
 

Optimization of Paper Discoloration via Pyrolysis Using Lasers 
for Inkless Monochrome Printing 

 

 

Thesis by 

Mayadah Mahmoud Alhashem 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

April, 2017  



 

 

2 

 

Examination Committee Page 

 

 

The thesis of Mayadah Alhashem is approved by the examination committee. 

 

 

Committee Chairperson: Dr. Robert Dibble 

Committee Members: Dr. Mani Sarathy, Dr. Aamir Farooq 

 

  



 

 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© April, 2017 

Mayadah Alhashem 

All Rights Reserved  



 

 

4 

Abstract 
Optimization of paper discoloration via pyrolysis 

using lasers for inkless monochrome printing 

Mayadah Alhashem 

Printing ink is a main component of the modern printer, and it has always been 

throughout the history of printing. Ink and toners are expensive replaceable components 

that inkjet and laser printers cannot function without. The digital printing industry, 

which is majorly composed of monochrome printing, is expected to increase by 225% by 

2024 from a 2013 baseline (Smithers et al., 2014). Expenses aside, toner cartridges and 

ink cartridges pose an overlooked threat to the environment. Manufacturing, packaging, 

transporting, and waste disposal of printer ink and toners result in carbon dioxide 

emissions.  

The complete elimination of ink in monochrome printing is potentially viable with the 

patented new discoloration technique. The patent studies a discoloration method by 

carbonizing a paper’s surface (Alhashem et al., 2015). The printing method optimizes 

surface paper pyrolysis via laser heating. The aim is obtaining the darkest possible shade 

without compromising paper quality. The challenge is in creating a printed area from 

the paper material itself, rather than depositing ink on paper. 
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A 75-watt CO2 laser engraving machine emitting a 10.6 µm wavelength beam for 

heating is used with low power settings to carbonize a fraction of the paper surface. The 

carbonization is essentially a combustion reaction. Solid fuel burns in three stages: 

drying, devolatilization (pyrolysis, or distillation phase), and lastly, the char (charcoal) 

combustion. These stages are driven by heat from the CO2 laser. Moving the laser 

rapidly above the paper surface arrests the reaction at the second stage, after the 

formation of blackened char. The control variables in the experimental method are laser 

power, speed, and the vertical position that affects the laser intensity. Computer 

software controls these variables. The discoloration of paper is quantified by measuring 

the light absorptivity using a UV-Vis-IR Spectrometer.  
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1. Chapter 1: Introduction 

Digital printing, whether through books, newspapers, mail, reports, labels, or legal 

documents, conveniently facilitates information distribution, on a large or small scale. 

Most of the digital printing is monochrome, or black-and-white. In spit of the hype over 

moving to digital screens and paperless offices, the demand and usage of print materials 

has been steadily increasing and is projected to continue increasing for the next few 

decades (Smithers et al., 2014). An original printing method is proposed, which 

eliminates the need for black ink or printer consumable parts completely, keeping up 

with the increased demand for monochrome printing in a new way than ever before. 

1.1. Motivation 

1.1.1. Economical factor 

The issue with the current printing technologies is that they use pricy replaceable 

components. Laser printers use toners, and inkjet printers use ink. The price of ink per 

milliliter is unbelievable high. If comparing it to gasoline is an unfair because of the 

volume of operation for gasoline is significantly larger than ink, then what about 

competing with perfume prices, or human blood (see Figure 1.1). 
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The business model of the printing industry is based on the Gillette Razor Model, selling 

printers for a relatively low price, and then spiking up the price of ink and toners. 

Printing companies claim that the high cost is spent on the research that goes into 

optimizing the performance of ink, for improving precision and drying durations. They 

also claim that the microchips installed on the cartridges are important to avoid having 

consumers use expired ink with lower quality. It is still argued that ink is not worth its 

high price tag (Consumer Report, 2013). 

 
Figure 1.1: An illustration of the price of oil per milliliter in comparison to other 

expensive liquids (Lyday, 2013).  
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1.1.2. Environmental Impact 

Even if the economic motivations are neglected, ink cartridges pose environmental risks 

as well. Wasting energy excessively, emitting harmful gas pollutants, and disposing of 

toxic non-biodegradable components are the by-products of transportation, 

manufacturing, packaging, and disposal of ink.  

1) Waste Disposal: 

Around 11 ink cartridges per second, or a million cartridges daily, are wasted. There are 

more than 375 million cartridges wasted annually. Fully decomposing one of these 

cartridges will take more than 1000 years. The chemical components of ink pollute soil 

and water after being disposed of in landfills; volatile organic compounds and heavy 

metals leak into the soil and water (Gorman, 2017). 

2) Air pollution: 

Producing one toner cartridge emits around 4.8 kg of CO2. This amount of carbon 

dioxide does not include emissions in the production of the enclosed toner powder. The 

ratio of CO2 produced to toner powder is 16 metric tons per metric ton of toner, adding 

3.2 kg of CO2 emissions for toner per cartridge (Gorman, 2017).  

3) Energy consumption: 

In producing toner cartridges, 2.8 liters of oil are consumed per cartridge. 85 grams of oil 

are consumed in producing the inkjet cartridge without the toner (Gorman, 2017).  
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1.1.3. A Better Alternative 

Printing methods have been identical to one another for decades. Most printers print by 

depositing materials on the paper followed by drying. Other methods developed use 

special thermal or chemical paper that reacts to heat, and change in color. The proposed 

technique a refrains from the deposition of a layer on the paper. The technique also 

avoids using special paper, which would inconvenience users. Using regular copy paper 

would make the transition from traditional printers to an inkless laser printer as 

seamless as possible. 

Although there are multiple ways to design and to orient a laser system that initiates a 

surface carbonization reaction on paper, the basic concept is controlling a laser beam 

movement and power on a paper surface. 

Solely depending on the input electrical power, an inkless laser printer has the potential 

of substantially reducing printing expenses, and all environmental costs related to ink 

cartridges and toners. It will also reduce maintenance costs, printer jams, and also have 

the potential of speeding up the process. 
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1.2. Existing Printing Technologies 

1.2.1. Inkjet Printers 

There are different types of inkjet printers in the market. They generally operate based 

on the same principle. A printhead scans the page, moving the ink cartridge horizontally 

across the width of the paper, while the printer motors roll paper vertically underneath 

the cartridge. An ink solution with black or color pigments dissolved is deposited on the 

surface of the paper row by row. The solution must be quick-to-dry, to have a high 

quality printed paper with no smudges. 

The operation expenses (Opex) of inkjet printers are considerably high. The inkjet 

printer machine is relatively inexpensive. Nevertheless, a single black ink cartridge can 

only print between 500 to 900 pages, increasing the operating cost of the printer for ink 

replacement. Other disadvantages of inkjet printing are the small printing capacity, 

paper jams, smudging, and slow printing speeds. 

1.2.2. Laser Printers 

Laser printers are the current selection for the high printing demands, such as for 

schools, businesses, and other institutions. Laser printers produce quality prints in just a 

few seconds. The produced printed-paper does not smudge as it does with inkjet 
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printers. Understanding how laser printers work can be simplified with the soldering 

process analogy. In soldering, a filler metal is melted using an electrical heating device 

on a circuit board. The deposition of the melted metal is followed by an instant-drying 

phase where the liquid filler metal converts to a solid. Similarly, as demonstrated in 

Figure 1.2, the toner powder is exposed to the fuser heating wire and melted onto the 

paper surface with high precision patterns. 

                                
Figure 1.2: The basic printing concept of toner-based printing as depicted as a soldering 

analogy. 

 

A more elaborate way of explaining how laser printers work is examining the essential 

components of the printer: a roller cylinder, the laser source, and the toner powder. The 

cylinder surface must be highly photoconductive, which means that it can easily get 

discharged at its surface upon the impact of photons on its surface. The charge reverses 

on the roller surface by the laser beam, imprinting a pattern as the roller revolves. The 
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charged pattern attracts toner powder, and then mechanically presses the toner onto the 

paper. A fuser heating wire melts the toner onto the paper. 

It is undeniable that laser printers are quick and easy to use, but they do come in bulky 

sizes and for expensive prices. For these reasons, laser printers are usually used in 

companies and universities rather than average households. 

1.2.3. Thermal Printers 

Thermal printers are used for labels and receipts for fast and cheap printing. Thermal 

printers are similar to the inkless laser printer in not having ink or toners. The thermal 

printer also uses heat for discoloring paper. The heated areas are turned black due to 

the chemical composition of the special paper it uses. Selectively heating horizontal 

areas of the paper is accomplished by pressing a heating element powered by electricity 

on the rolling paper. Because the paper is sensitive to light and heat, the paper is 

vulnerable to unwanted discoloration. There is also an inconvenience of having to use a 

special paper.  
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1.3. Previous Work 

1.3.1. Inkless Printer Patent 

An inkless laser printer patent was published in 2014 that describes a conceptual process 

converting some of the paper’s cellulose fibers into carbon using laser beams to initiate 

the conversion (Alhashem et al., 2015). The patent focused on the different ways to 

design the laser alignments, comparing between the advantages and disadvantages of 

each design. The patent also suggested the addition of a heat-recycling component that 

converts the difference in temperature between its two surfaces into electricity. The 

authors mentioned that the paper substrate would undergo pyrolysis if there were 

insufficient oxygen. The patent suggested going to surface temperatures up to 300oC and 

beyond, but preferably between 200-300oC. The design of the technology was adapted 

from existing printers, with a paper tray, paper roller, and laser setup, instead of a 

moving ink cartridge, to be controlled essentially by a computer (Alhashem et al., 2015). 

The patent did not recommend any specific type, power, or wavelength of the laser. 

1.3.2. Selective Carbonization of Paper 

A patent was published in 2016 on the technique for the selective carbonization of paper 

(Venkatesh, 2016). The patent claimed that a laser could be used to heat a portion of 
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paper to induce a carbonization reaction, and subsequently, discolor it. The technique 

required means to control the laser. The patent did not specify any specific laser 

requirements. The patent proposed a conceptual idea for an inkless printer. The 

inventor proposed a clever method to block oxygen from the paper, as an alternative to 

flowing an inert gas that displaces air containing oxygen. The aim of displacing oxygen 

is to encourage the pyrolysis reaction of the paper surface without going to the 

combustion phase of carbon, which requires oxygen. The inventor suggested using a 

transparent material with an anti-reflective coating, avoiding reflecting the laser beam. 

The transparent shield is a barrier that prevents oxygen from diffusing to the paper 

surface (Venkatesh, 2016). 

1.3.3. Heat Induced Eco Inkless Printing 

A few papers have been published by Dr. Chen J. studying the effect of inducing heat 

for paper carbonization via pyrolysis. These researches have similar goals of eliminating 

ink in monochrome printing and all ink and toner related environmental concerns. The 

paper titled “Concept of heat-induced inkless eco-printing” published in 2012 by Dr. 

