

 Cross web uniformity,  
• Surface tension  

 Surface tension, Convection ( benard) 
• Static electricity 
• Drying 

 Cracking,condensation, Orange peel 
• Web Handling 

42 

ORANGE PEEL 

https://www.ppcoatings.co.uk/wp-content/uploads/2016/06/Coating-Failure-Defects.pdf 

https://www.ppcoatings.co.uk/wp-content/uploads/2016/06/Coating-Failure-Defects.pdf


Rayleigh-Bénard & Bénard-Marangoni 
Instability 

http://hmf.enseeiht.fr/travaux/CD0001/travaux/optmfn/hi/01pa/hyb72/bm/bm.htm 
https://www.physics.utoronto.ca/~nonlin/thermal.html 



Conventional Polymer Processing with nanoparticles 

44 

Spinning 

Orientation  of chains and particles are almost always in the direction of 
flow. 
 
•Using traditional  flow techniques, it is almost impossible to obtain  
directional orientation  in the thickness “ Z” direction  normal to the 
extrusion direction. 

O rien ta tio n  in  
F ib e r S p in n in g

Air 

Frost Line 

Film Blowing 



Need for preferential Z-Alignment 

Electric Field 
Fuel Cell Membranes 

Directional Percolation of 
Proton Conductive Material 

t Hard Disk-Perpendicular Recording 

Magnetic Field 

45 

Conductive 
Phase 

Zone Annealing 

Organic Photovoltaic Cell 

Nano filtration membrane 

P 

n 



FIELD ASSISTED ALIGNMENT 

46 

External fields can be used to exert forces to molecules and 
particles in directions normal to the film plane 

Electrical  Field 

N 

S 

Magnetic  Field 

BEFORE AFTER 



ROLL TO ROLL MULTIFUNCTIONAL FILM  MANUFACTURING LINE AT PURDUE 

U.S. Patent Pending Email: cakmak@purdue.edu 

Solution Casting 

Electrospinning Melt Casting 

E-Field Alignment 

Laser Heating 
Magnetic Field  

Alignment 

Heating Ovens  
UV curing 

Sensitive Force Sensors (Ni nano-wire) “Z” 
alignment under magnetic field 

Transparent  
Conductive Flexible  

Electrodes 
 

Conductive 
nanowires 

embedded in 
flexible substrates 

High Performance Capacitors 
 

Nanoparticle orientation in 
thickness (“Z”) direction 

under electric field 

Ultra Sensitive Force Sensors 
Piezoelectric nanoparticle (PZT) 

Alignment 

BaTiO3 



Adv. Mater. 2008, 20, 3022–3027 

Adv. Mater. 2008, 20, 3022–3027 

E0=V0 /d 

spherical micelles  

perpendicular cylinders BEFORE 

AFTER 

d 

ALIGNMENT VIA ELECTRIC FIELD 

 Field Range: -15KV to +15KV 

 

 Field Type : DC, AC and biased AC 

 

 Waveforms 

 



GUIDING PRINCIPLE FOR E-FIELD ALIGNMENT OF 
PHASES/PARTICLES 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Dielectrophoretic 
Force 

Thermal 
Fluctuations 

1<λ No Alignment 

1>λ Alignment 

P= Particle 
M= Matrix 

Clausius -Mosotti 



 3M Glass Bubbles in Photocurable resin in AC-E field 
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Clay Particles in E field 
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Shear Rate(s-1) 

NOA65 

2%30B NOA65 

4%30B NOA65 

6%30B NOA65 

Materials 

• Resin: Norland 65 (thiol-ene-based 
photocurable polymer) 

• Filler: Cloisite 30B clay (2,4,6wt%) 

• Field: AC 

• Frequency : 100Hz 

They are flat!! 



Real Time Orientation Tracking in Electric Field: 
Fast Birefringence Measurement System 

 

Computerized  
Balance 

Laser Thickness 
Monitor/ 

Pyrometers 
Hot  Air 
Blower 

Sample 

Birefringence 
Monitoring 

System 

Light Source UV Light 
Source 

E. Unsal, J. Drum, O. Yucel, I. I. Nugay, B. Yalcin et al.  Rev. Sci. Instrum. 83, 025114 (2012);  



Typical Responses from the Birefringence 
System 

pure resin 

Applied Field 

clay filled system 

6wt% Clay 

ON ON 

“Directed Electric Field Z-Alignment Kinetics of Anisotropic Nanoparticles for Enhanced Ionic Conductivity“ S. Batra, E. 
Unsal and M. Cakmak Advanced. Funct. Mater. 2014, 24, 7698–7708 



Birefringence Response with POM: Video (Long t) 

E = 500V/mm 
f = 100Hz 

0 

E 
TURN  E ON 






(a) 

No 
Field 

E 



The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

6wt% Clay 

Automated Real Time Orientation 
Measurement: Spectral 
Birefringence 

Frequency= 100Hz 

ON 

“Directed Electric Field Z-Alignment Kinetics of Anisotropic Nanoparticles for Enhanced Ionic Conductivity“ S. Batra, E. 
Unsal and M. Cakmak Advanced. Funct. Mater. 2014, 24, 7698–7708 



Z (ND) Z (ND) Z (ND) 

TD 
TD 

TD TD TD TD 

200V/mm 724V/mm 

CHARACTERIZATION-XRD 

Z (ND) 

TD 
TD 

E 

V/mm

0 200 400 600 800

S

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

2wt% Clay
4wt% CLay
6wt% Clay

No Voltage 

Perfect orientation 



Roll-to-Roll Processing 

M. Cakmak et. al., Polym. Eng. Sci. 2014 

Processing Conditions: 
• Speed of Belt: 

10cm/min 
• Voltage: 724V/mm 
• f: 100Hz 
• Clay Conc: 6wt% 

Orientation Factor (S) = -0.20.02  



UNIFORMITY OF ORIENTATION 

z 
x 

y 

6wt% clay  at 724V/mm.  



