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ABSTRACT 

 

 

The traditional method for making Layer-By-Layer films is a laborious, 

expensive, wasteful, and non-ecofriendly process; therefore this study was conducted to 

find a faster, more cost efficient, and non-wasteful method of producing ecofriendly 

Layer-By-Layer films which could potentially be used in the food and beverage 

packaging industry. 

Thin films consisting of polymers and nanoclays were produced utilizing a Drop 

on demand (DOD) 3D printer, where small droplets of solutions and suspensions were 

dispensed onto Mylar substrates in pre-defined patterns in a non-contact manner. Once 

the solution had dried, the residual compounds yielded an array of materials, which could 

potentially be used in various applications, such as an oxygen barrier film. 

The preparation of thin films on substrates via 3D drop on demand printing is 

particularly attractive as a means of preparing polymer microarrays. The size of the 

deposited structures is on the order of tens or hundreds of microns. This coincides with 

the dimensions used in different types of gas barriers, moisture barriers, UV prevention 

coatings, and drug release applications. 

Different concentrations of ink solutions of polymers and nanoclays were printed 

on a Mylar substrate and analyzed for their effectiveness as a gas barrier film for various 

applications, primarily focusing on oxygen. The study evaluated the physical and 

functional properties of the different solutions. Each ink solution was analyzed using 



 

xv 

different material characterization techniques. The research yielded surprising and 

promising results with some of thin films exhibiting very good oxygen barrier properties, 

such as the combination of PVP & MMT and some like PEG & MMT that did not.



 

1 

CHAPTER 1 

Introduction 

1.1 Background 

The preparation of Layer-By-Layer (LBL) barrier films on different types of 

substrates is an area of highly active research. Developing thin films with different 

chemistries on a single substrate is a goal shared by a wide range of basic and applied 

materials science disciplines. Reproducible films on various substrate materials with 

different compositions but with a well-defined and comparable geometry allows for a 

better understanding of structure-property relationships. 

Traditional LBL gas barrier films are produced by a dipping and drying technique 

where a substrate is dipped in a predetermined solution followed by rinsing and drying. 

Next, the substrate is dipped in second predetermined solution followed by rinsing and 

drying. The rinsing steps dramatically limit the practical applications of the LBL 

technique by adding processing time and waste.  Modifications to the technology have 

accelerated the process with spraying and/or spin coating. Rinsing steps are still required 

for film production and structural control. The entire process is repeated, some twenty to 

forty times until the desired thickness and or properties are obtained. This process is time 

consuming, produces a lot of waste, costly, and limited in what types of materials can be 

combined. Therefore, it has attracted very little attention thus far. 

One popular microfluidics technique for preparing layer-by-layer thin films is 

inkjet drop on demand (DOD) 3D printing, where small sub-nanoliter droplets of 

solutions and suspensions are dispensed onto substrates in pre-defined patterns in a non-

contact manner. This process is employed by dispensing various materials as inks onto a 
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surface. Once the solution has dried, the residual compounds yield an array of materials, 

which can be used in various applications. 

The preparation of thin films on substrates via 3D drop on demand printing is 

particularly attractive as a means of preparing polymer microarrays. The size of the 

deposited structures is on the order of tens or hundreds of microns. This coincides with 

the dimensions used in different types of gas barriers, moisture barriers, UV prevention 

coatings, and drug release applications. Film production via LBL drop on demand 

printing is an attractive alternate method that can deliver precise amounts of each 

component for the formation of LBL films without the need of any rinsing. The 

replacement of the numerous rinsing steps saves material, time, and money. The 

technique offers nanoscale control over layer thickness, variable coverage of the surface, 

and compatibility with additive schemes of film manufacturing, which sets it apart from 

the traditional dip and rinse LBL method.
1
 The vast range of materials that can be 

deposited with this method has not been determined but it may be limitless. Drop on 

demand 3D LBL printing is a convenient and economical alternative method of 

patterning surfaces with composite materials that is expected to be useful for the 

developing advanced materials and films. 

Advances in 3D drop on demand LBL printing technology has resulted in an 

increase in the creation of films generated via a printer. The growing gas barrier film 

market is demanding cost effective and efficient application processes that can be tailored 

to fit specific gas barrier needs and applications. Drop on demand 3D LBL printing 

satisfies these requirements. Several printer companies have printers capable of printing a 

wide range of ink solutions, which are commonly used to make gas barrier films. The 
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printers range in size from a desktop to an industrial size unit that will print on substrates 

over several feet wide. 

One of the big advantages of drop on demand 3D printing over the traditional dip 

and rinse LBL method is the reduced time required to produce a film. The dip and rinse 

method requires longer drying times between each deposited layer. The drop on demand 

process deposits a very small amount of material (pico-size droplets) and therefore dries 

very fast. Faster drying times allow additional layers to be added quickly. The rate of 

production increases and thus leads to a final product in a shorter period of time. 

  The small ink droplets produced by drop on demand printing allow for a precise 

deposit of solutions. A more uniformed structure and better performing material is 

produced. The high precision deposition method eliminates material waste. It is easier to 

tailor and reproduce films to meet specific application requirements. It is difficult to 

make very small changes to the chemistry of films produced by the dip and rinse method. 

The drop on demand printing process allows for changing the drop size and therefore the 

ability to make submicron changes to the chemistry.  The further development of this 

technology will help create optimized cost effective gas barrier films, save energy, and 

reduce chemical waste. 3D printing provides a method for making films, which cannot be 

made with the traditional dip, rinse, and dry method. 

1.2 Objectives and Dissertation Outline 

Different concentrations of ink solutions consisting of polymers and nanoclays 

were printed on Mylar substrates to determine if films can be produced via 3D drop on 

demand inkjet printing and analyzed for their effectiveness as a gas barrier film for 

various applications, primarily focusing on oxygen due to the predicted growth in the 
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oxygen barrier film market. The study evaluated the physical and functional properties of 

the different solutions. Each ink solution were printed on Mylar substrates using a 

Dimatix DMP 2831 3D drop on demand printer and then analyzed using different 

material characterization techniques such as Optical Microscopy, Atomic Force 

Microscopy, Scanning Electron Microscopy, Elemental Data Analysis, Wide Angle X-

ray Scattering, and Oxygen Transition Rate. 

It is hoped that this work will result in a low cost, transparent, and more flexible 

barrier film than is currently available for a variety of packaging applications (e.g., food, 

beverage, drug, and flexible electronics). Impermeable clay platelets make the diffusion 

length longer through a polymer matrix by creating a tortuous path that reduces the 

oxygen transmission rate (OTR).
2,3,4,5

 The tortuous path concept was initially proposed by 

Nielsen and further developed by Cussler and others.
6,7,8,9

 With regard to the study of 

LBL assemblies with clay, the key tasks include: 

1. Formulating printable ink solutions; 

2. Print films consisting of PVP, PEG, PVA, MMT clay, and Graphenol; 

3. Measuring the Oxygen transmission rate (OTR) of clay-based LBL assemblies as 

a function of bilayers printed with a Dimatix DMP 2831 Fujifilm 3D drop on 

demand printer; 

4. Evaluating film structure with optical microscopy, electron microscopy (SEM),  

atomic force microscopy (AFM), and surface profilometer;  

5. Correlating barrier behavior to film thickness.  

Chapter II is a literature review of LBL assembly, drop on demand systems, and 

current oxygen barrier systems. An in depth review of the physical and chemical concepts 
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of LBL assembly, and the types of functional films that can be produced, is provided. A 

review of current barrier technologies and several theories dealing with the tortuous 

pathway concept is also described in detail. 

Chapter III discusses the methods behind the project.  The printing equipment used, 

and the method of drop formulation are presented. Solutions were created as a percent 

weight by volume, and the final parameter settings are given. Chapter IV pertains to the 

creation of the films. The process behind forming the different samples and quantities is 

discussed, as are the methods of characterization. Chapter V gives the relevant and 

pertinent results of the various characterizations. 

Chapter VI provides conclusions and future directions for clay-based assemblies, 

their possible use as a flame retardant coating for foam and dielectric layer for thin film 

capacitors. 
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CHAPTER 2 

Literature Review 

In the early 1960s, Dr. Sweet of Stanford University demonstrated that by 

applying a pressure wave pattern to an orifice, the ink stream could be broken into 

droplets of uniform size and spacing.
10

 This process became known as continuous ink-jet 

printing. This led to the development of other printing techniques in the late 1970’s, one 

of which is the drop on demand process.
11

 Zoltan, Kyser, and Sears are among the 

pioneer inventors of the drop-on-demand ink-jet systems.
12,13

 

The majority of the activity in LBL printing today is with the drop-on-demand 

method. Depending on the mechanism used in the drop formation process, the technology 

can be categorized into four major application methods: thermal, piezoelectric, 

electrostatic, and acoustic ink-jet. Most of the drop-on-demand printers on the market 

today use the thermal or the piezoelectric principle. The piezoelectric seems to be the 

better choice, because it is more adjustable and durable, and is the industry standard in 

this particular field. It works well with a variety of different types of materials and 

produces better control over the ink solution dispersion. 

Many composite materials produced via the traditional dip, rinse, and dry layer-

by-layer (LBL) assembly possess impressive mechanical, electrical, optical, and 

biological properties desirable in many emerging technologies. Such properties are 

advantageous in many macro, micro, and nanoscale materials used in numerous 

applications. The multiple fluid cycles that is required for multilayer preparation makes 

this promising method for the design and fabrication of customized materials time 

consuming and often-impractical on a commercial scale.
14,15,16,17,18,19

 The abundance of 
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fluids used in the process make it challenging to couple LBL deposition with other 

processing steps for materials fabrication. It is quintessential to investigate other means to 

produce LBL materials that maintain a similar nanoscale control over structure and 

accelerate the composite buildup for better integration with materials manufacturing. 

Formation of the sequentially adsorbed monolayers is traditionally carried out by 

alternate dipping of a substrate between two reservoirs of oppositely charged 

macromolecular compounds. An example is found in Figure 1 where a positively charged 

polyelectrolyte solution and a negatively charged nanoparticle (NP) dispersion is 

alternatively applied, with intermediate rinse steps that remove excess fluid and loosely 

adsorbed component.
20,21

 

 

Figure 1. (A) Image of layer-by-layer assembly with cationic polyethylenimine (PEI) and 

anionic montmorillonite (MMT) and (B) across-sectional view of the resultant nanobrick 

wall microstructure. 
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2.1 Layer by Layer Assembly 

The Langmuir-Blodgett technique, which applies amphiphilic monolayers from a 

solution surface onto a substrate with simple dipping, was the precursor to layer-by-layer 

(LBL) assembly.
22

 Iler was the first to perform true layer-by-layer assembly using 

charged particles.
23

 Decher and coworkers later refined and further developed the LBL 

method,
24,25,26

 which is more practical than Langmuir-Blodgett deposition. Ease of layer 

deposition and tailor ability of film composition has led to numerous applications for 

LBL assemblies. For many practical applications, accurate thickness characterization and 

tailoring is necessary. In order for this to occur, the attraction between ingredients, the 

driving force for the LBL assembly, needs to be studied.
25

  

A variety of functional thin films can be produced using the layer-by-layer (LBL) 

assembly technique, indicating an array of uses.
27,28

 Currently, LBL films are being 

evaluated for a variety of applications that include drug delivery,
29

 molecular sensing,
30

 

solid battery electrolytes,
31

 photovoltaics,
32

 and membranes.
33

 Thin films, typically < 

1µm thick, are created by alternately exposing a substrate to positively and negatively 

charged molecules or particles. 