Chen J. et al. introduced the idea of using thermogravimetric analysis (TGA) to 

represent paper’s surface reactions as a function of temperature and mass. A few 

publications followed Dr. Chen’s approach for analyzing paper discoloration. Dr. Chen 
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used heat induction in the TGA machine, where heat is transferred to the sample in the 

furnace unit via convection and conduction. The paper sample was a regular copy paper 

(hoopoe® office paper, A4, 70 g/mm2, DADONG PULP & PAPER). He also related 

the extent of discoloration, or chromatic lightness, to temperature. Dr. Chen 

characterized five stages, or temperature ranges, of paper degradation in which paper 

react to heat. The four critical points were set as the separation points between those 

stages. The critical points were approximated at 100, 300, 360, and 440 °C. 

 
Figure 1.3: TGA curve relating the weight of paper to increasing temperatures in air 

(Chen et al.,2012). There are five stages. 

 

The first stage was weight loss due to evaporation. The second stage was the slow step 

of the process. The steep section of the curve represents the third stage, the fastest 

transition stage. The weight loss rate of the fourth and fifth stages slowed down from 

the third stage rate. 
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Dr. Chen used a second experimental technique, inducing heat with a known 

predetermined temperature via conduction. He used a soldering wide iron head that is 

glided over the paper manually. The resulting yellowed or discolored paper samples are 

analyzed with a color luminance meter (TOPCON, BM-5A). The luminance meter gives 

the chromatic lightness as a percentage of a reference sample. 

 
Figure 1.4: (a) samples taken by manual soldering metal heating (b) Chromatic lightness 

percentage for each of the samples 
 

The second experiment proved that the paper yellowing mainly occurs at the end of the 

third weight loss stage, and initially darkens rapidly until the lightness plateaus. 

In 2016, Dr. Chen J. et al. published a paper on “The effect of laser inkless eco-printing 

on the carbonized microstructure of paper,” which used the same type of copy paper in 

his 2012 research. Dr. Chen used a 30-watt laser moved by a stepper motor to perform 

the inkless laser eco-printing (LIEP). The maximum motor speed was 1 meter per 

second. He used the same characterization method as his previous paper, measuring 

chromatic lightness with the color luminance meter. He also added another method 
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analyzing the paper microstructure using two microscopes. Dr. Chen used the Ultra Plus 

field emission scanning electron microscope (SEM), and the Carl Zeiss LSM 700 laser 

scanning confocal microscope. A significant portion of Dr. Chen’s 2016 paper focused on 

the microstructure of the paper under a range of speed and a range of power of the 

laser. He characterized the structures as holes, cauliflower core-like clots, and fibrous 

features. Dr. Chen used two power settings and varied the laser speed comparing 

between the reflected percent brightness (L*) for the different speeds. 

 
Figure 1.5: LIEP brightness percentages (L*) results with varying speeds under two 

power settings (Chen et al.,2016). 

The study also included a graph showing the unevenness of the paper surface after 

discoloration. The paper thickness was around 80% of its original thickness. 

Dr. Chen did not mention the type of laser that specifies the gain medium, wavelength, 

nor if it was pulsed or continuous. He also did not mention which device was used to 

produce the paper surface profile graph. 
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1.3.4. Zink: Zero Ink Printing 

Inkless printing was developed in 2003 and successfully produced by a Japanese 

company called Sanwa Newtec Zink that launched in 2005. Zink became the producing 

company for the inkless printer concept and was adopted by other companies. It is true 

that Zink also uses heat to induce discoloration of the paper, but Zink uses special paper 

that is sensitive to temperature variations. The colors dyes pre-exist on the paper, and 

are activated by heating. A lot of chemical research had gone through the material and 

composition of the designed paper for Zink. The Zink technology is already available in 

the market and is used by photo printing companies like Polaroid (Group 6, 2016). 

Figure 1.6 explains how the only three colors existent in the paper react to the heat 

pulses at varying temperatures. 

 
Figure 1.6: Yellow, magenta, and cyan in Zink paper and their response to trigger 

factors (Perry, 2009). 
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1.4. Thesis Outline 

This study has been presented in five chapters: technical background and theory, 

experimental method, results and discussion, conclusion, and future work. Chapter two 

thoroughly details the background and theory behind each aspect in the surface reaction 

of the laser-induced paper discoloration. It begins by introducing the main reactant in 

the process, paper. Since lasers are the main focus of this study, a section dedicated for 

lasers and the science of lasers follows. Paper and lasers are connected to one another in 

the chemical and material analysis section. The chemical and material analysis discusses 

the main reaction chemistry, paper pyrolysis, heat transfer, and how light interacts with 

paper. For characterization methods, optical tools are used and are also explained in 

chapter two. 

Chapter three, the experimental method, starts with an introduction to the design of 

experiment (DOE) method. Since this study is relatively new and original in many 

ways, the experiments are designed and tailored to investigate the different parameters 

to be tested. Chapter three then proceeds to the materials and methodology of the 

experiment. It also provides the knowledge necessary to explain the thinking process 

behind the design of experiment (DOE). 
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Chapter four, the results and discussion, is an elaborate chapter that shows the results 

of manually measuring the mechanical speed of the laser in the experiment and the laser 

intensity and focal point. It then discusses the tested variables and demonstrates how 

the variables are related to one another in graphs and graph descriptions. The discussion 

of the graphs, as well as the chemical kinetics of the reaction, follows the results. 

Chapter five, the conclusion, starts by summarizing the main deductions from observing 

the relationships between the tested variables. It also lists conclusions made on using 

lasers for the process of paper discoloration, the advantages and disadvantages of using 

lasers for machining, and the importance of incorporating heat transfer and chemical 

kinetics models in follow-up studies. 

Chapter six, the final chapter, future work, proposes essential considerations and 

suggestions for a more comprehensive study on paper discoloration. It provides 

suggestions on the experimental and characterization methods. It also proposes using 

material discoloration via lasers as a new technique studying pyrolysis. Chapter six is 

concluded by a proposal of conducting a thorough economic analysis and discusses the 

main economical concerns and considerations.  
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2. Chapter 2: Technical Background & Theory 

The theory behind the paper discoloration research aims for taking most of the major 

elements influencing the process into consideration. The process is essentially a thermal 

decomposition chemical reaction, where the reactant is paper, and the heat source is the 

radiation from a laser. The experimental setup is based on laser machining with a 

customized setup for marking or discoloration. Spectroscopy is used in the visible light 

spectrum range to analyze the sampled results. 

2.1. Paper Science 

Understanding the structure of paper, the science behind paper, and paper 

manufacturing is vital in predicting the surface chemical reactions in paper 

discoloration. Copy paper is essentially the reactant in the process. 

2.1.1. Definition of Paper 

In the ancient times, before 700 BC, animal skin was the definition of paper or a writing 

medium. Around 600 BC in the Egyptian civilization, papyrus, which is derived from 

plants, replaced animal skin. 
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Figure 2.1: A copy of “What is in the Underworld” piece, dated back between 1000 to 
945 BC, which was found between the thighs of a mummy in a tomb, is made out of 

papyrus and ink. (Kamrin, 2015) 

 

Papyrus is not made the same way as paper. Papyrus is named after the plant that it is 

made of. It was only around 200 AD when the Chinese reduced fibrous matter to the 

pulp and created an interlinkage of fibers by suspending it in water. 

Paper is scientifically defined as a sheet of material that is majorly composed a cellulosic 

fiber network formed in an aqueous solution. Paper has a thickness of 30 to 300 µm of a 

layered interlinked fibers structure. Each fiber is around 10 to 50 µm wide. A 100 µm 

thick paper made out of 5 to 10 fibers in thickness. Grades of paper are classified in 

units of weight per unit area. Printing and writing grades vary between 60 to 90 grams 

per square meter (Roberts, 1996). 

2.1.2. Chemistry of Paper 

For the case of papermaking, the chemical reactants are produced biosynthetically by 

growing plants. Due to the lack of customization of the raw material, paper 

manufacturers cannot predetermine the fiber shape and composition. These two features 



 

 

33 

have great influence on the chemical paper making processes, as well as the subsequent 

properties of the end result.  

Both hardwood and softwood are used in papermaking. Not to be misled by the terms, 

hardwood and softwood are not an indication of how hard or soft the wood is, but the 

relative length of the fibers it is composed of. Although the long softwood fibers 

dominate the composition of paper, short fibers from hardwood are still essential for 

sheet formation (Roberts, 1996). 

Chemical Composition 

Because paper essentially originates from plant cell fibers, the chemical composition of 

paper varies according to the source of the fiber. Most of the plant cell molecular 

content is carbohydrate polymers, or polysaccharides, which hold lignin. Lignin is a 

complex aromatic polymer that discolors and becomes brittle in the presence of sunlight 

due to the photochemical catalytic oxidation of the polymer. For high-quality paper, 

lignin is removed via chemical pulping. However, keeping the lignin in the paper 

structure is the option in the mechanical paper manufacturing of low-grade paper, such 

as newspapers. 

One of the major factors affecting the final composition of paper is the chemical 

treatment that wood undergoes. In the case of newsprint, since the treatment is more 
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limited than other types of paper, the end composition is similar to the wood source. In 

paper processes where wood is de-lignified, the composition would include reduced 

amounts of lignin and hemicellulose, and increased percentages of cellulose (Roberts, 

1996). 

There are four considerable components in softwood and hardwood: cellulose, 

hemicellulose, lignin, and extractives. Table 2.1 shows the percentages of each of those 

in native wood and the derived pulp after delignification. 

Table 2.1: Composition of different wood species and their derived pulps (Roberts, 1996) 

 

Cellulose 

Cellulose is a semi-crystalline microfibrillar polysaccharide. Cellulose has a heavy 

molecular mass, which is determined by its degree of polymerization. Cellulose’s 

structural unit is glucose (molecular mass = 180.16 g/mol), and its degree of 

polymerization ranges between 10 thousand and 15 thousand glucose units (Roberts, 

Pulping 
Process 

Tree 
Species 

Cellulose   % Hemicellulose 
% 

Lignin     % Extractives % 

Wood Pulp Wood Pulp Wood Pulp Wood Pulp 
Sulfite Spruce 41 78.1 30 17.1 27 3.8 2 1.0 

Birch 40 81.6 37 12.2 20 4.1 3 2.1 
Kraft Pine 39 73.3 30 18.9 27 6.3 4 1.1 

Birch 40 63.6 37 31.8 20 3.7 3 0.9 
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1996). Cellulose is the main structural element of a plant cell wall. It is also the main 

structural element of paper after it is delignified in a chemical treatment process. 

  
Figure 2.2: Cellulose micro and molecular structure (Ferguson, 2015) 

 

Cellulose Fiber Networks 

The network of cellulose fibers gives papers its mechanical and optical properties. The 

network can be described as layered x-y planes that are parallel to one another on the 

vertical axis. The areal mass distribution is varied across the x-y plane. 
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Figure 2.3: Sheet structure of a 2.5 g m-2 paper, viewed by a photomicrograph (Roberts, 

1996). 