Cylindrical Nanoclays in Electric field 

. 
. WAXD patterns of (a) 2 wt.%, (b) 4 wt.% and (c) 6 wt.% 
HNTs/NOA65 film under electric field of 700V at 100Hz. (d) 
sketch of electrically aligned HNTs in NOA65. 

Response of 0o and 45o retardation on application of electric field at 
100 seconds on (a) 4 wt.% HNTs loading system with applied electric 
field of 700V/mm at 100Hz; (b) pure NOA65; (c) schematic of Nxy and 
Nz of HNTs; (d) schematic of the HNTs oriented in polymer films. 
Double Arrow indicates the direction of electric field 



NANOPARTICLES: APPLICATION: CAPACITORS 
NEED: High Dielectric Constant, Low loss, High Electric 
Breakdown 
 

thickness direction 

10wt% BaTiO3 in PDMS 
No E-field 



10wt% BaTiO3 in PDMS with 
1400V@100Hz 

E 

thickness direction 

E 

ORIENTATION + CHAINING 
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Modulus gradient in thin films: 
Electrophoresis of BaTiO3 : DC Field 

 

+ + + + + + + + + + + 

- - - - - - - - - - - - - - - - - - - - 

+ + + + + + + + 

- - - - - - - - - - - - - - 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

E Th
ic

kn
es

s 

Top 
Surface 

Bottom 
Surface 



Packing Density and Particle Rich Skin 
Layer 

14
00

V/
m

m
 

66 

DC Field  

Exposure Time: 30min 
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Particle Size: 400nm 
Conc. 20wt% 

J. Cordelair, P. Greil, J. Mater. Sci. 2004, 39, 1017 

Micro X-ray Tomography 



MULTIWALLED CARBON NANOTUBES  IN PHOTOCURABLE RESIN IN E-FIELD  E Field:700V/mm 



Why is it important? 
Birck Nanotechnology Center 

“Piezoelectricity & Wearable Technology: The Future 
of Piezoelectric Components.” APC International Ltd, 
www.americanpiezo.com/blog/piezoelectricity-
wearable-technology/ 

“Internet of Things” 
(IoT) 

Birck Nanotechnology Center Cakmak Research Group 

NANOGENERATOR MANUFACTURING ( PZT/PDMS) 



The time-lapse is 16x the speed of the original video  
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    50 µm 

Alignment of PZT in PDMS 
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E-Field strength: 1000 V/mm (Scale bar, 100 µm) 
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Electrode 

E-field is applied  
after 200 sec 

Thermal curing of 
PDMS after 2000 sec 

Electrode 

Real-time light transmission during E-field alignment 

Scale bar, 50 µm 

Alignment of PZT and GNPs in PDMS 
0.5vol% PZT/ 0.02vol%GNF 
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Alignment of PZT/GNPs 

Scale bar, 50 µm Scale bar, 10 µm 

Scale bar, 100 µm Scale bar, 1 cm 

Cakmak Research Group 

0.5vol% PZT/ 0.02vol%GNF 



Sensitivity Tests (PZT/GNPs/PDMS) 

Cakmak Research Group 

5 µL (5 mg) water droplet   30 µL (30 mg) water droplet   
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Sensitivity Tests (PZT/PDMS) 

2V gh
P

A t
ρ

=
∆

where P is the impact pressure (Pa) of the water 
droplet on the sample,  
•  is the density (kg/m3),  
• V is the volume of the water droplet (m3),  
• g is the gravity acceleration (m/s2),  
• h is the height (m) and  
• A and t are the impact area of the droplet on the 

sample surface (m2) and impact duration (s), 
respectively. 

Cakmak Research Group 

0.05 Vol % PZT 
Applied Voltage during alignment 

M
ea

s.
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Sensitivity Tests (PZT/GNPs/PDMS) 

The oscilloscope voltage outputs for the different water droplet 
sizes were recorded for (a) PZT/PDMS and (b) PZT/GNPs/PDMS 
(both samples were E-field aligned at 1000 V/mm.)  

(a)  (b)  

Cakmak Research Group 

0.5vol% PZT/ 0.02vol%GNF 
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Sensitivity Tests (PZT/GNPs/PDMS) 

Nano Lett. 2010,10, 2133–2137 

Cakmak Research Group 

8.2 V 

~ 20 x higher voltage output 

0.5vol% PZT/ 0.02vol%GNF 
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Bird Feather Test  

a piece of bird feather 
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Pressure Mapping 

Cakmak Research Group 
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Large Scale Manufacturing 
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