Jang (2008) studied the assemblies of clay and polymer with regard to film growth and 

gas barrier properties.  Thin films of sodium montmorillonite clay and cationic polymer 

were grown and studied on poly (ethylene terephthalate) film or a silicon wafer. After 30 

clay polymer bilayers were deposited, the resulting transparent film had an oxygen 

transmission rate (OTR) below 0.005 cm3/m2/day/atm. This low OTR, which is 

unprecedented for a clay-filled polymer composite, is believed to be due to a “brick wall” 

nanostructure comprised of completely exfoliated clay bricks in polymeric “mortar”. The 
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growth of polymer and clay assemblies is controlled by altering the pH of 

polyethylenimine (PEI). Growth, oxygen permeability, and mechanical behavior of clay-

PEI assemblies were studied as a function of pH in an effort to tailor the behavior of 

these thin films. Thicker deposition at high pH resulted in reduced oxygen permeability 

and lower modulus, which highlights the tailor ability of this system. 

Molecular weight,
34,35

 temperature,
36,37

 and counter ion,
38,39

 are other variables 

that can alter the thickness of LBL assemblies. For high molecular weight polymers, 

there is little change in thickness, but low molecular weight leads to tight binding and 

thinner layers.
35

 Büscher and coworkers showed that increased deposition solution 

temperature led to an increase in the thickness of the PAH/PSS system.
37

 Van Patten et 

al. observed a similar temperature effect for poly(diallyldimethylammonium chloride) 

and poly(styrene sulfonate)
36

 Temperature effects are understood in terms of swelling and 

melting that alters the electrostatic force between oppositely charged polyelectrolytes.  

Layer-by-layer assemblies typically grow linearly
40,41,42,43

 or exponentially 

44,45,46,47
 Decher and his collaborators conducted thorough studies on linear 

growth.
40,41,42,43

 Strong cationic polyelectrolytes, such as poly(diallyldimethylammonium 

chloride) (PDDA) and poly(allylamine hydrochloride) (PAH), were combined with 

strongly anionic poly(styrene sulfonate) (PSS) for these studies. These polyelectrolytes 

are fully charged and this “strong” charge density results in relatively extended polymer 

chains due to self-repulsion. Highly charged polymer chains will result in thinner layers 

that better cover the substrate surface relative to the more coiled, low charge density 

polymers. In the case of the PAH/PSS system, small angle X-ray diffraction (SAXS) was 

used to accurately characterize the buildup of consecutive multilayers.
40
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Ultra-thin organic films with inorganic nanoparticles have broad 

applications
48,49,50,51

 The mechanical properties exhibited by these nanoparticle-filled 

organic composites are generally worse than predicted.
52,53,54,55,56,57,58,59

 The major 

limiting factors in a composite’s mechanical properties are the inability to adequately 

disperse nanoparticles, the lack of structural control, and the ineffective load transfer 

from polymer matrix to inorganic nanoparticles.
60

 Compared to traditional deposition 

techniques for inorganic nanoparticle-based ultra-thin films, such as sputtering and 

vacuum evaporation, LBL assembly has several key advantages, including ambient 

processing conditions, flexibility in substrate size and shape,
61

 and efficient stress 

distribution throughout the entire composite.
60,62,63

 In addition to polyelectrolytes, any 

type of charged particle, including inorganic molecular clusters,
64

 nanoparticles,
65

 

nanotubes and nanowires,
66,67

 can be used in a stabilized form for LBL assembly. The 

addition of inorganic nanoparticles has been shown to increase the mechanical properties 

of LBL films due to the immobilization of the high strength material inside the polymer 

matrix.
63

 The characterization of mechanical properties for inorganic nanoparticle-based 

LBL assemblies is complicated by their small physical dimensions. 

Very recently, the Kotov group made a transparent thin film with clay and 

poly(vinyl alcohol) (PVA) that had a modulus of 100 GPa and tensile strength of 400 

MPa.
60 
This “plastic steel”

68
 is the result of the unique nano brick wall architecture that is 

only possible with layer-by-layer assembly. Figure 2 highlights the transparency and 

structure of these unique films. These types of inorganic-organic assemblies can also 

have interesting transport properties. 
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Figure 2. (A) 300-bilayer PVA/MMT free-standing film. (B) SEM cross sectional view 

of the film. 

 

For the past two decades, the demand for flexible displays and smart windows has 

been steadily increasing.
69,70,71

 One technology used in flexible displays is 

electrochromism (i.e., color change with applied electric field). Electrochromics are of 

interest due to their low cost and reasonable contrast in a variety of colors.
72,73,74 

Current 

electrochromic research is focused primarily on thin polymer films.
73

 Competing 

technologies are liquid crystal displays (LCDs) and organic light emmiting diodes 

(OLED).
75,76

 Conventional techniques for producing electrochromic polymer films are 

electropolymerization and spin-casting with soluble derivatives.
76 

Layer-by-layer 

assembly has several advantages over these techniques, such as simplicity, low cost, and 

the ability to mix various functional materials in a single film without phase separation.
76
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2.2 Drop on Demand Printing 

2.2.1 Drop on Demand Basics 

Ever since Joseph Plateau and Lord Rayleigh first generated beads from non-

viscous liquid, the study of drops has been utilized in application across a wide range of 

industries. Three common modes of producing single drops are dripping, continuous 

jetting and drop-on-demand (DOD) jetting.  Dripping occurs when liquid is forced out of 

a capillary at low flow rates. When the gravitational force acting on the liquid exceeds the 

capillary force holding the liquid to the surface, pinch off occurs and a drop is formed. In 

the dripping mode, the rate of drop formation is low since it takes a relatively long time 

for pinch off to occur. As flow rate is increased through the capillary, transition from 

dripping to continuous jetting occurs.
77,78,79

 The jet will break up due to Raleigh 

instability;
80

 however, drop size will vary significantly. 

By introducing a cyclic disturbance, a continuous stream of uniform drops can be 

generated. The continuous jetting mode, which has been successfully used in inkjet 

printing, has the advantage of high drop formation rate, but produces drops continuously 

whether or not they are needed. Consequently, complicated control and recycling systems 

are required. For the drop-on-demand (DOD) mode, drops are produced only when they 

needed. A DOD inkjet printer ejects out a tiny amount of liquid by applying a short 

pressure wave to liquid filling a channel. Under the appropriate conditions, the blob of 

fluid exiting the nozzle evolves into a single drop.
77

  

DOD inkjet printing is an ideal method to deposit micron-size liquid on a 

substrate in many applications because it is compatible with various materials and easily 
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controlled by tuning the driving electrical signal.
77

 In addition, DOD inkjet printing is a 

non-contacting process, which means less contamination. It also has high flexibility in 

materials and substrates, as well as in deposit area, size and shape.  Functional materials, 

especially polymers are more preferably processed from solution. Based on the 

advantages in depositing liquids, DOD inkjet printing has become a particularly attractive 

technique, especially for the controlled solution deposition of polymer patterns and 

delivery of small quantities of functional materials.
81

 DOD inkjet printing technology has 

been applied in many fields from physics, electronics,
82,83,84,85,86

 to chemistry,
87,88

 tissue 

engineering,
89,90,91 

and biology.
92,93,94

 

Drop positioning is achieved by manually locating the printer nozzle above the 

desired location on the substrate before drop ejection. Drops are formed by propagating a 

pressure pulse in the fluid held in a chamber behind the printing nozzle. If the pulse 

exceeds some threshold at the nozzle, a drop is ejected. In the absence of a pressure 

pulse, liquid is held in place by surface tension at the nozzle. It is normal to also control 

the static pressure at the nozzle to ensure that the meniscus at the nozzle is stable. In 

DOD systems, drops are generated at acoustic frequencies (typically 1–20 kHz), and 

resonances within the chamber behind the nozzle strongly influence pressure pulse 

propagation and drop generation.
95,96

 Drop size is typically equal to the nozzle size, but it 

is possible to control both drop size and ejection velocity (within a defined range) by 

management of the pressure pulse used to form the drops. 

2.3 Drop Development 

Two methods are used to generate the pressure pulse and to promote drop 

formation and ejection. In thermal DOD printing, a small thin-film heater is located in the 
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fluid chamber. On passing a current through this heater, the fluid in immediate contact is 

heated to above its boiling temperature to form a small vapor pocket or bubble. After the 

current is removed, heat transfer leads to rapid bubble collapse. The rapid expansion and 

collapse of the bubble generate the required pressure pulse. In piezoelectric DOD 

printing, the pressure pulse is generated by direct mechanical actuation using a 

piezoelectric transducer as shown in Figure 3. Similar mechanical actuation has been 

achieved using MEMS technology and electrostatic forces.
97

 

 

Figure 3. DOD printing. (A) Thermal drop formation, a vapor pocket or bubble is 

generated by a thin film heater. (B) Piezoelectric drop formation, droplets are formed 

from a mechanical actuation. 

 

Previous work in the field of drop formation is mainly for Newtonian fluids. Over 

the last few years, interest in jetting of polymer solutions has received attention. In some 

cases, the formation and subsequent break up of drops from a nozzle are significantly 

affected by the addition of polymers to the inkjet ink.  

A B 
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Hoyt and Taylor
98

 observed that a pure water stream continuously jetting out of a 

nozzle generated a number of satellite droplets. There were no satellite droplets near the 

stream with polymer additive. They assumed it is the resistance of the polymer molecules 

to elongation, which was responsible for liquid stabilization.  

Figure 4 shows the sequence of drop formation observed on a DOD printer. The 

long extended fluid tail is a characteristic of the DOD process. The drop forms from an 

initial liquid column that thins to define a leading droplet and the elongated tail or 

ligament; the final rupture of the ligament can lead to the formation of satellite drops. 

Often these drops catch up and merge with the leading large drop in flight, prior to 

impact, in which case their presence is irrelevant. If they are still present at impact, they 

lead to noncircular impact footprints of the drop, with a deleterious influence on deposit 

precision, resolution, and accuracy. To facilitate drop merging in flight, it is customary to 

print at a stand-off distance from the substrate. The appropriate stand-off will also 

influence drop placement accuracy because drag from air currents in the printing 

environment can deviate drops from their desired trajectory. To minimize this effect, the 

stand-off distance is normally set at the minimum to ensure stable single drops. 

 

Figure 4. Image showing three drops ejected from a DOD printer at different stages of 

drop formation. 
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The generation of droplets in a DOD printer is a complex process. The precise 

physics and fluid mechanics of the process are still the subject of much research.
99

 The 

behavior of liquid drops can be characterized by a number of dimensionless groupings of 

physical constants. The most useful are the Reynolds (Re), Weber (We), and Ohnesorge 

(Oh) numbers, which deal with the fluids density, dynamic viscosity, surface tension, 

velocity, and characteristic length. 

For the drop formation process, the addition of polymer gives elasticity to the 

liquid, which may greatly affect the process.  The degree to which elasticity is important 

is closely associated with the polymer relaxation time. Attempts have been made to 

obtain relaxation time both theoretically
100,101,102,103

 and experimentally.
104,105

 

Christanti and Walker
103, 104,106

 investigated the influence of polymer (PEO) on jet 

stream break up for continuous jetting. They found that both the polymer molecular 

weight and polymer concentration affect the breakup dynamics. Solutions with higher 

extensional viscosity and relaxation time are more effective at retarding break up. For 

dilute solutions, the measured relaxation times are on the same scale as the calculated 

values from the Zimm model. The drop formation process of dilute polymer solutions for 

continuous jetting mode is determined by the fluid relaxation time and the disturbance 

growth rate.  