 

Cellulose fibers form strong bonds at their points of contact after drying in the pulp-

making phase. These fibers are composed of polysaccharides that form hydrogen bonds 

between electropositive hydrogen atoms and the electronegative oxygen atoms in -OH 

groups. Hydrogen bonds are one of the strongest types of intermolecular attractions. 

The hydrogen bonds are responsible for maintaining many biological structures such as 

DNA and protein. Bonds between fibers in paper determine many of the 

macromechanical properties (Roberts, 1996). Figure 2.4 demonstrates the hydrogen bond 

interactions between cellulose molecules. These interactions are also present between 

fiber sheets. 
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Figure 2.4: Hydrogen bonds between cellulosic polymers (Chakraborty et al., 2011) 

 

 

2.2. Physics of Lasers 

The customizability of lasers allows them to have a wide variety of applications. They 

are used as readers in CD players and barcode readers. DVDs, Blu-Ray, and more 

digitally readable devices also use lasers for information processing. Barcode readers use 

laser-based scanners to scan information. Lasers are also used in range finding, for 

finding the distance to an object. Because lasers can be controlled with high spatial 

precision, they are also used in eye surgery. Infrared, ultraviolet, and visible lasers are 

all employed in spectroscopy such as Raman spectroscopy. For inducing paper 
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discoloration, laser beams are considered the most controllable fast method for heat 

transfer. 

2.2.1. Lasers Definition 

The first experimental demonstration of visible light lasers was dated back in 1960 when 

Theodore Harold Maiman flashed a light through a ruby crystal (Rao, 2013). ‘Laser’ is 

an abbreviation for Light Amplification by Stimulated Emission of Radiation. In 

contrast, Light Emitting Diodes, or LEDs, produce light in a spontaneous emission 

process (Stateikina, 2002). 

2.2.2. Science of Lasers 

For the case of lasers, light is emitted by molecules that are excited by a collision. When 

a photon interacts with an excited atom, the atom will emit a ‘daugher’ photon with 

the same direction and energy as that of the stimulant photon. When there is a group of 

excited atoms, one atom can be stimulated, followed by the chain stimulation of the 

other atoms to produce numerous photons via a multiplying effect. The initial photon 

would have been amplified by the stimulated emission of radiation. Released photons 

would be all identical to the stimulating photon in direction and wavelength throughout 

the beam. Since laser light waves have little divergence, they do not cause any 
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destructive interference, and subsequently allow the beam to travel long distances with 

high directionality and monochromaticity (Rao, 2013).  

 
Figure 2.5: Light waves emitted from an ordinary light source versus light waves 

emitted from a laser light source. 
 

Focusing the beam with a lens can further intensify laser power. A focused laser beam 

can melt diamond in less than a second. 

There are three main components of a laser (see Figure 2.5): 

1. An active material, which can be in gas, liquid, or solid phase. 

2. An optical or electrical pumping process to achieve population inversion. Population 

inversion is when a molecule’s energy level has more population than a lower level, 

in energy. 

3. An optical resonator that uses a mirror to reflect laser light back through the laser 

medium, amplifying the radiation. 

(Rao, 2013) 
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Figure 2.6: Components of a laser device. 

 

2.2.3. Laser Energy & Power 

Energy per second, or power, of a laser is expressed in watts (joules per second), or in 

milliwatts. Although the photon energy varies by wavelength in different lasers, one can 

still obtain blue, red, and green lasers that all have the same power output.  

Photon energy is calculated using the wavelength of the color or the electromagnetic 

wave: 

      𝐸   =    !!
!
      (2.1) 

Where E is the photon energy, h is Planck’s constant (6.6260×10−34 J.s), c is the speed 

of light in a vacuum  (≈ 3.00  ×  108  𝑚/𝑠), and 𝜆 is the photon’s wavelength. 

Wavelength has a negative relationship with photon energy, the shorter the wavelength, 

and the higher the energy. Figure 2.7 displays the electromagnetic spectrum from high-

energy gamma rays and x-rays, to low energy radio waves. 
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Figure 2.7: Electromagnetic spectrum and relative wavelengths (NASA 2013). 

 

The photon flux Φ, or the number of photons per second per unit area, is used to find 

the power density (H) from the photon energy: 

           𝐻 !
!! = 𝜑×𝐸 = 𝜑× !!

!
    (2.2) 

The power density is also calculated using the power of the beam: 

     𝐻 !
!! = !

!!!
     (2.3) 

Where P is the power, and r is the radius of the beam. 

Laser fluence, commonly expressed in Joules per cm2, is the amount of energy delivered 

per unit area: 

       Fluence (J/cm2) = !"#$%  !"#$%  !"!#$%
!""#$%&'#  !"#$%  !"#$  !"#!

   (2.4) 

The intensity, commonly expressed in watts per cm2, is a function of the peak power, 

and also is normalized with the effective focal spot area: 

     Intensity (W/cm2) = !"#$%  !"#$  !"#$%
!""#$%&'#  !"#$%  !"#$  !"#!

   (2.5) 
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Where the peak power is defined as: 

         Peak power (W) = !"#$%  !"#$%  !"!#$%
!"#$%  !"#$%&'(

   (2.6) 

(Friedrich, 1998) 

The laser’s peak power is not always the desired energy rate for the required 

application. Pulses can control the power of lasers. Pulses allow the modulation of lasers 

to supply an average power that is identical to that of a continuous low-powered laser. 

Using a pulsed beam as opposed to a continuous laser beam can affect the material-laser 

interaction. For a 50-watt laser to supply an average power of 10 watts, the laser should 

be operating 20% in each time cycle, as opposed to a continuous 10-watt laser. The 

favorability of pulsed or continuous lasers depends on the application for the laser 

(Universal Laser Systems, 2016). 
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Figure 2.8: Laser power for a 10-watt continuous laser and a 50-watt pulse laser 

(Universal Laser Systems, 2016). 

2.2.4. Thermal Diffusivity 

Shining a laser beam on a material does not only affect the area of the incident beam. It 

is true that the highest level of heat transfer occurs at the area of impact. However, 

depending on the heat conductivity and specific heat of the material, heat is diffused in 

the surrounding area around the impact point. There are two main methods to control 

the heat diffusion rate. Changing the type of material to one with a low thermal 

conductivity will decrease the thermal diffusion. Additionally, bearing in mind that 

thermal diffusion is time dependent, decreasing the laser pulse duration will decrease 

heat diffusion. Minimizing pulse duration would localize the heat more. The wavelength 

of the laser is a possible factor as well since some wavelengths are more readily absorbed 

depending on the optical properties of the material. Time and heat conductivity dictate 

the extent of the heat-affected area. However, the effect on the material, such as 
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embrittlement, is dependent on the thermomechanical properties of the material 

(Friedrich, 1998). 

2.2.5. Lasers Types 

There are various types of lasers that use active mediums that are in solid, liquid, or gas 

phases. These differences tailor lasers to operate in pulses or continuously. They also 

dictate the maximum power and the wavelength that the laser uses. Table 2.2 

summarizes and gives examples of many laser types. 

Table 2.2: Comparison between laser types (Rao, 2013) 

Laser Type Description Examples 
Optically 
Pumped 
Solid-State 
Lasers 

Lasers that use a solid material as the 
active material and an optical source 
as the pumping source. DPSS lasers 
use a laser diode to pump the laser 
medium. 

Ruby lasers 
Rare earth ion lasers 
Nd: YAG lasers (Neodymium 
Yttrium-Aluminum-Garnet) 
Nd: glass lasers (Neodymium 
glass) 
Tunable solid-state lasers 
Diode Pumped Solid State 
lasers (DPSS) 

Liquid (Dye) 
Lasers 

Lasers that use a solvent (such as 
alcohol) and a small concentration of 
a dye solute (such as rhodamines or 
coumarins). The dye has high 
fluorescence and emits photons when 
exposed to light. It can have a pulse 
or a continuous output. Lamps or 
other lasers are used for pumping. Dye 
lasers range from UV to IR, according 
to the dye color. 

Systems that require a 
specific laser frequency. 
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Gas Lasers Lasers that use either a gas or a gas 
mixture as the active medium. They 
electrically receive energy by colliding 
gas molecules with energetic electrons, 
causing them to glow. They are 
continuous and coherent, but not as 
powerful as pulsed solid-state lasers. 

Helium-neon lasers 
Argon ion lasers 
Carbon dioxide lasers (e.g. for 
eye and tissue surgery) 
UV-Excimer lasers (rare gas 
and halogen) 

Semiconduct
or/Diode 
Lasers 

Lasers that use a semiconducting 
crystal and parallel reflective faces at 
the ends. They are the smallest types 
of lasers and can be easily integrated 
into a circuit. They are suitable for 
low-power applications. 

Gallium arsenide 
Lead selenide 

Free-Electron 
Lasers 

Lasers with high-energy electrons that 
pass through a varying magnetic field, 
which leads to transverse oscillation of 
the electrons at the same initial 
frequency of the electrons. This causes 
a series of radiations and triggering 
other electrons also to oscillate and 
radiate at the same frequency. Mirrors 
are placed at the edges of the 
magnetic field to provoke more 
radiation. Free electron lasers can 
produce continuous laser beams with a 
high power. 

 

X-Ray Lasers Lasers that use high energy densities 
for pumping, such as another laser or 
particle beam to excite the laser-
heated plasma medium. Transmission 
and reflectivity of x-rays are poor. 

 

Chemical 
Lasers 

Lasers that use the free energy 
produced in a chemical reaction to 
excite species, and subsequently 
produce gamma rays, electrons, and 
photons. 

Nitrogen/Sulphur 
hexafluoride mixture 
Hydrogen fluoride laser 
Deuterium fluoride laser 
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2.2.6. Laser Material Processing 

Laser material processing applications include cutting, engraving, marking, and surface 

modification. There are two main methods to perform laser marking: either by engraving 

or creating depth marking, or using laser properties to discolor or make contrast and 

reflectivity alterations on the surface. The wavelength and power of laser affect the 

surface changes of the material. Material properties such as absorption and chemical 

composition also affect the interaction of the laser beam with the material (Universal 

Laser Systems, 2016). 

 
Figure 2.9: Types of laser interactions with materials (Universal Laser Systems, 2016). 

 

Machining Overview 

A general definition for manufacturing is the process of transforming materials into 

products with custom specifications for consumers. The process changes the form, shape, 

physical properties, and chemical properties of the input materials. The criteria for such 
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processing are production rate, cost, flexibility, and quality. To achieve these criteria, 

several physical mechanisms are developed to perform the required alterations. 

1. Forming processes: Processes that form new shapes from a molten, 

gaseous, or solid particle phase. In forming processes, particles build cohesive 

forces between each other. 

2. Deforming processes: Processes that change one shape of solids to new 

shapes without affecting the total mass and composition. In deforming processes, 

particles maintain initial cohesive forces throughout the process. 

3. Removing processes: Processes that remove materials or parts of materials 

to produce a desired form on the end product. In removing processes, cohesive 

forces between particles are destroyed. 

4. Joining processes: Processes that join one piece of material with another 

to create the final product. In joining processes, cohesive forces are built 

interconnecting different pieces to each other. 

5. Changing properties processes: Processes that change material properties 

to adjust the final product specifications. Paper surface carbonization or 

discoloration is considered a property changing process, as the chemical structure 

and physical properties of the paper are altered. 
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There are four main categories of commonly used materials in machining and material 

processing: metals, ceramics, polymers, and composites. Copy paper falls under the 

composites category. 

2.3. Chemical and Material Analysis 

2.3.1. Reaction Chemistry 

Building an understanding of the types of reactions paper is expected to undergo once 

exposed to heat is of great importance. It is the most efficient way to prepare a 

systematic approach to studying laser heat-induced paper discoloration. Knowing the 

reactions also aids in designing the experiments and testing different conditions. Ideally, 

modeling the kinetics of the predicted reactions would support pinpointing the 

maximum possible speed at which the laser can heat the paper. The kinetic model would 

also determine the optimal paper surface temperature. 

2.3.2. Paper Pyrolysis 

Pyrolysis is an irreversible thermal decomposition reaction that occurs at elevated 

temperatures when there is no oxygen available at all to oxidize the fuel. It is also an 

intermediate step in solid fuel combustion. Paper pyrolysis is compared to biomass 

pyrolysis because the major composition of both solid materials is cellulose. The 



 

 

49 

pyrolysis reaction of cellulose has been reported in multiple references to follow the 

mechanism below: 

 
Figure 2.10: Cellulose pyrolysis reaction mechanism, proposed by James Diebold (1994). 

 

Solid biomass fuel, the focus of the optimization experiments, burns in three stages:  

1) Drying 

2) Devolatilization: pyrolysis, distillation phase 

3) Char (charcoal phase) combustion 

 
Figure 2.11: Stages in which biomass thermally decomposes and combusts       

(Verloopa, 2010). 
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When exposed to a heat source, solid fuel starts to discharge volatile components. These 

components are burnt in the gas phase. There is a percentage of the solid fuel that does 

not vaporize, and burns slowly. Ash forms as a solid residue by the end of the process. 

In the case of solid fuel, the size of the particles and moisture heavily affects the 

combustion process. The specific surface area of the solid also affects the reactivity. An 

example of a solid fuel is wood. Wood exhibits auto ignition at temperatures ranging 

from 280 to 340 oC (Lackner, 2000). For the purpose of paper discoloration or paper 

shading, the reaction is controlled to stop at the second solid combustion stage, which is 

the pyrolysis or formation of char phase. Limiting the oxygen availability stops the 

reaction at a certain intermediate reaction step, or rapid heating followed by the 

discontinuation of the heating to avoid char combustion.  

2.3.3. Chemical Reaction and Reaction Kinetics 

Paper marking or discoloration is fundamentally a thermochemical decomposition 

reaction. Pyrolysis is expected to take place in the case of solid phase decomposition. 

The reaction expression for pyrolysis only includes the fuel concentration without an 

oxidizer: 

       Fuel (F) → Combustion products (P)    (2.8) 
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Assuming equation 2.8 is a one-step global reaction, the pyrolysis reaction rate law is 

expressed as: 

       
![!]
!"

= 𝑘  [𝐹]     (2.9) 

 𝑘   =   −𝐴  𝑒𝑥𝑝 − 𝐸𝑎
𝑅𝑇      (2.10) 

Where d[F]/dt is the fuel depletion rate, k is the rate constant, R is the gas constant, T 

is temperature, [F] is the fuel concentration, A is a pre-exponential factor, and Ea is the 

apparent activation energy. Equation 2.10 is the general Arrhenius law for a given 

reaction. The concentration of the product [P] has no effect on the rate, and it is 

because pyrolysis reactions are non-reversible (Lackner, 2000).  

Pyrolysis of solid biomass is considered a heterogeneous reaction, which poses a 

complication in modeling the pyrolysis kinetics. The reason is that, unlike homogenous 

reactions, there are several possible rate-limiting factors, related to the experimental 

conditions that are involved in heterogeneous reactions. These factors include 

nucleation, adsorption, desorption, interfacial reaction, and surface or bulk diffusion 

(White et al., 2011). The rate limiting factors cause a controversy in using homogeneous 

kinetic theories to model heterogeneous reactions. The Arrhenius law is designed to 

model homogeneous processes. There are two possibilities to having little correlation 
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between the calculated activation energy and experimental results; one is that there is 

no specific determinable activation state, which falsifies using the Arrhenius equation. 

The second is the erratic notion that the reaction rate only depends on temperature and 

the mass fraction of the reactant. The past kinetic models and parameters are merely a 

rough estimation to model a complex process with multiple steps with different 

activation energies. There are, however, linear and other expressions that relate between 

the natural log ln(k) and T (temperature), or ln(k) and ln(T) to correlate between 

temperature and the reaction rate (White et al., 2011). Isothermal pyrolysis reactions 

are often expressed as: 

        
!"
!"

= 𝑘(𝑇)𝑓(𝛼)   =   𝐴  𝑒𝑥𝑝(
!!"
!"

)  𝑓(𝛼)    (2.11) 

Where α is the extent of the reaction, and f(α) is a conversion function. 

For pyrolysis reactions under non-isothermal condition, α is expressed as a differential of 

temperature: 

 
!"
!"
= !!

!"
!"
!"
= !"

!"
   !
!
       (2.12) 

    !"
!"

=
𝑘(𝑇)

𝛽
𝑓(𝛼)   =   

𝐴

𝛽
  𝑒𝑥𝑝(

−𝐸𝑎

𝑅𝑇
)  𝑓(𝛼)   (2.13) 

Where 
!"
!"

 is the inverse of the heating rate, β. The conversion function f(α) depends on 

the reaction model that is used for the solid state reaction. 
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Table 2.3: Conversion functions for common solid-state reaction models (White et al., 
2011).  

a (Integration constant) 

The standard consensus is to use first order reaction kinetics in the case of biomass 

pyrolysis, although it does not have much validity and ignores a number of limitations. 

Imposing a model on a system may work only because the parameters are adjusted to fit 

the data accordingly. Such an imposition leads to having a major disagreement on 

Arrhenius parameters in different references (White et al., 2011). 

Reaction model f(α) = (1/k)(dα/dt) g(α) = kt 
Reaction order 
 Zero order (1 − α)n α 
 First order (1 − α)n −ln(1 − α) 
 nth order (1 − α)n (n − 1)−1 (1 − α)(1−n) 

Nucleation 
 Power law n(α)(1−1/n);  

n = ⅔, 1, 2, 3, 4 
αn;  
n = 3/2, 1, 1/2, 1/3, 1/4 

 Exponential law ln α α 
 Avrami–Erofeev (AE) n(1 − α) [−ln(1 − α)](1−1/n);  

n = 1, 2, 3, 4 
[−ln(1 − α)]1/n;  
n = 1, 2, 3, 4 

 Prout–Tompkins (PT) α(1 − α) ln[α(1 − α)−1] + Ca 

Diffusional 
 1-D ½ α α2 

 2-D [−ln(1 − α)]−1 (1 − α) ln(1 − α) + α 
 3-D (Jander) 3/2 (1 − α)⅔ [1 − (1 − α)⅓ ]−1 [1 − (1 − α)1/3]2 

 3-D (Brounshtein) 3/2 [(1 − α)− ⅓ − 1]−1 1 − ⅔ α − (1 − α)⅔  

Contracting geometry 
 Contracting area (1 − α)(1−1/n); n = 2 1 − (1 − α)1/n; n = 2 
 Contracting volume (1 − α)(1−1/n); n = 3 1 − (1 − α)1/n; n = 3 
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There are three categories for pyrolysis reaction models: single-step global reaction 

models, multiple-step models, and semi-global models. Although pyrolysis is too complex 

to have a unified global activation energy, single-step global models do have an 

agreement with experimental kinetic data. Such single-step models describe pyrolysis as 

an irreversible endothermic first order reaction. One popular reference (Antal et al., 

1998) reports the global apparent activation energy for the single-step global reaction to 

being 238 kJ mol−1. The limitation in that model is presuming that there is a fixed mass 

ratio between the reactions yielded products. Having a fixed ratio between volatiles, 

chars, and other pyrolysis products disables predicting the actual yielded products 

depending on the reaction conditions (White et al., 2011).  

2.3.4. Heat Transfer 

When there is a difference in temperature between two objects in contact, heat flows 

from the object with the higher temperature to the lower temperature object. The heat 

transfer can be in the form of conduction, convection, radiation, or a combination 

between them. Materials have various heat conductivity constants that express the heat 

rate transfer per meter per unit temperature (W/(mK)). Paper has a heat transfer 

coefficient value of 0.064 W/(mK), and a heat capacity of 1500 J/(K kg) (Stepanov, 

2015). Solids commonly have higher heat conductivity constants than gasses, as solids 
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require more power to increase surface temperature. The Fourier law controls heat 

conduction: 

     𝑄   = −𝑘  𝐴   !"
!"

     (2.14) 

Where Q is the heat rate (W), k is the thermal conductivity (W/(mK)), A is the area 

(m2), and dT/dx is the temperature gradient (K/m). 

Convection is another mode of heat transfer is caused by molecular transportation and 

macroscopic fluid motion. There are two forms of convection: natural and forced. 

Natural convection occurs due to fluid movement caused by the difference density 

between the bulk temperature and the medium touching the surface. Forced convection 

occurs at the interface between a moving fluid and a surface. The last mode of heat 

transfer is radiation. Radiation does not necessitate any medium to transfer heat 

(Lackner, 2000). 

In laser heating, the main heat transfer mode that occurs is radiative. Heat input 

expresses the heat requirement at the paper surface for laser cutting. It has units of 

joules per meter (J/m), energy per unit length, or joules per gram (J/g), energy per unit 

mass.  
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Heat input can be calculated by: 

             𝑄 = 𝜂 𝑃𝑣      (2.15) 

Where Q is the heat input (J/m), P is laser power (W), v is cutting speed (m/s), and 𝜂 

is absorption (Stepanov, 2015). 

However, the heat input is not used for required energy estimations directly. Another 

expression is used to calculate the required energy for cutting: 

𝐸! =
𝑃
𝑣   =

𝜌𝜋𝑅𝛿𝐶𝑝𝛥𝑇𝑑
2     (2.16) 

Where Er is the minimum energy required per unit length (J/m), 𝜌 is the paper density, 

R is the laser beam radius, 𝛿 is the paper thickness, Cp is the paper specific heat 

capacity, and 𝛥𝑇!is [Td (degradation temperature) - Ta (ambient temperature)] 

(Stepanov, 2015). 