The addition of small amount of polymer has a significant effect on DOD drop 

formation,
107

 suppressing the satellite drop and affecting primary drop speed in some 

cases. Xu et al. 
108

 investigated the influence of polymer concentration on DOD inkjet 

printing for concentrations from dilute through the overlap regimes. They found that the 

physical behavior of the fluids in drop formation is due to the dominance of viscoelastic 
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effect within the timescale of the process, in preventing ligament break up at the pinch 

point compared with a Newtonian fluid of similar viscosity. Measured relaxation times 

were much longer than those calculated using the relationship reported by Tirtaatmadja, 

McKinley, and Cooper-White.
103

 

2.4 Drop/Substrate Interaction 

For most applications, the liquid drop will impact on a substrate, and a subsequent 

phase change will transform the liquid into a solid. For some applications, this phase 

change will generate the final desired product, whereas for others a secondary process 

(e.g., sintering) is required. The liquid/solid phase change can occur by a number of 

mechanisms, including solvent evaporation, cooling through a transition temperature, 

gelling of a polymer precursor, and chemical reaction. In all these cases, solidification 

occurs post deposition. The printed pattern must retain some stability in the liquid state 

prior to solidification. To fully understand the processes that occur between the printed 

drop and the substrate prior to attaining the desired structure, we must identify the 

interactions that occur between the substrate and the fluid drop prior to solidification. 

2.5 Drop Impact and Spreading 

The behavior of a liquid drop on impacting a solid surface is controlled by a 

number of physical processes and can be driven by inertial forces, capillary forces, and 

gravitational forces. The important dimensionless groupings are the Reynolds, Weber, 

and Ohnesorge numbers, as with drop generation. 

Typical fluids used for inkjet printing have a density close to 1000 kgm
−3

, a 

surface energy below 0.1 Jm
−2

, and in DOD printing the drops have diameters <100 μm. 

At these small length scales, Bo<<1; hence gravitational forces can be neglected. The 
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dominant forces will be inertial and capillary. Schiaffino & Sonin
109

  considered the 

impact of relatively low Weber number drops on a solid surface. Although their analysis 

was for solidifying drops, the initial stages after drop impact should be the same for all 

impacting fluids. They proposed that drop behavior on impact can be divided into two 

regimes: impact driven, in which the inertial forces dominate, and capillarity driven, in 

which initial drop velocity is unimportant and the transition in behavior occurs at a 

critical value of the Weber number. These authors characterized the resistance to 

spreading in terms of the Ohnesorge number, defining regimes as almost inviscous and 

highly viscous. The initial stage of the interaction between an inkjet-printed drop and a 

substrate is impact driven in a region of relatively inviscous behavior. 

Yarin
110

 reviewed the behavior of impacting liquid drops in the velocity range 1–

30 ms
−1

 and size range 100–3000 μm; this is sufficiently close to the regime of inkjet 

printing to provide a useful reference. Drop impact behavior can be conveniently divided 

into a number of timescales determined by the dimensionless time after impact, t∗ = t 

(v/d0), where d0 is the droplet diameter and v is droplet velocity.
111

 The initial impact 

stage is governed by kinematic behavior and has a duration of approximately t∗ = 0.1 (or 

<1 μs for the dimensions and velocities appropriate for inkjet printing). This is followed 

by impact-driven spreading, recoil, and oscillation. At small values of t∗, viscous forces 

damp the spreading and oscillations, and surface tension forces become more important 

in controlling behavior. At later stages the capillary forces begin to dominate until, at t∗ 

~10–100 (0.1–1 ms), spreading is fully controlled by capillarity, and further extension 

occurs proportional to t
1/10

.
112

 Spreading continues and approaches true equilibrium at t∗ 

>1000. The sequence of these processes is shown in Figure 5.
113
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Figure 5. The image shows the sequence of events that occurs after droplet impact on a 

substrate. Initial impact is followed by a series of damped oscillations before capillary-

driven flow occurs. θ is the contact angle, Di is the initial droplet diameter, Dm is the 

maximum radius to which a droplet spreads during impact, and Vi is the droplet velocity 

at impact. 

 

The final spread drop will have a contact diameter or footprint, dcon, determined 

by its volume and the equilibrium contact angle, θeqm. The drop footprint increases with 

decreasing contact angle and is approximately 3d0 at a contact angle of 10
◦
. The contact 

angle is very important in controlling the final shape of a printed drop and patterns 

built up from the interaction of drops. As a drop spreads after impact, it advances over a 

dry surface. In the production of films and patterns, drops may contact and interact with 

other drops. This interaction may lead to flow reversals, and in such cases, the receding 

contact angle becomes important. Receding contact angles are also important if drop 

solidification occurs by solvent evaporation, in which case decreasing drop volume 
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would be expected to lead to the drop footprint decreasing in area. Drying droplets of 

solutions (especially polymer solutions) often show contact line pinning from solute 

deposition; this, combined with increased solvent evaporation rate toward the edge of the 

droplet, can lead to solute deposition in a ring at the contact line. This phenomenon is 

known as the coffee stain effect.
114

 When contact line pinning occurs, the receding 

contact angle will decrease during evaporation and will tend toward zero. 

2.6 Drop Coalescence and Pattern Stability 

Conventional graphics printing requires patterns made up of isolated drops to 

produce a pixilated image. A key distinguishing feature between materials printing and 

graphics printing is that, for many materials applications the drops are required to overlap 

to form continuous features. Thus, a key behavior is the interaction of spread or spreading 

droplets on a substrate to form stable liquid beads or lines and more complex 2-D 

patterns. 3-D structures are produced by overprinting sequential layers, but in this case, a 

drop interacts with a solidified deposit and behaves qualitatively the same manner as 

deposition on a substrate. Inkjet printing forms liquid beads through the overlap of 

adjacent spread drops. If there is no overlap of drops, there is no mechanism for the 

formation of liquid beads. Two overlapping drops will tend to coalesce, and a train of 

overlapping drops will form a bead, if there is significant contact line pinning. 

2.7 Barrier Films 

2.7.1 Tortuous Path Theories 

Inorganic nanoparticles can block the diffusion of gases or liquids in a permeable 

(e.g., polymeric) matrix. If the inorganic nanoparticles are impermeable, then the 
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diffusing molecules have to go around them. This assumption leads us to the tortuous 

pathway theory. Equation 1 is an initial approximation:  

PF / PU = φP / τ 

Where PF and PU are permeability of the filled and unfilled polymer, 

respectively, φP is the volume fraction of the polymer,
115

 and τ is the tortuous factor, 

which is the distance a molecule must travel to get through the film divided by film 

thickness. A required assumption is that the fractional area occupied by the polymer in 

any cross section is equal to the volume fraction of the polymer. Permeability is 

independent of thickness, which means PF/PU is not proportional to thickness.  

Nielsen created the formal tortuosity theory as shown in equation 2:
116

  

τ = 1 + (L/2W)φF 

Where L is the length of a face of a filler particle, W is the thickness of filler 

plates, and φF is the volume fraction of filler. A large aspect ratio (L/W) produces 

decreased permeability if the particle lies with its largest dimension parallel to the 

substrate surface. Figure 6 shows an image depicting a tortuous path. 

(1) 

(2) 
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Figure 6. Image showing the path of diffusing a molecule through a tortuous pathway 

with impermeable parts. 

 

Equation 3 is Cussler’s model for diffusion coefficient:
117

 

D =    
D0 

1 +   2 φ 2 
/(1 − φ )  

 

Where D0 is the diffusion coefficient without impermeable flakes, D is the composite 

diffusion coefficient, α is the flake aspect ratio, and φ is the volume fraction of 

impermeable flakes. Equation 4 has been verified experimentally
118,119,120,119,120

 and 

through Monte Carlo simulations.
118

 The second term in the denominator of Cussler’s 

equation is the resistance to diffusion of the tortuous path around the flakes, known as a 

“wiggle”. The square of α and φ reflects the increased diffusion distance and the reduced 

(3) 
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cross-sectional area between the flakes. This wiggling is the most important factor of the 

increased resistance in flake-filled barrier membranes.
116,121,122,117,118

 

Cussler and coworkers later improved their own model, which takes into account the 

resistance to diffusion of the slits between adjacent flakes in the same horizontal plane 

and the constriction of the solute to pass into and out of the narrow slits.
123

  

By combining the diffusion flux and diffusion coefficient models, Cussler and coworkers 

were able to determine the permeability of flake aligned composite coatings
124

 and 

polydispersed flake-based barrier films.
125

  

Fredrickson et al. developed a barrier model that includes several additional 

assumptions:
126

 the matrix is homogeneously filled with impermeable flakes, the flakes 

are disks, and the directional vector of the flake surface is parallel to the diffusion 

direction. Equation 4 represents this model: 

D=D║ûû+D┴(δ-ûû)  

Where D is the diffusion tensor and û is a directional vector of the flake surface. D║ and 

D┴ denote diffusion coefficients parallel and perpendicular to û and δ is the unit tensor.  

When the flakes have a very small aspect ratio and perfect alignment, D┴ is the same as 

D0 (the diffusion coefficient of the neat matrix). The final assumption is that diffusivity in 

the matrix is independent of the presence of particles. 

The critical difference between Cussler’s model and Fredrickson’s model is the 

shape of impermeable flakes creating a difference in geometric factors. If the flakes are 

polydispersed in size, then the geometric factor has little influence.
123 

These tortuous path 

theories have laid the groundwork for the current understanding of platelet filled polymer 

(4) 



 

24 

composites used in barrier applications. The polymer associated with the clay surface 

behaves differently than bulk polymer and can contribute positively to barrier properties. 

2.8 Filled Polymers 

Inorganic nanoparticle–filled polymer composites have relatively low density, 

improved barrier properties, and enhanced mechanical properties.
127

 In addition to these 

benefits, inorganic nanoparticle–filled polymer composites have recently been shown to 

exhibit excellent flame retardant behavior.
128,129

 Adding impermeable inorganic 

nanoparticles to bulk polymer films is a common route to reduce oxygen transmission 

rate (OTR).
130,131,132 

 Clay platelets are especially effective for gas barrier due to their 

nano thickness (~1nm) and large aspect ratio (10 < l/d < 2000, depending on type). 

Giannelis and coworkers have extensively studied the synthesis and characterization of 

impermeable nanoparticle-filled oxygen and moisture barrier.
125,126,127

 They used melt 

intercalation of polymer,
133

 which can be applied to a non-polar polymer matrix, such as 

polystyrene, or to a strongly polar polymer matrix, such as nylon. An intercalated 

structure has a few polymer chains in between the silicate layers, in the case of clay 

platelets. Disordered systems have exfoliated and dispersed silicate layers in the polymer 

matrix, as shown in Figure 7. 

 



 

25 

 

Figure 7. Image showing layered silicates-filled polymer composites can have an 

intercalated (A) or disordered structure (B). 