2.3.5. Paper-Light Interaction 

There are three ways in which light can interact with materials: it is reflected by the 

material back, transmitted, or absorbed. The wavelengths of visible light that are 

reflected are those seen by a human eye, whereas the wavelengths that are absorbed by 

the material are the ones that are not seen. Transparent or semitransparent materials 
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transmit light and can refract light due to the difference in speed of light in various 

mediums. 

  
Figure 2.12: Types of light interactions with materials. 

 

Assuming α is absorptivity fraction, 𝜏 is transmittance fraction, and ρ is reflectance 

fraction, then the three variables add up to unity: 

α + 𝜏 + ρ = 1     (2.17) 

The decomposition reaction induced by the heat transfer to a paper surface only occurs 

upon the absorption of the laser radiation to elevate the temperature (Stepanov, 2015). 

Figure 2.13 shows how light can interact with paper in various ways. 1 and 3 

demonstrate the case of a diffuse reflection, where light enters the interior structure of 

the paper and exhibits a series of reflections until it exits the surface. 2 is a typical 

surface reflection, where light is directly reflected without accessing the interior of the 

paper. 
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Figure 2.13: Various light beam paths that can occur in paper as the incident light hit 

the surface. 

 

One method to estimate the absorption of paper is to analyze the light absorbance of its 

major component, cellulose. Absorbance is a logarithmic function of the fraction or 

percentage of transmitted light through the material. Absorbance is more related to 

attenuation rather than absorption, as attenuation also takes reflection, scattering, and 

other physical properties on top of absorption into account. 

Paper interactions with light can be modeled after cellulose’s, paper’s main component, 

interaction with light. Figure 2.14 displays cellulose’s absorbance and transmittance of 

light at different wavelengths. 
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Figure 2.14: Cellulose light transmittance and absorbance for a range of wavenumbers 
(JECFA, 1997) (4000 cm-1 corresponds to 2.5 µm, whereas 400 cm-1 corresponds to 25 

µm). 

 

The maximum cellulose absorption peaks occur at: 

• The 2.86-2.94 µm wavelength range (3400-3500 cm-1 wavenumber range) 

• The 8.30-10.00 µm wavelength range (1000-1200 cm-1 wavenumber range) 

• 14.29 µm and above wavelength range (wavenumber>700 cm-1 range) 

(Stepanov, 2015) 

The absorbance of cellulose further increases and broadens in some ranges with 

increasing temperature (e.g. the 8.30-10.00 µm wavelength range), but collapses in other 

ranges (e.g. the 2.86-2.94 µm wavelength range). 
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Figure 2.15: Cellulose FTIR results at different temperatures (Soares et al.,1995). 

 

Another Attenuated Total Reflection (ATR)-FTIR scan of blank paper is published 

showing the relation between transmittance and wavelengths (Leal-Ayala et al.,2012). 

To convert the data points to absorbance, the Beer-Lambert law can be used: 

A = 2 - Log10(%T)     (2.18) 

Where A is absorbance, and %T is transmittance. 
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Figure 2.16: ATR–FTIR spectra for a regular copy paper. Data points for transmittance 

are extracted from (Leal-Ayala et al., 2012).  

 

The absorbance peaks of paper occur in the infrared range at the OH hydrogen bond, as 

well as the C-O ether bond energy-corresponding wavelengths. The peaks in Figure 2.16 

occur at (1) 3.0, (2) 7.1, and (3) 10.2 µm wavelengths, with the maximum peak at 10.2 

µm. The long wavelengths of IR radiation lower the photon energy of the light emitted 

at the paper. The low photon energy translates to a controllable amount of energy 

absorbed by the paper’s cellulosic fibers. 

Using lasers that are in the ultraviolet (UV) short wavelength range is not considered 

for paper discoloration. Paper does absorb some of the wavelength range in the UV 
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region.  However, the high photon energy of UV radiation makes the laser energy-

intensive, meaning that the lasers require a high input energy to produce the radiation. 

Moreover, the high photon energy also results in photochemically degrading the paper 

exposed to the UV laser. The electron energy of UV radiation is much greater than that 

of visible and infrared ranges of the light spectrum (Leal-Ayala et al., 2012).  

When the energy absorbed by an atomic bond is larger than that of the bond itself, a 

phenomenon called direct photolysis may occur. In direct photolysis, molecules absorb 

light and dissociate into smaller molecules. Cellulose atomic bonds are considered since 

paper is composed of 70% to 90% cellulose. The majority of cellulose bonds are C-C, C-

O, and C-H bonds. The energies of those bonds are 347, 359 and 414 kJ per mole, 

corresponding to UV wavelengths of 347, 333 and 289 nm, respectively. UV light 

wavelengths range from 10 to 400 nanometers, making most of the UV light above the 

threshold energy for direct photolysis of the covalent bonds. Even in the case when the 

laser wavelength is above 355 nm, other photochemical degradation and photo-oxidation 

reactions occur due to the electron excitation in the bonds  (Leal-Ayala et al., 2012). 

These factors make UV lasers incompatible with paper discoloration. 
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2.4. Spectroscopy: Optical Characterization 

Spectroscopy is defined as the science of matter interacting with light or other forms of 

electromagnetic radiation. Electromagnetic radiation is composed of photons, which are 

a form of energy that combines between an oscillating electric field perpendicular to an 

oscillating magnetic field (Damkondwar, 2013). 

 
Figure 2.17: An electromagnetic wave (Damkondwar, 2013). 

 

The main principle of spectroscopy is to measure the light absorbance and emittance of 

molecules or materials. The measurements are expressed as a function of the intensity of 

radiation emitted or absorbed versus frequency or wavelength. Each type of 

electromagnetic wave has a specific wavelength, and the lower the wavelength, the 

higher the frequency or the energy of that wave. Optical properties of materials depend 

on their absorbed, reflected, or transmitted wavelengths (Damkondwar, 2013). 

Spectrometers use sensors to measure the light reflected, transmitted, and absorbed in 

comparison to the incident light. 
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2.5. Optical Requirements 

An important consideration in paper surface discoloration using laser-induced 

carbonization is the minimum optical requirements to set the least penetration depth 

into the paper. If the burned paper’s depth were too low, the human eye would not be 

able to observe the printed area. If the depth were too deep, the paper would either 

burn through to the other side or burn too deep to allow both sides printing. 

The goal is to essentially reach similar thicknesses as those of printed toner ink layers 

that have excellent optical properties. Typical toner layers are averaged as 2.5 

micrometers in thickness, which is 2.5% of a paper total thickness (Myllys et al., 2015). 

Minimizing the carbonization reaction penetration depth achieves high quality 

discolored prints without compromising the paper quality, and also allows printing on 

both sides of the paper. 
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3. Chapter 3: Experimental Methods 

3.1. Design of Experiment 

An approach is used to conduct experiments to test the multiple control variables, 

which is called Design of Experiments (DOE). In practice, DOE is used to study cause-

and-effect relationships that have measurable inputs and outputs. Engineers, scientists, 

and market researchers practice DOE to perform efficient, systematic experimentation. 

Statistical methods allow for understanding behavioral phenomena using groups of 

measurements. Averages, graphs, and regression models summarize individual 

measurements to deliver useful information. (Anderson et al., 2015). 

Assuming an experiment, or a system is a black box to simplify the analysis, there 

would be three types of variables to consider: the controllable input factors, the 

uncontrollable factors, and the response measures. Such a model can be used to consider 

any cause-and-effect data, whether it is a scientific laboratory experiment or a statistical 

behavioral study on people. The input data does not necessarily need to be numerical, 

such as pressure or temperature, but can also be categorical, like color or company 

brand. On the other hand, the response measure should be quantitative or semi-

quantitative. If an output does not have any specific units, a rating system is established 

with an appropriate scale to quantify results. Some variables may affect the response or 
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output variables that are out of control, such as humidity or wind speed. Another 

example is the sampling or measurement error. The optimum method to handle 

uncontrollable factors is to gather more data and track the variability. There may also 

be practical ways to eliminate or reduce the effect of those factors. 

 
Figure 3.1: Types of system variables denoted X, Y, and Z 

 

There are three main elements in a process for experiment design: 

1. Factors: these are the input variables to the process. They can be of class 

X (controlled), or class Y (uncontrolled). Uncontrolled variables are assumed to 

be constant or have insignificant influence on the output. Therefore, the factor 

variables considered are only class X, whereas class Y variables are neglected. 

2. Levels: these are the numerical ‘quantities’ or ratings for each factor. 

Levels are varied to test different outcomes. 
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3. Response: the response is the result of testing or experimentation. 

Various techniques are used to find measurable results that are affected by both 

the factors and their respective levels. (MoreSteam, 2011) 

The parameters related to the experiment studying laser-induced paper discoloration are 

used to produce the following diagram: 

 
Figure 3.2: Diagram with suggested factors, levels, and responses. 

 

There are certain steps to be taken to design an experiment effectively. The four-step 

process is as follows: 
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1. Define the problem or objective needed to be assessed based on the 

measurable outcomes 

2. Brainstorm possible designs with the input variables and set their levels 

3. Carry out the experiment and gather results 

4. Conduct data analysis, interpret the results and compare to predictions 

The goal behind proper, efficient experimentation is to compare alternatives and 

optimize results concerning cost, efficiency, quality, and other comparative factors. 

Experimenting also helps identify which are the most significant inputs that have the 

most influence affecting the output. It also tailors the outcome by developing an 

understanding of the contribution of each factor. Output robustness tests are also 

performed via experimentation by varying conditions (MoreSteam, 2011). 

3.2. Schematic of Setup 

The experiments are conducted using a Universal Laser Systems laser engraver/marker 

machine. The machine is connected to a computer that controls the laser movement 

speed, distance from paper, pulsing rate, and power using special software. Figure 3.3 

shows the basic components of the setup 
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Figure 3.3: Experimental setup for paper marking sampling. 

 

3.3. Materials & Methodology 

The main experimental components are similar to those as typical laser micromachining 

systems and conventional CNC machines (Friedrich, 1998). 

3.3.1. Process Control 

To deal with laser machining process disturbances and variable fluctuations, a closed 

loop control scheme is used. The control scheme can measure the laser beam mode to 

adjust input electrical current. A beam analyzer continuously measures the spatial 

intensity distribution. The control signal sends a command to adjust the beam power in 

response to the beam fluctuations.  
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Figure 3.4: Laser beam regulation. 

 

It is important to have an automated method to control the variables of the system. By 

using digital programmable controllers, experiments can have more control on variables 

and be less erratic. The program depends on the translation of units to mechanical 

movements, such as moving the laser on top of the paper while holding the distance of 

the beam source from the paper constant. It can also control the laser power, speed, and 

focus. The software can also send commands to print specific design to study the effect 

of varying the printed area. 

3.3.2. Laser Cutter/Marking Device 

A laser cutter machine is used with low beam power and high movement speed settings 

to allow the carbonization of the paper surface. There are two types of laser markers, 

one that uses a CO2 laser, and another that uses a fiber laser. The difference in the gain 

medium results in a difference in the beam wavelength. The CO2 laser has a 10.6 µm 

wavelength (infrared spectrum range), and the fiber laser has a 1.06 µm wavelength. 
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Table 3.1 compares between the two devices. The CO2 laser is used because the 

wavelength of 10.6 µm can be absorbed by standard white paper (Pagès et al., 2005). 

Table 3.1: Comparison between the laser marker models: 
the CO2 laser and the fiber laser (Universal Laser Systems, 2016) 

 

The laser marker machine has a gas system to supply air or gas into the system through 

a laser head. The laser head is a compartment that houses the focusing laser beam and 

directs the gas jet to the erosion front. The gas flow removes the debris from the lens 

while the laser is in operation. The two gasses that are supplied and compared to one 

another are air and pure nitrogen.  

The performance of a laser machining system depends on the optical, electrical, and 

mechanical parts of the system. The major subsystems of laser machining are: 

1. Laser beam generation 

Machine Type PLS6.75 PLS6MW 
Manufacturing 
Company 

 Universal Laser Systems  

 

 Universal Laser Systems  

 
Laser Type CO2 Laser (10.6 µm) Fiber Laser (1.06 µm) 
Laser Power 75 Watts 30 Watts 
Laser 
Configuration 

Single Single 

Processing Area 32 x 18 inches 32 x 18 inches 
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2. Beam delivery 

3. Workpiece positioning 

4. Auxiliary devices 

 
Figure 3.5: Laser machining components: (a) Laser beam generation, (b) Beam delivery, 

(c) Work-piece positioning, and (d) Auxiliary devices 

 

The laser beam delivery subsystem uses optical parts to control the beam focus on the 

work material surface. These parts include mirrors, lenses, polarizers, beam splitters, 

and fiber optics coupling. The mirrors are often made from metals due to the metallic 

material’s high reflectivity, which reduces energy loss from the beam. Copper is 

commonly used for beam delivery, as it can reflect energy densities up to 100kW/cm2 

without bearing thermal damage. Beam splitters are used for energy distribution. Lenses 

are used to increase the energy density of a beam, which reduces the energy requirement 

of a laser, as well as focuses the beam with high accuracy. 

 

(a) 

Laser 
 

  
 

(b) 

 

  

  

Workpiece 

 

 

(c) 

(d) 
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3.3.3. Laser Power 

Laser beam power, or output power, is one of the most fundamental features of a laser. 

If the laser is underpowered, the machine will not be able to perform the desired result, 

or it will increase the processing time. The issue with high-powered lasers is that the 

costs of lasers increase with the increase in power requirements. CO2 lasers provide the 

highest continuous wave laser beam power, whereas Nd: YAG lasers supply the highest 

pulsed peak power.  

3.3.4. Laser Wavelength 

To select the suitable laser for a function, the material optical and thermal requirements 

are examined. The key optical property is absorptivity. Absorptivity dictates the 

percentage of the incident radiation that is absorbed by the workpiece and the reflected 

remainder of the radiation. Absorptivity depends on laser wavelength, surface roughness, 

temperature, material phase, and surface coatings. Thermal requirements include fixed 

and loss properties. The fixed properties are those related inherent properties of the 

material, such as heat capacity, latent heat, and heat of vaporization. The loss 

properties are those related to the lost energy in the surrounding area around the 

working area. 
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The wavelength of a laser beam is the length of one full cycle of photon vibration. The 

frequency is the number of cycles passing per unit time. Wavelength and frequency are 

related by the speed of light: 

         𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦   =    !!""#  !"  !"#!!
!"#$%$&'(!

    (3.1) 

Wavelength affects the selection of optical tools installed in the laser machine, such as 

mirrors, lenses, polarizers, and windows. Moreover, the absorptivity of materials also 

depends on the wavelength of the laser beam. 

3.3.5. Laser Mechanical Speed 

There are two main methods for workpiece positioning. The first is to move the 

workpiece while the laser is fixed. Such approach allows for an increased accuracy and 

scanning velocity. The drawback is that it would need a large area or floor space. The 

second method is to have the workpiece stationary while the laser moves on top of the 

workpiece. This method allows complex machining but limits the speed of the laser. 

Optical tools are used to build flexible laser machining system and move the laser beam 

with acceptable speeds. There are hybrid systems that use both methods of moving the 

laser beam and the workpiece. In the laser-marking device used, the laser is moved on 

top of the workpiece. 
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The laser speed in the laser marking machine software was expressed in percentages. 

Despite the fact that the speed is controlled by a unitless percentage, the speed ranging 

from 1% to 100% does not have a linear relationship. To quantify the speed with SI 

units, the speed is estimated manually using experimental data. A 0.800-meter long line 

is printed using the laser marker, and the time is measured with different speed settings. 

3.3.6. Laser Intensity and Focal Point 

Focal spot size is the size of the smallest diameter that can be obtained by focusing the 

laser beam with a lens. The focal spot is located at the focal point of a lens. Focusing 

the beam at the focal point maximizes the irradiance, or the power per unit area, to up 

to billions of watts per meter square. Focal spot size is affected by the diffraction and 

quality of the incident beam. 
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Figure 3.6: Focusing lens characteristics, where W is the unfocused beam diameter, d is 

the focused spot diameter, and b is the depth of the focus. 

 

There are several forms of lenses that can be used in a laser system in general. Figure 

3.7 summarizes the different types of design that determine lens optical parameters such 

as focal length and focus spot diameter. Since convex lenses can focus the light or laser 

beam and increase the energy density at the focal point, either bi-convex lenses or 

plano-convex (convex on one side, and flat on the other) are used in laser machining 

systems. Concave lenses disperse light and decrease the energy density, which negates 

the purpose of using a lens in the system. The laser marking device is pre-installed with 

a plano-convex lens. 
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Figure 3.7: Lens types (ElfQrin, 2011). 

 

The vertical setting allows varying the laser intensity. The intensity decreases as the 

height is increased away from the laser focal length. The lens that is pre-installed in the 

laser head is a standard 2.0 inch (50.8 mm) plano convex focusing lens. The average 

focus point of the lens is 0.005’’ (0.127 mm) with a tolerance of ±0.1’’ (2.54 mm). 

However, to estimate the focal point in terms of the vertical height in the laser cutter 

software, paper samples are exposed to thin laser printed lines at various heights in 

increments of 0.10 mm, starting from z = 0.00 mm. A Nikon SMZ1500 microscope is 

used to analyze the results and determine the thinnest line, which represents the focal 

diameter. The speed is increased to minimize the heat-affected zone around the printed 

lines. 
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3.3.7. Paper 

A standard A4-sized printer copy paper (Roco Premium Copy Paper, Plain, White, A4, 

80 g/m2) is used to study the discoloration due to carbonization of the surface. The 

thickness of the paper is approximately 0.10 mm. The paper is white in color, which 

poses a special complication due to the color white reflecting most wavelengths. For 

each run, three sheets of paper are put in place for the paper marking. Only the top 

page is considered in sampling. 

3.3.8. Sample Preparation 

The samples are prepared by printing 5.0 mm × 17.0 mm blocks on standard A4 copy 

paper. Three sheets of paper are placed under the laser head in the engraver machine, to 

test the penetration of the laser power to the papers that are not directly exposed to the 

laser beam.  

The printed block size is set to observe the variation in color in the printed area, and to 

test the ignition or burn zone fairly. Printing lines that are 1 millimeter-thick or less 

may not burn, whereas the same speed and power may burn after expanding the 

thickness to 3 or 4 mm. 

The samples are prepared with an air jet supplied through the laser head hitting the 

paper along with the laser beam. The same set of experiments is repeated, replacing the 
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air jet by a nitrogen gas jet to study the effect of blocking oxygen throughout the laser 

heating of the paper surface.  

The height of the laser determines the intensity of the laser, depending on the lens used 

in the laser head. Although the exact intensity is not exactly known, the laser distance 

is varied at 5.0 mm, 10.0 mm, and 15.0 mm from the paper. For each height, the speed 

is varied from 60% to 100% with increments of 10%. For each speed, the laser power is 

also varied to test the discoloration range up to the burn zone. The sample is discarded 

if it exhibits any of the disqualifying factors in Table 3.2.  

Table 3.2: Sample disqualifying factors 
Factor Example 
It produces no discoloration 

 
It results in holes in the sample 

 
It burns or ignites 
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3.4. Measuring Paper Discoloration 

3.4.1. Digital Image Analysis 

All the samples prepared are scanned with a 300 pixels-per-inch resolution scanner. The 

scanner converts the physical samples into digitized images to allow analyzing them 

with computer software.  

A program, ImageJ is used to perform an analysis of images of the scanned samples. 

The ImageJ software allows selecting the area of the sample to be analyzed, and 

measures the mean, minimum, and maximum, and standard deviation brightness values 

in that area. It calculates the brightness from a weighted RGB formula (Red-Green-Blue 

color model): 

V=0.299 R + 0.587 G + 0.114 B    (3.2) 

Where V is the brightness value, R is the fraction of red, G is the fraction of green, and 

B is the fraction of blue. The absolute minimum brightness is zero for a black color. The 

absolute maximum brightness is 225 for a white color. 
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(a)  

(b)  
Figure 3.8: ImageJ window with (a) the resulting data window and (b) sample image 

selected area 

 

The mean expresses the average extent of discoloration. The minimum value represents 

the darkest point brightness, whereas the maximum value represents the lightest point 

brightness. The standard deviation expresses how much the group elements deviate from 

the average value. In other words, the standard deviation in image color, or brightness, 

analysis is how consistent the color is. 

3.4.2. UV-Vis-IR Spectrometer 

The reflectivity and optical absorption of light in the paper is an indication of the 

optical quality of the printed areas. A UV-VIS-IR spectrophotometer (Agilent Cary 

5000i UV-Vis-IR Spectrophotometer) with an ISR-3100 integrating sphere attachment is 

used to quantitatively measure the percentage of incident light that was transmitted, 
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reflected, or absorbed by the printed medium. The darker the color is, the more light is 

absorbed by the discolored surface. 

The machine measures α (absorptivity), 𝜏 (transmittance), and ρ (reflectivity), which 

are all fractions or percentages that add up to 1, or 100%. Since the paper is a solid, 

relatively non-transparent material, the UV-Vis-IR spectrophotometer with the 

integrated sphere is set to measure reflected and absorbed light. 

 
Figure 3.9: Prepared samples for the UV-Vis-IR spectrophotometer adhered to the 

machine. 

 

Assuming that transmittance equals zero, absorptivity is calculated from reflectivity: 

        α = 1 – ρ     (3.3) 
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The absorptivity and reflectivity can be used interchangeably to express the extent of 

discoloration of paper. The darker and richer the color is, the more light is absorbed, 

and the less light is reflected. 

A piece of white paper, identical to the one used to make samples, is used as a reference 

point for maximum reflectance, or minimum absorptivity. A black wall is used to block 

the beam from entering the integrated sphere to set the minimum reflectance, or 

maximum absorptivity, as a reference point. 