 

Montmorillonite layered silicates (MLS) are ceramic platelets with a high aspect 

ratio,
134

 typically >100nm in diameter and 1nm thick. This high aspect ratio creates a 

tortuous path for gas molecules moving through the polymer matrix, which creates a 

large diffusion length that lowers the permeability.
114,135

 Unlike SiOx films and polymer 

multilayer films, clay-filled polymer composites typically suffer from poor transparency 

and relatively high OTR. Most systems show an OTR or permeability reduction of 1 to 

100%,
127,129,130,136,137,138

  but a few show an order of magnitude improvement.
139

 

Prior research conducted by Beall et al. has proven that water soluble polymers 

can be utilized to surface modify smectites/clays via ion-dipole bonding. The most 

common of these polymers includes polyvinylpyrrolidone (PVP), polyvinylalcohol 

A 

B 
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(PVA), and polyethylene glycol (PEG). Figures 8 is the basic structure for each of these 

polymers, Figure 9 is the bonding action of polymers and MMT nanoclays.  

 

 

Figure 8. Image of basic polymer structures. (A) is polyvinylpyrrolidone (PVP), (B) is 

polyvinylalcohol (PVA), and (C) is polyethylene glycol (PEG) structures. 

 

A 

C 

B 
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Figure 9. Depiction of a polymer bonded to MMT nanoclay particles. 

 

The polar group of PVP is a carbonyl, for PVA it is an alcohol, and the PEG has an ether. 

Figure 10 shows a molecular model of PVP bonded to the clay. It can be seen that the 

bulkiness of the pyrrolidone ring causes the polymer backbone to be fairly linear. It also 

appears that once the rings on one side of the polymer bonds then the rings on the 

opposite side have difficulty bonding to another clay plate.  
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Figure 10. Molecular model of PVP bonded to MMT clay. 

 

This strongly influences the intercalation/exfoliation character of this polymer as shown 

in Figure 11. A loading of PVP increases the d-spacing has steps. The first step is for one 

layer of PVP in the gallery. The second step is a bilayer followed by a trilayer. As you 

add even more PVP, the clay can be completely exfoliated. 
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Figure 11. Graph indicating the steps in d-spacing for PVP intercalates at various 

loadings of PVP. 

 

  When comparing PVP to PVA and PEG on a clay with a charge density of 95 

meq/100 g the other two polymers did intercalate but will form bilayers. The literature 

indicates studies were conducted to explore this phenomenon. A series of different charge 

density clays were utilized to determine if bilayer structures could be formed with the 

three polymers. The clays studied had charge densities of 75, 95 and 143 meq/ 100 g. 

Table 1 is a compilation of the results. In all three clays, PVP would form the bilayer 

structure. The PEG never formed the bilayer and PVA would form the bilayer for low 

charge but would form a mixed structure at medium charge and never at the high charge. 
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Table 1. Results of bilayer formation from different charge density clays and polymers. 

 

 

This behavior relates to the flexibility of the three polymers. PEG is the most 

flexible and can bond easily to both sides of the gallery. PVA is slightly less flexible and 

bonds across the gallery if charge density is high enough. 
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CHAPTER 3 

Experimental Methods 

This work established the capabilities of 3D LBL printed films for use in creating 

gas barrier films, mainly oxygen, to be used in commercial applications such as food and 

beverage packaging. The barrier properties and functionality of the films were 

established. Comparative data to the commercially used dip and rinse LBL materials 

were collected and reported. 

3.1 Establishment of Parameters for Drop on Demand Printing 

Ink solutions consisting of multiple polymer materials and deionized water in 

varying weight percentages were prepared to determine which concentrations would print 

and disperse the best on a Mylar substrate. The starting percentage of each material by 

weight varied depending on the type of material used. In the beginning, only one layer of 

the solution was printed and analyzed. The print speed, drop size, drop spacing, ink 

solution temperature, and substrate temperature were varied to obtain the best results for 

each concentration. The subsequent films were analyzed using materials characterization 

techniques such as optical microscopy, SEM, AFM, a surface profilometry, and oxygen 

permeability testing. The permeability of the films was analyzed using a Mocon Ox-Tran 

model 2/60, (See Appendix VI for equipment details). 

3.2 Establishment of Weight % of Material Required for Printing 

Due to the wide use and known oxygen barrier properties of the materials, it was 

determined that the first ink solution would be a mixture of polyvinylpyrrolidone (PVP) 

and deionized water. Weight percentages for the solution were determined based on 

quantities established in the literature review, and thus initial amounts were based on 
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previous research. This research started by formulating a batch of 120 grams of 0.5% 

PVP in deionized water. 

An electronic scale was used to measure the ingredients of each solution. A test 

beaker was first placed on the scale and the reading was zeroed. Once the total amount 

(in grams) of solution to be produced is determined (arbitrarily), the amount of ingredient 

needed can be calculated (based on desired weight percentages). To insure the correct 

amount of a certain ingredient was used, the total mass value for the mass of the 

ingredient plus the initial mass reading on the scale was calculated prior to any weights 

being taken. Once the ingredient was added to the beaker, the weight was verified against 

the calculation. It was found that it is best to start by adding water first and the polymer 

second. When the polymer was added first, it tended to stick to the side of the beaker. 

The solutions were submersed in a sonicator bath on low for 30 minutes. 

The solution was left in an airtight storage container overnight to allow any 

residual undissolved particles to dissolve/dissperse and allow the sample to return to 

room temperature. To test printability, the container was re-mixed by shaking prior to 

testing, and a portion (1.5 mL) was extracted and inserted into the print cartridge.   

The solutions were extracted using equipment that came with the cartridge, which was a 

FUJIFILM Dimatix DMC-11601 print head as seen in Figure 12.   
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Figure 12. Image of a Dimatix DMC-11601 print head and ink solution cartridge  

 

It is a two-part cartridge consisting of a reservoir and a print head. The nozzle 

plate is located on the bottom of the print head and is made of silicon.  It contains sixteen 

nozzles spaced 254 microns apart. Each nozzle is approximately 20 microns in diameter.  

It can generate drop volumes as small as 1 picoliter. All solutions were printed onto 

standard 8.5” by 11” Mylar film sheets. The film is manufactured by DuPont and is used 

primarily for transparencies by ink jet and laser printers.    

After the solution had been inserted into the printer cartridge, it was taken to the 

printer for testing. The printer used was a DMP 2831 Dimatix Materials printer as seen in 

Figure 13, which is used by developers of printable functional fluids and research and 

development. It allows for high-precision jetting of all kinds of functional fluids on any 

surface including plastic, glass, metal sheets, silicon, membranes, gels, thin films and 

paper.   
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Figure 13: Image of a Dimatix DMP-2831 Materials Printer 

 

The cartridges used were made specifically for the printer. There are default 

settings that can be adjusted, allowing for all, some, or only one jet/nozzle to print at one 

time as seen in Figure 14, (See Appendix V for more details on settings and functions).   
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Figure 14. Image from a Dimatix DMP-2831 Printer cartriage settings screen. 

 

Drop formations are observed using the Drop Watcher feature in the printer as seen in 

Figure 15. The printer software allows you adjust the refresh rate to provide images of the 

droplets forming and dropping several times per second. (See Appendix II for more 

details on Drop Watcher operation). 
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 Figure 15. Image from a Dimatix DMP-2831 Printer Drop Watcher screen. 

This process for creating solutions was repeated for polyvinylalcohol (PVA) and 

polyethylynglycol (PEG). A solution of (MMT) clay and de-ionzed water was determined 

for use in formulating a layered film.  For the solution (graphenol) made with graphene, 

humic acid (rather than DI water) was used.  

3.3 Establishment of Drop Formation and Rate 

3.3.1 Formation of Solution 

Once the initial solution of PVP and DI water (0.5% by weight) was formulated, it 

was tested in the printer. The default settings were used for the first run of tests. The 

0.5% PVP solution was found to be too viscous, and would not form a drop. After this 



 

37 

observation, the parameters were adjusted to determine the best printing configuration, 

including the number and spacing of nozzles, the preferred print speed, and the correct 

waveform. No changes to the printing parameters yielded any drop formation at the 0.5% 

level. 

The entire formulation and testing process was repeated with solutions of 0.4%, 

0.3%, and 0.2% PVP by weight. The 0.4% solution produced a few droplets, but plugged 

up the nozzles almost immediately. The 0.3% produced more droplets, but caused 

blockage in the nozzles over time. The 0.2% solution was able to generate consistent 

printing.  Multiple films were printed varying the drop waveform, size, spacing, speed, 

and number of nozzles to determine the best parameters for each solution.    

For the PEG, the process suggested a 0.2% weight by volume. PVA was found to 

be slightly more viscous, and required a solution of 0.1% weight by volume. The polymer 

was very tacky, causing suspended tails to form on the print head. The MMT clay 

produced good results at a 0.2% solution.  Graphenol functioned well at 0.2% weight by 

volume. There was a difference in variation in voltage and waveform settings between 

PVP, PEG, and Graphenol. These differences are presented in Table 2, along with all of 

the final parameter settings for each solution.  

 

 

 

 

 



 

38 

Table 2. Settings used to print films comprising of PVP, MMT, PVA PEG, and 

Graphenol.  
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CHAPTER 4 

Creation of Films 

4.1 Layering of Materials 

The generation of reproducible drops for the materials enabled the creation of 

testable films. Films were created by placing layers of materials onto a Mylar substrate. 

The number and variation of layers for each material are discussed below.    

4.1.1 PVP and MMT Clay 

The first film produced using the ink jet DOD printer was PVP only.  Within the 

printer is the ability to generate a template for placement of material during printing, (See 

Appendix IV for template creation details). Initially, the template consisted of six (6) 2.5” 

x 2.5” squares in a 3 x 2 matrix on one sheet of Mylar substrate.  A 2.5” square was used 

because the Mocon 2/60 testing equipment used to test the permeability of the films holds 

samples approximately that size. One layer of polymer was printed using the six square 

template. The template was modified to print another layer on only five (5) squares, 

leaving one (1) square with a single layer of PVP, and five (5) with two layers. It was 

modified again, producing four (4) squares with three (3) layers of material. This process 

was repeated until each square had a varying number of layers of PVP (1-6 layers). All of 

the patterns created were saved and used on the remaining ink solutions. 

The samples were created using various solution temperatures on the different 

levels. The first layer was applied at room temperature. Successive layers were placed at 

gradually higher temperatures up to 45º C. Visual inspection at this stage indicated 

temperature had a negative impact on drop dispersion due to molecular bonding, and the 

decision was made to apply all layers that would be tested at room temperature. 
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The second round of film production used MMT nanoclay.  There were six (6) 

samples of film produced in the same manner as the PVP above.  Initially, a template of 

six squares was used, adjusted each print run down one (1) square, until six (6) samples 

had been created. Each sample varied from 1-6 layers of MMT clay, which could then be 

tested for permeability. This produced a total of twelve (12) samples, each with a 

different number of layers of each material (PVP and MMT clay). Permeability analysis 

was run on all twelve (12) samples. This established a base permeability rate 

(CC/M2/24H/MIL) for the PVP alone and for the clay alone at different thicknesses. 

After each had been measured individually, a film containing both materials was 

created. The same initial six (6) square template was used. One (1) layer of PVP was 

placed on all six (6) squares, followed by one (1) layer of MMT clay on all six (6) 

squares. The template was then adjusted as in the previous process to place a second layer 

of PVP and MMT clay on five (5) squares, a third layer of both materials on four (4) 

squares, a fourth layer on three (3) squares, etc., until there were six (6) alternating 

bilayers of PVP and MMT clay on the last sample (12 individual layers total). This 

produced six (6) samples, which were then tested for permeability and characterized.       