The scanning software that is used to operate the spectrometer measures all the 

sample’s reflectivity in accordance to the reference maximum and minimum points. 

The result of a UV-Vis-IR spectrometer is a relationship between unitless absorbance 

and wavelengths.  

Because the analysis of the results requires one representative point for absorbance, the 

integral under the absorbance-wavelength curve is calculated. The unit of the integral is 

in nanometers, as same as the unit of wavelength. The unit is found by multiplying the 

unit of absorbance (which has no unit) by the unit of wavelength. The integral value 

represents the total wavelengths absorbed, putting into regards the percentage of each 

wavelength absorbed. Figure 3.10 is a graph representing the data that is obtained by 

the spectrometer. The sample is prepared using 25% power, or 18.75 watts, 100% speed, 
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or 0.50 m/s, 1000 pulse per inch, 10-millimeter height, and air as the pumped gas 

through the laser head. 

  
Figure 3.10: An example graph represents the reflectance percentage in relation to light 

wavelength (25% power, 100% speed, 10 mm height). 

 

To estimate the percentage difference between the reflected light from paper and the 

reflected light from the sample, the trapezoid rule is used in Microsoft Excel with the 

data points. Since white paper represents maximum reflectance, and the baseline is a 

blocked beam, the samples are all referenced to these two bench lines. As a result, it is 

safe to assume that the fraction of the area under the graph in the visible light range 

(approximately from 380 to 780 (Leccese et al.,2014)) ratio to the total area of the 
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graph is related to brightness. The total reflectance percentage is assumed to be the area 

under the reflectance percentage versus the wavelength in the visible range divided by 

the total area: 

        𝑇𝑜𝑡𝑎𝑙  𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = !"#$  !"#$%  !"#$%  (!")
!""  ×   !"#  !"  !  !"#  !"

  (3.4) 

The 100 in the denominator accounts for the unit of the Y-axis, where reflectance is in 

units of percentage. 

3.5. Summary of Variables 

The experimental variables investigated to prepare and characterize the samples are 

summarized in Table 3.3. 

Table 3.3: Summary of Experimental Variables 

 

Experimental Variables Characterization Variable 

Machine programmable variables: 
• Laser power (watts) 
• Laser movement speed (m/s) 
• Laser focus or distance from paper 
(meters) 

 
Condition variables: 
• Circulated gas (air or nitrogen) 
• Laser wavelength (CO2 or fiber laser) 

Paper extent of discoloration: 
• Digital imaging analysis 
• UV-Vis-IR spectrometer (absorptivity) 
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3.6. Safety 

There are several safety concerns when using a laser system that performs pyrolysis or 

combustion of materials. In the experimental setup, the laser marker by ULS has several 

aspects ensuring the safety of the process. 

● Attentiveness: The machine is well monitored while in operation. The 

formal training certification is obtained before using the machine. 

● Laser hazard: Laser safety classification ranges from Class 1 (most safe) 

to Class 4 (highest hazard). The machine ensures that there is no direct laser 

energy exposure. The ULS machine meets Class 1 safety regulations as the 

material to be processed is fully fitted in and contained by the machine enclosure. 

Because the laser setup is fully contained, special glasses are not necessary to 

perform runs. 

● Fire hazard: There are specific situations when processed materials can 

potentially ignite and damage the equipment, the material itself, and the 

surroundings of the machine. However, the machine is composed of steel, 

aluminum, and laminated safety glass that contain fires and do not ignite at high 

temperatures. 
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● Exhaust hazard: Since processing materials can produce smoke and 

fumes, the byproducts are filtered in the exhaust air stream. 

● Electrical hazard: The ULS laser marker is constantly air cooled during 

operation, and is powered with a low voltage supply. It replaces the usage of 

cooling water with cooling air to reduce the risk of electrical accidents involving 

water, such as water leakage (Universal Laser Systems, 2016). 
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4.  Chapter 4: Results and Discussion 

4.1. Laser Machine Selection 

The fiber laser engraver was used, varying power from 10% to the maximum 100% of 

the 30-watt laser. The wave number and the distance from the paper were also varied. 

None of the variations attempted resulted in any discoloration on the white paper 

surface. On the other hand, using the CO2 laser based engraver delivered satisfactory 

visible results. The paper discoloration degrees varied according to speed, power 

percentage, and distance from the paper surface. The CO2 laser cutter was used to 

obtain all of the results reported in this section. Since cellulose is known to have a 

higher absorptivity of wavelengths between 8.30-10.00 µm, using a 10.6 µm CO2 laser 

rather 1.06 µm fiber laser is expected to produce better results. In fact, increasing the 

temperature on the cellulose surface increases the favorability of the longer wavelength 

of CO2, and decreases the absorptivity of the fiber laser’s wavelength (for details, see 

section 2.3.5. Paper-Light Interaction). 

4.2. Laser Mechanical Speed 

The laser mechanical speed was measured by comparing the speed percentage settings to 

the measured time taken for the laser to move 0.800 meters on the x-axis in the laser-
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marking machine. The total runtime determined by the laser software was also recorded. 

The data points are plotted in Figure 4.1, with the function displayed for each of the 

total runtime reported by the machine software. The trend line was determined using a 

power function. Linear, polynomial, exponential, and logarithmic functions did not fit 

the data well. The gap between the runtime and the timer reading curves represent the 

lag time for the laser to position itself correctly. 

  
Figure 4.1: Time taken by the laser to move 0.800 meters at various speed settings. 

 

By dividing the measured time by the distance traveled by the laser, the average speed 

is calculated. The maximum 100% speed is approximated to be 0.50 meters per second, 

or 50 cm/s. 
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Figure 4.2: Average actual speed correlated to the speed percentages 

 

Although both of the speed and power maximum values are known, all the graphs in the 

results section are expressed in percentages as per the laser marker machine software. 

Since the percentage varies linearly with the maximum power and speed values, using 

either percentages or actual values will not be any different. 

The runtime of the laser set by the software that controls the laser-marking machine 

was not accurate for two reasons. First, it did not account for the lag time to move the 

laser to the position of the 0.800-meter line. The second reason is that it only displayed 

time in integers. The lack of significant digits resulted in having identical numbers for 
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speed setting, the more duplicate readings were displayed for multiple power settings in 

5% increments. Taking multiple time readings for the actual operational runtime to 

move from the starting point to the end point aided in predicting a good estimation for 

the speed. Percentages of the speed varied linearly with the actual speed, validating an 

expected result. 

4.3. Laser Intensity and Focal Point 

At the micro-scale, paper fibers are extremely sensitive to the laser heat. Although the 

aim was to adjust laser settings at low powers and high speeds to discolor the paper 

around the focal point, the paper fibers surrounding the printed line were discolored in 

the process. The discolored area around the lines was observed with the microscope. The 

lines also had similar thicknesses, even under the microscope. It was difficult to 

determine which had the thinnest width. 

For this reason, the heights were varied with settings adjusted to selectively burn the 

paper only at increased intensity. Figure 4.3 shows the successful trial that determined 

that the focal point is at z=0.10 mm. 
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Figure 4.3: Speed setting = 20%, and the power = 1%. The heights are 0.00, 0.03, 0.02, 

0.01, 0.02, 0.01, 0.02, 0.03, and 0.00 from the top to bottom, respectively. 

 

Although it is difficult to demonstrate what was observed under the microscope from a 

scanned image, Figure 4.4 portrays a representative digital drawing of the magnified 

sample. 

 
Figure 4.4: Burnt edges of the tested sample at various vertical heights. 

 

Based on the variation of the burnt samples, it was determined that the focal spot 

occurs at z = 0.01 mm.  
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For estimating the spot size diameter at various heights, lines were also printed with 

different heights in increments of 1.00 mm to relate the line widths to the diameter. The 

lines started at 1.00 mm until 20.00 mm, because as the height is increased, the error 

margin also increases. A digital image program, ImageJ was used to measure the widths. 

3 data points were taken for each width measurement to decrease the error effect. 

Figure 4.5 shows the resulted linear graph. 

 
Figure 4.5: Laser vertical height setting in relation to the resulting discolored line width. 

 

Since the incident beam of the CO2 laser on the lens was of an unknown diameter 

exactly, the graph in Figure 4.5 must be made to approximate the optical parameters of 

the lens. The equation for the line width, which is assumed to be close to the spot 

diameter, was approximated to be: 
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   Spot diameter (mm) = Line width = 0.0732 × Height (mm) +0.153 (4.1) 

Using equation [13], the value of the estimated focal spot diameter was calculated to be 

0.160 mm. Comparing the estimated focal point diameter to the known diameter of 

0.127 mm, the estimation had an error percentage of 26.0%. Figure 4.6 displays an 

unscaled portrayal of the laser beam with the correlated spot diameters at various 

heights. 

 
Figure 4.6: Schematic with the calculated spot diameter values for various heights.  

 

The spot diameter at the sum of the z-height focal point and the focal length is expected 

to equal the incident beam diameter. This would be at z = 0.1 mm + 50.8 mm = 0.59 

mm. Based on equation 4.1, then the incident beam would be 3.83 mm in diameter. 
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However, this is a very rough estimation, considering that the graph did not perfectly 

match the known focal spot diameter value. 

One possible reason for the mismatch between the length of the laser discolored lines 

and the known focal point diameter is that the lines include a heat-affected zone, where 

heat transfer occurred in the surrounding area to the points at which the laser beam hit 

the paper. The heat transferred to the surrounding paper fibers could have discolored an 

additional area to the incident beam, increasing the value of the predicted spot diameter 

value compared to the true value. Another source of error is the low scanning resolution 

for digital image processing, as the scanner’s resolution for the black and white scan was 

600 pixels per inch. 

4.4. Tested Variables 

There were several parameters that affect the laser induced paper discoloration that 

were studied, including laser power, laser moving speed, and laser head height or 

distance from the paper. The measured outcome was essentially paper discoloration, 

which was numerically quantified via two methods. The first method was to use digital 

image analysis using the ImageJ software (darkness fraction). The darkness fraction 

varied from 0 for white, to 1 for black. The other method was to use the UV-Vis-IR 

spectrometer to measure the visible light range absorptivity fraction (absorbed light 
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fraction), which also ranged between 0 and 1 (see section 3.4. Measuring Paper 

Discoloration). The absorbed light fraction is an indication of darkness expressed in 

terms of absorption for technical accuracy. Appendix I includes a table with all of the 

specifications of the scanned samples, including the laser power, laser speed, and vertical 

height. The table also includes an image for each scanned sample. Some of the samples 

may indicate “blank” due to the discoloration not being detected by the scanner, but 

still had an absorbed light fraction value measured by the UV-Vis-IR spectrometer. 

4.4.1. Power at Various Speeds (Constant Height) 

Air 

Three sets of graphs were produced varying power with the paper extent of 

discoloration, keeping the vertical height of the laser constant at 5.0 mm (Figure 4.7), 

10.0 mm (Figure 4.9), or 15.0 mm (Figure 4.10). The experiments were conducted with 

an air jet flowing through the laser head and hitting the paper throughout the printing 

process. The power of the laser was varied from a lower percentage up to the burning 

point at each speed. 