4.1.2 PVA and MMT Clay 

The next round of printing on the DOD ink jet printer was used to analyze the 

PVA solution. The same six (6) sample production method was used for assessing only 

PVA, same as the single material PVP and MMT clay samples. A template of six 

individual squares was used, and was to be adjusted down one (1) square each print run 

until six (6) individual samples ranging from one layer to six layers had been created. The 

drops beaded up and did not disperse on the Mylar substrate (as seen through the fiducial 
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camera on the printer), see Figures 16 &17. (See Appendix V for more details on 

camera).   

 

Figure 16. Image of a fiducial camera mounted on a Dimatix DMP-2831 DOD Printer. 
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Figure 17. Image of the fiducial camera screen of a Dimatix DMP-2831 DOD Printer. 

 

It was noted after the first print run that the solution appeared different than the 

first material (PVP). The next five runs were done as planned (and as above, reducing the 

layer on one (1) square for each layer placed). This was done to see if subsequent layers 

had any impact on the material dispersion on the substrate. Even though there was a 

visual difference, the samples were still tested for permeability.   
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The visual difference in solution dispersal was assessed and researched (See 

Section 2.2). Since polyvinylpyrridone (PVP) is used as a coating to promote the 

dispersal of inks on transparencies, a layer of PVP was placed on the substrate prior to a 

secondary print run of PVA. The PVP was placed in the same six (6) square pattern and 

one (1) layer was printed. Then, one (1) layer of PVA was applied, followed by one (1) 

layer of MMT clay, to all six squares. From here, the process was similar to layering the 

PVP and MMT clay; each print run, the template was reduced by one (1) square. The 

result was six (6) samples, each with a base layer of PVP, and with graduating bi-layers 

of PVA and MMT clay. These six (6) samples were then tested for permeability and 

characterized.    

4.1.3 PEG and MMT Clay 

The third round of printing on the DOD ink jet focused on the PEG solution. The 

same six (6) sample production method was used for PEG as for the single material PVP 

and MMT clay samples. It encountered the same issues as the PVA. The solution failed 

to disperse properly. A template of six individual squares was used, and was adjusted 

down one (1) square each print run until six (6) individual samples ranging from one to 

six bi-layers had been created. The drops beaded up and did not disperse on the Mylar 

substrate (as seen through the fiducial camera on the printer). It was noted after the first 

print run that the solution appeared different from the first material (PVP) and behaved 

similarly to the second (PVA). The next five runs were done as planned (and as above, 

reducing the number of printed squares by one (1) square for each bi-layer printed). This 

was done to see if subsequent layers had any impact on the material dispersion on the 

substrate. These samples were then tested for permeability. 
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Like the PVA, a second print run was performed utilizing a primary layer of PVP 

placed on the substrate prior to a secondary print run to promote dispersion and prevent 

beading of the PEG. The PVP was placed in the same six (6) square pattern and one (1) 

layer was printed. One (1) layer of PEG was applied, followed by one (1) layer of MMT 

clay to all six squares. The process was the same as layering the PVA and MMT clay. For 

each print run, the template was reduced by one (1) square. The result was six (6) 

samples, each with a base layer of PVP, and with graduating bi-layers of PEG and MMT 

clay. These six (6) samples were then tested for permeability and characterized. 

4.1.4 Graphenol and MMT Clay 

The fourth round of printing on the DOD ink jet focused on the Graphenol. The 

same six (6) sample production method was used for Graphenol as for the other single 

material samples. It encountered the same issues as the PVA and PEG. The solution 

failed to disperse properly. Initially, a template of six squares was adjusted in the same 

manner as the previous films until six (6) individual samples consisting of one to six bi-

layers had been created. However, the drops beaded up and did not disperse on the Mylar 

substrate (as seen through the fiducial camera on the printer). It was noted after the first 

print run that the solution appeared different than the first material (PVP) and more like 

the PVA and PEG, but the next five runs were done as planned (and as above, reducing 

the layer on one (1) square for each layer placed). This was done to see if subsequent 

layers had any impact on the material dispersion on the substrate. These samples were 

then tested for permeability. 

Like the PVA and PEG, a second print run was performed utilizing a primary 

layer of PVP placed on the substrate prior to a secondary print run to promote dispersion 
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and prevent beading of the Graphenol. The PVP was placed in the same six (6) square 

pattern and one (1) layer was printed. Then, one (1) layer of PEG was applied, followed 

by one (1) layer of MMT clay, to all six squares. From here, the process was the same as 

layering the PVA and MMT clay; each print run, the template was reduced by one (1) 

square. The result was six (6) samples, each with a base layer of PVP, and with 

graduating bi-layers of Graphenol and MMT clay. These six (6) samples were then tested 

for permeability and characterized. 

4.2 Film Characterization 

Total, there were 54 samples for analysis.  After all films had been printed, it was 

necessary to examine them both visually and test their permeability. The following 

methods were used to analyze the various films: optical microscope, scanning electron 

microscope (SEM), atomic force microscope (AFM), surface profilometer, and 

permeability testing. The single material PVP and MMT clay films were analyzed for 

permeability and using the optical microscope. Only those samples, which contained 

layered solutions and clay, were analyzed using the SEM, AFM, and profilometer. 

4.2.1 Optical Microscope 

The fiducial camera on the printer, while useful for visualizations while printing 

was limited in ability to 5x scope. Therefore, each sample was viewed using an Olympus 

BX60 Polarizing optical microscope (See Appendix V). Each sample was viewed using 

polarized light at 5x, 10x, 20x, 50x. The polarized light helped to distinguish the 

difference between the polymer and clay layers.  The different levels of magnification 

allowed for the identification of drop spacing.  It also provided a visual for how well the 

solution dispersed over the substrate and if any voids had developed.  There was an 
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attempt made to view some of the films at higher magnification, but it was so close that 

spacing could not adequately be determined and voids could not be seen. 

4.2.2 Profilometer 

Initially to gauge film thickness, samples were mounted on a Tencor Alpha Step 

500 surface profilometer, (See Appendix V for equipment details). A profilometer has a 

sensitive stylus that can indicate surface profile.  First, a sheet of Mylar alone was 

measured to gauge substrate thickness. Then, the different samples at the varying 

numbers of layers were measured. This was done to see if layer growth (thickness) was 

linear or non-linear. 

4.2.3 Scanning Electron Microscope (SEM) 

The next round of visual characterization involved viewing samples with the FEI 

Helios Nano Lab 400 scanning electron microscope (SEM), (See Appendix V). It was 

thought the SEM would assist in determining film thickness. Because the SEM causes the 

polymer to charge up, the image quality was degraded. To combat this, a 2µm layer of 

gold was placed on the tops of the films so that SEM imagery could be taken. This 

allowed for the films to be imaged. 

Ion milling was performed utilizing the SEM. Based on a user input pattern, the 

SEM bombards the sample with ions, milling out a place where elemental analysis can be 

performed at user-programmed points. This shows the elemental composition at each 

measured point.  This allowed for the identification of where the transitions from gold to 

film and film to substrate occur.  This information can be used to determine the thickness 

of the different layers.      
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4.2.4 Atomic Force Microscope (AFM) 

A Burker Nano Dimension 3100 atomic force microscope (AFM) was used for 

surface analysis, (See Appendix V). Analysis by AFM indicates how smooth or rough the 

film surface is. For those samples, which required a gold coating, the AFM measurements 

were done prior to placement of the gold.   

4.2.5 Permeability Study 

Permeability measurements were taken for each sample containing a clay layer. A 

Mocon 2/60 was used to perform the permeability analysis, and is capable of analyzing 

six (6) samples at a time, (See Appendix V). This allowed for all six samples of each film 

(PVP/MMT clay; PVA/MMT clay; PEG/MMT clay; and Graphenol/MMT clay) to be 

placed in the machine at the same time. The samples are placed between two chambers, 

one containing carrier gas and the other containing oxygen. The machine analyzes each 

sample separately by trying to force oxygen through it into the carrier gas in the other 

chamber.  The carrier gas then moves any oxygen, which makes it through to an oxygen 

detector so that it can analyze any trace amounts that has permeated the sample. 

4.2.6 Wide Angle X-ray Scattering (WAXS) 

X-ray analysis was conducting using a Bruker D8 Focus Powder X-ray 

Diffractometer with a Sol-X Solid State Detector. A half inch square section of each film 

was cut and glued to the sample holder with rubber cement. The samples were mounted 

with the printed films facing up. The selected scanning angle was from one to thirty-five 

degrees. The results and explanation of the data can be seen in section 5.5. 
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CHAPTER 5 

Results and Discussion 

5.1 PVP and MMT Clay 

The first round of films were the singular Polyvinylpyrrolidone (PVP) and 

Montmorillonite (MMT) nanoclay. This was done to see if it was even possible to print 

using these materials. With a few adjustments to the ink solution concentrations and 

printer settings, films were generated. The results of the permeability tests for the 

singular PVP, singular MMT nanoclay is given in Table 3.   

Table 3. Oxygen Transition Rates for DOD printed films made of PVP & MMT 

nanoclay. 
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 The permeability of the Mylar film by itself was 5.3 cm
3
/m

2
/24hr/mil. As 

subsequent layers of PVP and MMT nanoclay is added, there is little change in the 

permeability as can be seen in the percent of OTR reduction. Once the materials are 

layered, there is a substantial difference in the oxygen transmission rate and the percent 

of reduction in the OTR. The results for the layered PVP and MMT clay are given in 

Table 4.   

Table 4. Oxygen Transition Rates for DOD printed films made of PVP & MMT 

nanoclay. 

 

 

 The results at 5 bi-layers and 6 bi-layers PVP/MMT clay indicate a 0.0 oxygen 

transmission rate. The implication is that this combination of solutions layered at the 

correct rate is an acceptable oxygen barrier in a given application.  With more layers, 

there is more polymer/clay bonding occurring, creating a more effective film. Figure 18 

shows the difference in films at 1 and 6 bi-layers each of PVP and MMT nanoclay as 

observed with the printers fiducial camera. 
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Figure 18. Images of films made from solutions of PVP & MMT. 1 bi-layer (A) and 6 bi-

layers (B). 

 

The film formation in the 1 bi-layer image on the left is distinctly textured 

compared to the 6 bi-layer image on the right. This is due to the drops of the single layers 

coalescing into each other. As they coalesce, more solution is forced to the outer edge of 

the drops, creating the “rings” visible in the image on the left. As more layers are added, 

the wave propagation of the drops is restricted by the previous layers. This results in 

successive layers “filling in the rough spots,” creating the more uniform film on the right.  

This indicates that the clay helps with uniformity in film formation, and as more layers 

are added, the film thickness becomes more even and uniformed. 

The goal is for bonding to take place and for the drops to disperse evenly across 

the surface without coalescing into un-even areas. One of the parameters, which emerged 

as important was the temperature of the solution at application. The hotter material dries 

more quickly. This means less time for the cationic and hydrogen bonding to occur 

between the polymer and the clay. The heat can cause the material to become crystalline 

in nature, resulting in brittleness and cracking. Figure 19 shows the difference in 1 bi-
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layer applied with no heat (left) compared to 1 bi-layer applied with heat, specifically at 

45º C (right).    

 

Figure 19. Images showing the effects of no platen heat (A) vs. platen heat (B) on films 

made from solutions of PVP & MMT. 

 

The image of the film on the left, while exhibiting strong coalescence, indicates 

that bonding is occurring.  In the image on the right, the drops applied with heat dried in 

place before bonding could occur, and so individual drops are still visible.  The result is 

voids between each individual droplet where there is no film generation. The voids make 

it permeable by oxygen and moisture.  It is desirable to apply the material at room 

temperature and allowing the bonding to take place. 

Drop spacing was also investigated to determine the optimal spacing of the 

droplets. Figure 20 shows that changing the drop spacing of a single bi-layer film from 

12µm to 25µm greatly affected the film formation. The images were taken with platen 

heat applied at 39º C. Additional testing was done with no heat applied. The results were 

similar but the droplets were more dispersed as seen in Figure 21.  
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Figure 20. Images showing the effects of drop spacing. (A) drop spacing is at 12µm and 

39º C, (B) drop spacing is at 25µm and 39º C. 

 

 

Figure 21. Image showing the effects of drop spacing without heat, the drop spacing is at 

12µm and room temperature. 

 

Varying the number jets/nozzles used at one time produced results similar to the 

drop spacing changes. Using more jets/nozzles at the same drop spacing caused the 

  

A B 



 

53 

droplets to coalesce into larger droplets leaving large voids in the film. Using fewer  

jets/nozzles at the same drop spacing reduced the coalescence. When you drop below 

three jets/nozzles, the droplets begin to become separated and create large void areas 

between the droplets. Figure 22 illustrates the effects of varying the number of used 

during printing. 

 

Figure 22. Images of films created from solutions of PVP & MMT with varying numbers 

of jets/nozzles. (A) 1 bi-layer printed with 1 jet/nozzle at 30µm, (B) 2 jets/nozzles at 

30µm, (C) 3 jets/nozzles at 30µm, and (D) 5 jets/nozzles at 30µm. 

 

The film uniformity was assessed with a scanning electron microscope (SEM). It is 

possible to see the dispersion of clay particles in the polymer material in Figure 23.  

According to this analysis, the MMT clay had a good dispersion rate in the PVP.   
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Figure 23. SEM images showing dispersed clay in films created from a solution of PVP 

& MMT nanoclays. 

 

The AFM image in Figure 24 indicates good uniformity in the films surface as indicated 

by a Z range of 59.919 nanometers as compared to the PVA image in Figure 36, which 

had a Z range of 652.07 nanometers due to droplet coalescence and resultant voids 

between the combined droplets. 
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Figure 24. AFM image of a film created from a solution of PVP & MMT nanoclay. 

Results indicate a uniformed film. 

 

An elemental analysis was done to distinguish between the films and the Mylar 

substrate. Prior to the elemental analysis, ion milling was performed to expose the 

individual layers and materials as shown in Figure 25. The elemental analysis tool, 

EDAX, was used to do point analysis to determine the transition point from Mylar 

substrate to film. For the purposes of this research, the elements Aluminum (AlK) and 

Silicate (SiK) were sought. They indicate the presence of clay and not the substrate. It is 

possible to determine the thickness of the film by measuring from the top down to the 

transition point to the substrate. This gives the overall thickness of the film, which is 

shown in Figure 30. 
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Figure 25. Image of EDAX point analysis performed on a film made from a solution of 

PVP & MMT.  

 

The results of the EDAX are given in Figures 26 - 29. EDS Spot 1 is taken from 

the surface where the film is none to exist, EDS Spot 2 is on the side of the milled slot in 

the film area, and spots 3 and 4 are located on the side of the milled slot below the film, 

as there is no presence of Al or Si. There is a slight change in color on the side of the 

milled slot where there is a transition from the film to substrate; this can be observed 

better in Figure 30. 
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Figure 26. Image of EDAX point (1) analysis performed on a film made of PVP & MMT 

printed on a Mylar substrate. The presence of Al and Si indicate the presence of the 

PVP&MMT film. 

 

 

Figure 27. Image of EDAX point (2) analysis performed on a film made of PVP & MMT 

printed on a Mylar substrate. The presence of Al and Si indicates the presence of the 

PVP&MMT film. 
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Figure 28. Image of EDAX point (3) analysis performed on a film made of PVP & MMT 

printed on a Mylar substrate. The lack of Al and Si indicates it is the Mylar substrate. 

 

Figure 29. Image of EDAX point (4) analysis performed on a film made of PVP & MMT 

printed on a Mylar substrate. The lack of Al and Si indicates it is the Mylar substrate. 

 

Due to cost and equipment time constraints, it was not realistic to measure the 

thickness of all the fifty four film samples with the SEM.  Therefore, other techniques 

such as optical microscope measurements and sample weights from a percision balance 
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were used.  Film thickness was verified and determined by comparing the PVP/MMT 

clay film  thicknesses as measured on the SEM to the thicknesses visible in the optical 

microscope images and calculations using film weights.  Figure 30 is the SEM image of 

the 1 bi-layer PVP/MMT clay film.  It indicates that the film is 3.79µm thick.  Figure 31 

is the optical microscope image of the same film, indicating a thickness between 3.61 µm 

and 3.63 µm, a difference of about 16/100 of a µm. Figures 32 & 33 show the film 

thickness for 3 & 6 bi-layers. 

A preceision balance was used to measure the weight of the uncoated Mylar 

substrate and each film sample. Using the density of the ink solution, known sample size, 

and the measured weights, it was possible to calculate the fim thickness, which was 3.92 

µm for the single bi-layer. The optical microscope and percision balance provided 

comperable results quickly at a fraction of the time and cost. They were used to measure 

the thickness of  the remaining films (PVA/MMT clay, PEG/MMT clay and 

Graphenol/MMT clay). Table 5 indicates the calculated film thickness for the PVP & 

MMT nanoclay samples. 
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Figure 30. SEM image indicating the thickness of a single Bilayer of a film made of PVP 

& MMT. 

 

 

Figure 31. Optical microscope image indicating the film thickness of a film made from 1 

Bilayer of PVP & MMT, film thickness average is 3.6µm. 
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Figure 32. Optical microscope image indicating the film thickness of a film made from 3 

Bilayers of PVP & MMT, film thickness average is 7.5µm. 

 

 

 

Figure 33. Optical microscope image indicating the film thickness of a film made from 6 

Bilayers of PVP & MMT, film thickness average is 14.5µm. 
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Table 5. Calculated thickness of films created from a solution of PVP & MMT. 

 

 

5.2. PVA and MMT Clay 

Due to the viscosity of the material, the PVA solution was mixed at 0.1% weight 

by volume. The printed PVA solution appeared visually different from the PVP printed 

solution. It was immediately apparent that the drop dispersion was flawed. Using the 

printer fiducial camera, it was possible to see that the solution had beaded up rather than 

dispersing evenly over the substrate. Permeability results on the initial films containing 

only PVA (without a PVP base) indicated high permeability. This is believed to be due to 

the droplet contact angles and surface energy of the solution and the substrate. Figures 34 

and 35, taken with the fiducial camera on the printer, show the difference in material 

applied with and without a PVP base coat on the Mylar substrate at 1 and 6 bi-layers of 

PVA/MMT clay.  
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Figure 34. Image (A) 1 bi-layer and (B) 6 bi-layers of films created from a solution of 

PVA & MMT with no PVP basecoat. 

 

 

 

Figure 35. Image (A) 1 bi-layer and (B) 6 bi-layers of films created from a solution of 

PVA & MMT with a PVP basecoat. 

 

It is visually apparent that the PVP base coat reduces coalescence of PVA/MMT 

clay solutions, resulting in a uniform film. Figure 36 is an AFM image of the PVA/MMT 

clay film at 1 bi-layer, without the PVP base coat. The films Z range is 652.07 nm, which 

is very high compared to the 59.919 nm of the PVP/MMT clay film.  
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Figure 36. AFM image of a film created from a solution PVA & MMT. 1 bi-layer with 

no PVP base coat. Results indicated how non-uniformed the film is. 

 

 

Figure 37, a 3 bi-layer PVA/MMT film illustrates the effects heat has on the drop 

dispersion and film formation. As with the PVP/MMT film, the addition of heat causes 

the droplets to dry rapidly and prevents them from dispersing evenly and or coalescing. 

The film in figure A, which was created without heat one can see how the droplets 

flowed and dispersed across the substrate. The film in figure B, which was created with 

heat applied to the platen, prevented the droplets from dispersing due to rapid 

evaporation.  
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Figure 37. Images of a film created from a solution of PVA & MMT indicating the 

effects of heat on the film formation. (A) 3 bi-layers of PVA/MMT no platen heat. (B) 3 

bi-layers at 45 C. 

 

Again, ion milling and elemental analysis was performed to determine exactly 

where the film began and ended in order to measure the films thickness. Figure 38 shows 

the EDS spots in the milled film where the elemental data analysis was conducted. The 

results are given below in Figures 39-41. EDS spots 1 and 2 show the presence of Al and 

Si, but spot 3 does not, indicating it is the substrate. Table 6 provides the film thickness 

for each of the bi-layers. 
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Figure 38. Image of EDAX point analysis performed on a film made of PVA & MMT 

printed on a Mylar substrate. 
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Figure 39. Image of EDAX point (1) analysis of the PVA/MMT film on a Mylar 

substrate. The presence of Al and Si indicates the presence of the PVA&MMT film. 

 

 

Figure 40. Image of EDAX point (2) analysis of the PVA/MMT film on a Mylar 

substrate. The presence of Al and Si indicates the presence of the PVA&MMT film. 
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Figure 41. Image of EDAX point (3) analysis of the PVA/MMT film on a Mylar 

substrate. The lack of Al and Si indicates it is the Mylar substrate. 

 

Table 6. Calculated film thickness for a film created from a solution of PVA & MMT. 

 

 

Since it was determined the drops were coalescing, leading to large voids between 

the drops, it was determined that a PVP base coat would provide better drop formation.  

For the layered films produced to test for potential application, the PVP base was used. 



 

69 

The results of the permeability of both the PVA/MMT nanoclay (with and without the 

PVP base) are given below in Table 7.   

Table 7. Oxygen Transmission rates for films created from a solution of PVA & MMT 

with no PVP base coat and with a PVP base coat. 

 

 

Compared to the 6 bi-layer without the PVP base, the films that were applied to a 

substrate that had a PVP application exhibited greater barrier strength. The thickest film, 

with twelve layers of alternating PVA and MMT clay on a PVP base, has an oxygen 

transmission level of 2.5cm
3
/m

2
/24hr/mil. Depending on the industry and application, this 

may or may not be an acceptable transmission rate. 

5.3 PEG and MMT Clay 

Printing the PEG/MMT nanoclay films directly onto the Mylar substrate produced 

similar issues as those which had been encountered with PVA. Drop dispersion (as 

viewed through the fiducial camera) was poor.  The decision was made to print the films 

for testing on a substrate treated with PVP as had to be done with the PVA. The 

permeability results for the PEG/MMT clay (both with and without a PVP base on the 

Mylar substrate) are given in Table 8. 
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Table 8. Oxygen Transmission rates for films created from a solution of PEG & MMT 

with no PVP base coat and with a PVP base coat. 

 

 

The PVP base made little or no difference in the permeability results for PEG and 

MMT nanoclay. It is obvious by looking at the table there was a minimal change in the 

oxygen barrier properties regardless of use of PVP.  Figures 42 and 43 show the 

difference in a sample printed with and without a PVP base coat on the Mylar substrate at 

1 bi-layer and 6 bi-layers.   

 

Figure 42. Images of films created from a solution of PEG & MMT indicating the effects 

of film formation with no PVP base coat. (A) 1 bilayer and (B) 6 bi-layers. 

 

  

A B 
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Figure 43. Images of films created from a solution of PEG&MMT indicating the effects 

of film formation with a PVP base coat. (A) 1 bilayer and (B) 6 bi-layers. 

 

There is little or no uniformity in the films with no PVP base.  Drop dispersion is 

erratic and leaves large voids between drops.  Layers placed on the PVP base coat appear 

more uniform with signs of coalescence, rather than dispersion. This is due to drop 

contact angles and surface energies. 

Due to the permeability data, it was determined this would not be an acceptable 

oxygen barrier film.  Thickness does not matter as there was no increased benefit 

associated with additional bi-layers of material, up to 6 bi-layers. Table 9 illustrates the 

calculated film thickness for each bi-layer. 

 

 

 

 

 

  

A B 
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Table 9. Calculated thickness of films created from a solution of PEG & MMT. 

 

 

5.4 Graphenol and MMT Clay 

Like the PVA and the PEG, the Graphenol exhibited the tendency to bead up 

when applied directly to the Mylar substrate. The permeability results for the 

Graphenol/MMT clay solution applied directly to the Mylar substrate with and without a 

PVP base coat are given in Table 10. 

Table 10. Oxygen Transmission Rates of films created from a solution of Graphenol & 

MMT. 

 

 

Based on the results, the PVP base coat made a marginal difference in the oxygen 

barrier properties of the film.  Figures 44 & 45 below shows a Graphenol/MMT clay 
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sample with 1 and 6 bi-layers printed both with and without a PVP base on the Mylar 

substrate. 

 

Figure 44. Images of films created from a solution of Graphenol & MMT indicating the 

effects of film formation with no PVP base coat. (A) 1 bi-layer and (B) 6 bi-layers. 

 

 

Figure 45. Images of films created from a solution of Graphenol & MMT indicating the 

effects of film formation with a PVP base coat. (A) 1 bi-layer and (B) 6 bi-layers. 

 

It is visually apparent that none of these films is uniform. Permeability results 

indicate they exhibit poor oxygen barrier capabilities. It is believed the pH level in the 

humic acid could impact the bonding between the clay and the Graphenol. It could also 

  

  

A B 

A B 
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affect the surface energy and droplet contact angle between the substrate and Graphenol 

droplets, leading to non-uniform dispersion.  

Due to the permeability data, it was determined this would not be an acceptable oxygen 

barrier film.  Thickness does not matter in this instance, as there was no increased benefit 

associated with additional bi-layers of material, up to 6 bi-layers. 

5.5 Wide Angle X-ray Scattering (WAXS) Results and Analysis 

 The printed films were analyzed using WAXS to determine if any reflections 

could be located giving an indication of the level of intercalation and ordering taking 

place. The samples were analyzed using a scanning range of 1 to 35 degrees. The first 

film to be scanned was the 6 bi-layer PVP/MMT. The scan indicated a very highly 

ordered system with an average d spacing of 58Å. The remaining PVP/MMT films were 

scanned using the same settings and all of them produced results similar to the 6 bi-layer 

film sample. 

 All of the PVP/MMT films indicated a very highly ordered system with ten to 

eleven reflections. The high amount of ordering is believed to be due to the self-assembly 

of ordered layers of clay intercalated by PVP mediated by ion-dipole bonding to the 

exchangeable cation on the montmorillonite surface. The intercalation being driven by 

displacement of waters of hydration on the sodium cations by the polymer molecules. 

The entropy decrease for every PVP molecule when intercalating is more than offset by 

the entropy increase of the multiple moles of water displaced. The results of the scans can 

be seen in Figures 46 to 51. 
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Figure 46. Wide Angle X-ray Scattering results for a 1 bi-layer film created from a 

solution of PVP & MMT. 

 

Figure 47. Wide Angle X-ray Scattering results for a 2 bi-layer film created from a 

solution of PVP & MMT.  
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Figure 48. Wide Angle X-ray Scattering results for a 3 bi-layer film created from a 

solution of PVP & MMT.

 

Figure 49. Wide Angle X-ray Scattering results for a 4 bi-layer film created from a 

solution of PVP & MMT. 



 

77 

 

Figure 50. Wide Angle X-ray Scattering results for a 5 bi-layer film created from a 

solution of PVP & MMT. 

 

Figure 51. Wide Angle X-ray Scattering results for a 6 bi-layer film created from a 

solution of PVP & MMT. 
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 The PVA/MMT and PEG/MMT films were also scanned to determine if they 

contained a similarly ordered structure. The scans indicated what would be expected from 

a traditional polymer/clay composite film; there was no highly ordered system as in the 

case of the PVP/MMT films. In the case of PEG and PVA, these polymers are very 

flexible and can bond plate to plate limiting the gallery spacing to a relatively small 

value. This results in a tactoid structure with large amounts of polymer unintercalated. 

The results of the PVA and PEG scans can be seen in figures 52 and 53. Figure 54 is a 

scan of the Mylar substrate without any coating, this was done to confirm the large peak 

on all of the scans was coming from the Mylar substrate.

 

Figure 52. Wide Angle X-ray Scattering results for a 6 bi-layer film created from a 

solution of PVA & MMT. 
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Figure 53. Wide Angle X-ray Scattering results for a 6 bi-layer film created from a 

solution of PEG & MMT. 

 

Figure 54. Wide Angle X-ray Scattering results for a Mylar substrate without any 

coating.  
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CHAPTER 6 

Conclusions 

6.1 Summary 

Films consisting of PVP & MMT, PVA & MMT, PEG & MMT, and Graphenol 

& MMT could be printed with a Dimatix 2831 3D DOD materials printer. The films with 

the best properties were produced without any platen heat. Adding heat slowed or 

prevented the bonding action between the polymers and MMT nanoclay. 

It was possible to be print films consisting of various polymers and Graphenol. 

Some of films such as the PVP/MMT and PVA/MMT/PVP produced better films and gas 

barrier properties than the PVA/MMT and PEG/MMT. Figure 46 illustrates the oxygen 

transmission rates for each film that was printed. 

 

Figure 55. Oxygen transmission rate comparison of films made with a DOD printer. 
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From the graph above, the film consisting of PVP & MMT exhibits the best gas 

barrier properties. In addition to producing the best barrier results, it produced the most 

uniformed and transparent film. The properties of the PVP & MMT film are due to its 

bonding interactions with the MMT nanoclay and its ability to interact with the Mylar 

substrate. 

Although the PVA & MMT films without a base coat of PVP did not produce 

films with good barrier properties, it was discovered that adding a base layer of PVP prior 

to printing vastly improved the films uniformity and oxygen transition rate, making it a 

viable oxygen barrier film. The PVA & MMT films had to be produced with an ink 

solution of a lower weight percentage due to is higher viscosity and extreme tackiness, 

which plugged up the printing nozzles. 

The film thickness of all the films ranged from 2.90 to 15.19µm, Table 11 lists the 

thickness value of each bi-layer for each polymer MMT nanoclay ink solution. The 

thinner films for PVA & MMT are believed to be from the lower weight percentage 

needed in order to print the ink solution. 

Table 11. Film thickness values for each bi-layer  
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The research proved that it is possible to print films made of PEG & MMT and 

Graphenol & MMT. They would not be viable gas barriers. The films were not uniformed 

with or without a PVP base layer and there were a lot of void areas between the droplets 

due to coalescence, drop contact angles, and surface energies. 

6.2 Commercialization Potential 

Based on the barriers film market growth predicted by Smithers pria, (See 

Appendix VI for details), films produced by DOD printing should be well accepted in the 

market place. The study indicates the growth is being driven by a number of key trends 

ranging from socio-economic, demographic and lifestyle changes to the development of 

new materials, innovations in existing materials and emerging trends within end-use 

segments. 

The study states that the polymer materials used for the manufacture of 

transparent barrier films can be grouped into three broad categories, barrier base web 

materials, barrier polymers and inorganic barrier materials. 

In a different report Smithers claims the global high barrier packaging film 

consumption is at approximately 1.76 million tonnes in 2014 with a value of $15.9 billion 

and is forecasted to grow at a CAGR of 5.0% between 2014 and 2019. 

The report claims the innovation in and implementation of smart and active 

packaging over the next 10 years will be the key disruptive factor affecting the flexible 

packaging industry. These technologies have been retarded by high cost, consumer 

resistance to items such as sachets in packaging, and concerns about excessive packaging. 
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The deployment of intelligent packaging is expected to become more frequent with 

decreasing cost, increasing emphasis on food safety, anti-counterfeiting, new regulations, 

and brand owner/consumer demand. The DOD printed films should do well in this arena. 

The global specialty films market was worth $22.4 billion in 2013 and is forecast 

to grow 5.4% annually to reach $29.1 billion by 2018. The range of specialty films on the 

market is broad, with very different properties and functions adding value for the 

consumer. Film types are also at different stages of development, exhibit different 

supply/demand dynamics, and growth potential. 

6.3 Limitations 

The biggest limitation in printing the films was producing ink solutions dilute 

enough to from droplets with the DMC-11601 print head designed for the Dimatix 2831 

printer.  Larger print nozzles would have made it easier to print the viscous polymers and 

MMT nanoclay ink solution. 

6.4 Future Work 

Due to the positive results of placing a PVP base coat on the Mylar substrate prior 

to printing the PVA films, future research should investigate the results of adding 

multiple layers of PVP prior to printing  PVA, PEG, and other materials. DOD Printers 

equipped with larger print head nozzles should be utilized to identify the effects of film 

formation utilizing larger droplets and a more viscous ink solution. 

Additional substrate materials should be tested to determine the effect of film 

formation based on substrate material. Additional research should be conducted on the 

films mechanical properties to determine their durability.  
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APPENDIX SECTION 

Appendix I 

Dimatix DMP 2831 DOD Printer Cartridge Settings

 

Figure A1-1. Page 23 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A1-2. Page 24 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A1-3. Page 25 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A1-4. Page 26 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A1-5. Page 27 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A1-6. Page 28 of operations manual for Dimatix DMP 2831 Printer 
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Figure A1-7. Page 29 of operations manual for Dimatix DMP 2831 Printer 
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Figure A1-8. Page 30 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A1-9. Page 31 of operations manual for Dimatix DMP 2831 Printer. 
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Appendix II 

Dimatix DMP 2831 Drop Watcher Settings 

 

Figure A2-1. Page 61 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A2-2. Page 62 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A2-3. Page 63 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A2-4. Page 64 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A2-5. Page 65 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A2-6. Page 66 of operations manual for Dimatix DMP 2831 Printer. 
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Appendix III 

Dimatix DMP 2831 Pattern Maker

 

Figure A3-1. Page 39 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A3-2. Page 40 of operations manual for Dimatix DMP 2831 Printer. 



 

101 

 

Figure A3-3. Page 41 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A3-4. Page 42 of operations manual for Dimatix DMP 2831 Printer. 
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Appendix IV 

Dimatix DMP 2831 Fiducial Camera

 

Figure A4-1. Page 79 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A4-2. Page 80 of operations manual for Dimatix DMP 2831 Printer. 
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Figure A4-3. Page 81 of operations manual for Dimatix DMP 2831 Printer. 
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Appendix V 

Characterization Equipment 

 

Figure A5-1. Image of a BURKER NANO Dimension 3100 AFM. 

 

Figure A5-2. Image of an Olympus BX60 Optical Microscope. 
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Figure A5-3. Image of an Alpha Step 500 Surface Profilometer. 

 

Figure A5-4. Image of a Helios Nano Lab 400 Scanning Electron Microscope. 
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Figure A5-5. Image of a Bruker D8 Focus Powder X-Ray Diffractometer. 

 

Figure A5-6. Image of a Mocon Ox-Tron 2/60 Oxygen and Moisture analyzer. 
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Appendix VI 

Smithers Pira Marketing Information 

Transparent Barrier Films market is forecast to reach $8.2 billion by 2017 

09 August 2012 

The global market for transparent barrier films is worth $6.7 billion in 2012 and is 

forecast to grow by 4.3% during the five-year period to 2017 to reach $8.2 billion 

according to a new study by Smithers Pira. Demand for transparent barrier film is being 

driven by a number of key trends ranging from socio-economic, demographic and 

lifestyle changes to the development of new materials, innovations in existing materials 

and emerging trends within end-use segments. 

The Future of Transparent Barrier Films - Global Market Forecasts to 2017 examines 

global market and technology trends for transparent barrier films for the period 2007-12 

and presents forecasts for the five-year period to 2017. Market forecasts are presented by 

geographic market, material, and end-use sector. In addition to packaging markets, the 

report includes an assessment of the future prospects for transparent barrier films in fast-

growing electronics applications such as photovoltaic modules and displays, as well as 

other non-packaging markets. 

According to the study, polymer materials used for the manufacture of transparent barrier 

films can be grouped into three broad categories. Barrier base web materials (including 

PA, PET, PP, PE, and PVC), barrier polymers (EVOH, PVdC, PEN and fluoropolymers), 

and inorganic barrier coatings such as silicon oxide (SiOx) and aluminum oxide (AlOx). 

Global transparent films market: share by base web material, 2012 (%) 

 
Source: Smithers Pira 
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PET is the most widely used barrier web, followed by PE, PA, and PP. PET and PA-

based transparent barrier films are forecast to grow at the highest rates over the forecast 

period. PET film will be driven by the further development of barrier food packaging 

applications and further growth in the thick film (>50µ) market, spurred on by 

developments in photovoltaic and flat-screen applications. PA film will benefit from 

growth in demand for retort stand-up pouches as an alternative to cans and glass jars, 

along with growth in pharmaceutical packaging applications. 

EVOH is the most widely used transparent barrier polymer. It is gaining share, mainly 

due to environmental concerns about PVdC in Northern Europe and the US, and from 

aluminum, in spite of difficulties related to poor water-barrier characteristics. 

Barrier Coatings 

Barrier coatings are set to show the fastest growth for transparent barrier film materials 

over forecast period. 

Inorganic vapor coatings used for transparent barrier films include silicon oxide (SiOx), 

aluminum oxide (AlOx) and ormocers. Global consumption of transparent barrier films 

using inorganic barrier coatings are forecast to grow during the period 2012-17 at a 

CAGR of 8.2%, which is almost twice as high as the transparent barrier films market as a 

whole. Inorganic barrier coatings are applied almost exclusively to food packaging such 

as retort and microwavable packaging, lidding for meat packs, dry foods, and stand-up 

pouches. Barrier coatings will benefit from growing consumer demand for more 

convenient and microwavable products and the longer shelf life that these materials 

provide. 

https://www.smitherspira.com/market-reports/transparent-barrier-films-market-is-

forecast-to-reach-8-2-billion-by-2017.aspx 

 

Global high barrier packaging film consumption forecast to reach 2.24 million tons 

by 2019 

28 April 2014 

Global high barrier packaging film consumption is at approximately 1.76 million tons in 

2014 with a value of $15.9 billion. This is forecast to grow at a CAGR of 5.0% between 

2014 and 2019 according to a new market report by Smithers Pira. 

The Future of High Barrier Packaging Films to 2019 examines global market trends for 

high barrier packaging films for the period 2008-13, and also presents forecasts for the 

five-year period from 2014-19. Market forecasts are presented by high barrier polymer 

type, packaging product, end-use sector, and geographic region. This report also contains 

https://www.smitherspira.com/market-reports/transparent-barrier-films-market-is-forecast-to-reach-8-2-billion-by-2017.aspx
https://www.smitherspira.com/market-reports/transparent-barrier-films-market-is-forecast-to-reach-8-2-billion-by-2017.aspx
https://www.smitherspira.com/market-reports/packaging/high-barrier-packaging-films.aspx
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an analysis of industry structure, major market participants, market drivers and trends and 

cutting-edge technology developments. 

In this report, high barrier packaging films are defined as flexible films that are smaller 

than 250µ in gauge with an oxygen gas transmission rate in the range <5cm³/m²/day (25µ 

films). Market data in the report includes base webs, plus high barrier film/coating and tie 

or sealing layers. 

According to The Future of High Barrier Packaging Films to 2019, there is a growing 

demand for packaging materials that give even greater protection to their contents. This is 

especially noticeable in the food, beverage and pharmaceutical industries. As plastics 

have become more and more common, concerns have arisen about their ability to allow 

the exchange of gases and vapors that can compromise the quality and safety of packaged 

products. Therefore, a variety of barrier technologies have been commercialized that 

preserve, protect and promote; optimize shelf life, reduce the need for preservatives, 

provide transparency and gloss, and serve as a printing substrate. Without this barrier, 

packaging, perishable goods such as food, beverages, and pharmaceuticals would be 

susceptible to a wide range of deterioration processes. 

However, barrier packaging is restricted by factors such as susceptibility to degradation, 

recycling problems and cost. EVOH, for example, is water sensitive because absorption 

of atmospheric moisture reduces its barrier properties towards oxygen and carbon 

dioxide. Mechanical recycling also becomes a problem with multilayer structures 

containing more than one type of plastic, as they cannot easily be recycled. 

Environmental pressure groups have also raised concerns about increases in the amount 

of food packaging, with many companies responding by reducing their packaging. 

High barrier films are found in six main flexible packaging products: bags and pouches, 

stand-up pouches, (retort and non-retort), tray lidding film, forming webs, wrapping film 

and blister pack base webs. According to the report, bags and pouches are by far the 

leading pack type accounting for over half of global high barrier packaging film 

consumption in 2014. Forming webs and lidding film are the next largest pack types. 

Stand-up pouches are forecast to grow at the fastest rate during the five-year period to 

2019. Stand-up pouches offer brand owners product differentiation and strengthen brand 

loyalty, while providing customers with convenience, and the ability to retort and 

microwave. Lidding film and forming webs are also set to grow at higher than the market 

average rate. The trend toward case-ready fresh meat packaged in trays under low-

oxygen MAP will drive growth in barrier film lid stock and forming webs. Wrapping 

film, on the other hand, is forecast to grow at a relatively low rate, mainly as a result of 

slow growth in key end-use sectors such as baked goods and snack foods. 

https://www.smitherspira.com/market-reports/packaging/news/global-high-barrier-

packaging-film-consumption-forecast-to-2019.aspx 

 

https://www.smitherspira.com/market-reports/packaging/news/global-high-barrier-packaging-film-consumption-forecast-to-2019.aspx
https://www.smitherspira.com/market-reports/packaging/news/global-high-barrier-packaging-film-consumption-forecast-to-2019.aspx
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Intelligent Packaging and Recyclability to be Top Two Disruptive Technologies in 

Flexible Packaging  

27 March 2014 

The top five disruptive technologies in flexible packaging are forecast to be intelligent 

(smart) packaging, recyclability, packaging open ability, bio based polymers and digital 

printing, according to a new market report by Smithers Pira.  

 

Ten-Year Forecast of Disruptive Technologies in Flexible Packaging to 2023 identifies 

and assesses technological, economic, consumer, sociological, environmental, and 

regulatory developments, and trends, which will impact the flexible packaging industry 

over the next 10 years to 2023. The 25 highest ranked developments were selected for 

further study with regard to their impact on the flexible packaging supply chain, 

commercial products and associated technologies and trends. Based on current flexible 

packaging markets, the center of attention within the report is inevitably food and 

beverage packaging, but other applications are considered including pharmaceuticals, 

household chemicals, medical devices, and electronics, together with a wide range of 

flexible packaging materials including plastics, paper, and metal foils.  

 

Because of growing consumer focus on convenience and sustainability, general flexible 

packaging use has been growing rapidly worldwide both in absolute and percentage 

terms. It is gaining market share from other packaging formats such as rigid packaging. 

This growth is projected to continue because flexible packaging, particularly pouch 

packaging, uses less energy and materials, and has lower transport costs, environmental 

impact, and carbon footprint than its rigid counterparts.  

These current trends concerning flexible packaging and rapid growth are anticipated to 

continue and increase over the next 10 years to 2023. There will be continuous 

development of new flexible packaging products for new markets and applications 

encroaching on traditional rigid packaging. High growth is expected in Europe and North 

America, as well as in the emerging markets of Asia and Central and South America. 

 

Important drivers from a manufacturing viewpoint will include savings in materials, 

manufacturing and transportation costs and increased line filling speeds for pouches to 

match those for rigid bottles. From the consumer viewpoint, two important drivers will be 

the growing focus on convenience and sustainability.  

 

The new market study states that the innovation in and implementation of smart and 

active packaging over the next 10 years will be the key disruptive factor affecting the 

flexible packaging industry. So far, these technologies have been retarded by high cost, 

consumer resistance to items such as sachets in packaging, and concerns about excessive 

packaging. However, the deployment of intelligent packaging is expected to become 

much more frequent with decreasing cost, increasing emphasis on food safety, anti-

counterfeiting, new regulations, and brand owner/consumer demand. These technologies, 

particularly together with printed electronics and digital printing, will become more 

widespread in the years to 2023. This will lead to dramatically expanded perceptions of 

https://www.smitherspira.com/Home.aspx
https://www.smitherspira.com/market-reports/packaging/disruptive-technologies-flexible-packaging-industry-trends-analysis.aspx


 

113 

the function of packaging, beyond the traditional containment, preservation, protection 

and identification to include a wide range of monitoring, tracking, warning, remediation, 

authentication, communication and brand protection.  

 

According to the report, the second most disruptive technology in flexible packaging is 

recyclability. Because of the small amount of material used in a flexible package, it 

generates much less waste than other formats. However, it is not currently feasible to 

mechanically recycle postconsumer flexible packaging because of its thin film structure, 

multi-layered composition, and often contamination by food waste. This situation could 

create problems with the sustainability and recyclability goals of many major 

corporations or with the reduced or zero landfill policies of many governments. More 

easily recyclable materials and barrier structures, including monolayers, are expected to 

be introduced over the next 10 years, but this will not resolve the problem unless 

improved collection, sorting and recycling infrastructure is implemented. 

https://www.smitherspira.com/market-reports/news/disruptive-technologies-in-flexible-

packaging.aspx 

The Future of Specialty Films to 2018 

The global specialty films market is projected to be worth $22.4 billion in 2013 and is 

forecast to grow 5.4% annually to reach $29.1 billion by 2018. The range of specialty 

films on the market is broad, with very different properties and functions adding value for 

the consumer. Film types are also at different stages of development and exhibit different 

supply/demand dynamics and growth potential. The Future of Specialty Films to 2018 

explains it all, providing projections of opportunities, drivers, and technical and product 

developments, which are underpinned by detailed five-year market forecasts that will 

give you exclusive insights into regional growth, consumer trends, regulatory changes, 

and new applications. 

https://www.smitherspira.com/market-reports/packaging/specialty-films-2018.aspx  

https://www.smitherspira.com/market-reports/news/disruptive-technologies-in-flexible-packaging.aspx
https://www.smitherspira.com/market-reports/news/disruptive-technologies-in-flexible-packaging.aspx
https://www.smitherspira.com/market-reports/packaging/specialty-films-2018.aspx
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