It was observed that using the spectrometer to calculate the fraction absorbed of the 

total incident light was much more sensitive than using the darkness percentage of the 

scanned images. The sensitivity of the measuring tool appeared to be more significant in 



 

 

97 

the lower limits of the darkness or absorbed light fractions. For example, at the height 

of 5 mm in Figure 4.7, the data point at 60% speed with 10% power did not appear at 

all in the left panel, because it was regarded as a discarded white sample with 0% 

darkness. However, the sample is visually observed as a faint yellow color, which was 

confirmed by appearing in the spectrometer test result, absorbing 4.7% more of visible 

light than the white paper baseline. The same situation also occurred in the data point 

at 100% speed with 15% power, as it absorbed 3.4% of the incident visible light, but had 

a darkness percentage of almost 0%. Figure 4.8 displays the scanned sample image. The 

higher limits of the darkness or absorbed light fraction also displayed a difference, where 

the data points approached only up to 45% darkness, but reached 60% and higher of 

absorbed incident visible light. The data points exhibited a similar behavior in both 

cases, increasing in darkness or absorbed light as the power of the laser increased. The 

highest darkness fraction and the absorbed light only increased by a small increment by 

increasing the speed, where the difference between the darkest point between the 60% 

and the 100% speed was 5.52% in the scanned image darkness, and 6.02% in the 

absorbed visible light. 
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Figure 4.7: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(vertical height = 5.0 mm, gas: air) 

 

 
Figure 4.8: The sample is barely visible in the scanned image with 0.3% darkness, but 

the actual sample absorbed 3.4% of the incident visible light. 

(speed = 100%, power = 15%, vertical height = 5.0 mm) 

 

In the graphs representing samples prepared at 10 mm heights (see Figure 4.9), there 

were 3 points that were near-zero or zero on the y-axis of the darkness fraction (left), at 

speed 60% and power 12, speed 80% and power 15, and speed 100% and power 19. 

These three points were observed in the right panel graph with absorbed light 

percentages of 37.1%, 8.2%, and 7.2%. It was noticed that the jumps between near-zero 

samples and their respective absorbed light fraction readings are not constant, where the 

percentage jump was almost equal to the absorbed light percentages, which ranged 
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between a low 7.2% to a more significant 37.1% reading. There are two points (90% 

speed with 17% power, and 100% speed with 18% power) that appeared blank in the 

scanned sample images, but had low absorbed light percentages of 4.3% and 2.4%. In 

the case of the darker samples, all the data points that lied between 0.5 and 0.7 

darkness fractions had absorbed light fractions between 0.8 and 0.9. In both graphs, the 

darkness and absorption increased with power increase, but in the case of light 

absorption, the graph plateaus faster at higher absorption levels. 

 

  
Figure 4.9: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(vertical height = 10 mm, gas: air) 

 

In the graphs representing samples prepared at 15 mm heights (see Figure 4.10), there 

were 7 points that were near-zero or zero on the y-axis of the darkness fraction (left). 

These points were at powers of 12%, 14%, 15%, 16%, 17%, 18%, and 19%, and had 
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absorbed light percentages of 19.3%, 15.4%, 3.16%, 23.1%, 8.4%, 27.2%, and 15.0%, 

respectively. As in the cases in Figure 4.7 and 4.9 graphs, the differences between the 

darkness fraction and the absorbed light fraction were not constant, and therefore, it 

was not possible to propose a correction factor to match between the two graphs. 

 

  
Figure 4.10: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(vertical height = 15 mm, gas: air) 

 

Increasing the speed of the laser movement allowed for the laser power to increase to 

higher levels before burning through the paper. It was noticed that the tolerance of the 

paper increased with increasing the speed, as the higher speeds included more data 

points in the upper section of the graph (higher than 0.2 darkness fraction, or 0.2 

absorbed light fraction), where the darkness or the absorbed light fraction is larger.  The 

linear trend lines were placed on the graph for reference to show the general, increasing 
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trend between darkness and absorbed light with laser power. It was observed that the 

darkness fraction appeared to have a more linear relationship with laser power than the 

absorbed light fraction. In fact, absorbed light fraction graphs seemed to be S-shaped 

(shaped like an arc tan curve), with a plateau at low absorption and at high light 

absorption levels.  

Using ImageJ for digital image processing had the advantage over using the UV-Vis-IR 

spectrometer in producing standard deviation data. Standard deviation, from a 

statistical point of view, expresses how much the individual readings deviate from the 

collective average of the readings. From a physical perspective, the standard deviation of 

the darkness fraction expresses how consistent the discolored area is. The higher the 

standard deviation is, the wider the variation of color darkness in the sample. 

There is no straightforward trend in the standard deviation values. Figure 4.11 displays 

the standard deviation graphs at the 5, 10, and 15 mm heights. The standard deviation 

range at the 5 mm height ranged only between 0.0 and 0.1, whereas it had a wider range 

between 0.0 and 0.2 at 10 mm and 15 mm heights. One possible reason for that is that 

at 5 mm, there was a limit to how dark the sample could reach without burning, as the 

average maximum values reached only 0.4 in darkness. In the case of 10 mm and 15 mm 

heights, the average darkness fraction reached up to around 0.7. Due to the inaccuracy 

of the low-resolution scanner, the standard deviation was also inaccurate. However, the 
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trend at 5 mm seemed to be decreasing with increasing power, whereas at the higher 

heights of 10 mm and 15, the standard deviation increased to a maximum and then 

decreased.  

 

 

 

 
Figure 4.11: Standard deviation of the scanned sample darkness in relation to power. 

(Height: 5.0 mm (top), 10.0 mm (middle), and 15.0 mm (bottom), gas: nitrogen) 
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A clear example that demonstrates the increasing then decreasing trend is at 10 mm 

height and 100% speed. The power percentage, standard deviation, as well as the 

scanned image of the samples were tabulated (see Table 4.1). The table demonstrates 

how the standard deviation could be related to color or darkness consistency. At low 

discoloration levels (power 19% and 20%), the range of discoloration is limited to start 

with, and subsequently, the standard deviation is low. The standard deviation increases, 

as the color gets darker. The edges of the samples at power 21% and 22% have faded 

colors, which increases the standard deviation as the discoloration has less consistency. 

The lowest standard deviation in the darker samples was the power 23% sample. Having 

a high power increases the initiation of the discoloration reaction, causing the sample to 

have less variability at the edges. The method the discoloration was performed with the 

laser lead to having faint edges, where the laser is turned on at the start of the sample 

printing, and the heating of the previous point linearly transfers heat to the rest of the 

path the laser takes, which makes the discoloration in the middle more visible. This 

path or process is cyclic, meaning that the laser turns on going from right to left, then 

off, then on again going from left to right. Because of the cyclic process of the laser, 

both edges are faint (left and right), rather than one side. 
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Nitrogen 

The experiments that were conducted with an air jet were repeated with a nitrogen jet 

instead. Laser power was varied at different moving speeds, keeping the vertical height 

of the laser constant at 5 mm (Figure 4.12), 10 mm (Figure 4.13), or 15 mm (Figure 

4.14). The experiments were conducted with a nitrogen jet flowing through the laser 

head and hitting the paper throughout the printing process. The power of the laser was 

varied from a lower percentage up to the burning point at each speed. 

Operating the laser at a low height, which translates to a high intensity, forces the 

operation at a low power range to avoid cutting holes. At 5.0 mm (Figure 4.12), it was 

Table 4.1: Standard deviations of samples at various power percentages  
(speed = 100%, height = 10.0 mm, gas: air) 

Power % Standard Deviation Scanned Image 

19 0.00686 
 

20 0.0505 
 

21 0.169 
 

22 0.164 
 

23 0.132 
 

24 0.112 
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not possible to notice a general trend between power and discoloration at various 

speeds. The discoloration only reached maximum values of 30% darkness and 55% of 

absorbed light.  The correlation between scanned image darkness and absorbed light of 

the samples was poor, and many data points did not match the trend in the two 

methods. The samples were visually very similar in color to one another. Varying the 

speed and power did not have a strong effect on the extent of discoloration at 5.0 mm 

distance from the paper. 

 

  
Figure 4.12: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(vertical height = 5 mm, gas: nitrogen) 

 

At 10.0 mm height (Figure 4.13), the trend of increasing the amount of paper 

discoloration with the increase of laser power was observed. However, the effect of 
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varying speed was not clear beyond 70%. In fact, the maximum discoloration value 

occurred at 70% speed with 19% power (68.7% darkness, 95.6% absorbed light).  

 

  
Figure 4.13: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(vertical height = 10 mm, gas: nitrogen) 

 

The near-zero darkness fraction values increased by more than 60% in their respective 

absorbed light fractions (Table 4.2). One sample at 16% power appeared blank in the 

scanned image but appeared in the spectrometer produced a graph with 60.6% of 

absorbed light. 

Table 4.2: Near-zero darkness samples at 10.0 mm height (gas: nitrogen) 
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At 15.0 mm height, the results were more satisfactory than the 5.0 mm samples, but a 

little less than the 10.0 mm samples, in terms of discoloration. The maximum points 

reached 70% darkness, and 90% absorbed light. The general trend was increasing in 

darkness or light absorption with increasing laser power. Similar to the nitrogen case at 

10.0 mm, the speed did not seem to affect the maximum discoloration points.  

 

  
Figure 4.14: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(vertical height = 15 mm, gas: nitrogen) 

 

The standard deviation values in the scanned images, which represent consistency, had 

an increasing relationship with the power percentage (except for the high-intensity 5.0 

mm height). The ranges were similar at different speeds, going to 0.07 at 5.0 mm, 0.15 

at 10.0 mm, and 0.18 at 15.0 mm. At 5.0 mm, there seems to be an outlier point at 0.09 

in standard deviation and 15% in power. Visual observation confirmed that the samples 
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had less variation on the edges of the nitrogen jet samples than in the air jet 

experiments. 
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Figure 4.15: Standard deviation of the scanned sample darkness in relation to power. 

(Height: 5.0 mm (top), 10.0 mm (middle), and 15.0 mm (bottom), gas: nitrogen) 
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4.4.2. Power at Various Heights (Constant Speed) 

The height, or distance of the laser from the paper, determines the intensity of the laser. 

5.0 mm from the paper is already beyond the focal point of the laser. Moving the lasers 

to 10.0 mm and 15.0 mm further decreases the intensity of the laser.  

Air 

Figures 4.16 to 4.20 demonstrate the effect of varying power on darkness, or absorbed 

light, at heights of 5.0, 10.0, and 15.0 mm with an air jet. The speeds are fixed at 60% 

(Figure 4.16), 70% (Figure 4.17), 80% (Figure 4.18), 90% (Figure 4.19), and 100% 

(Figure 4.20). 

 

  
Figure 4.16: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 60%, gas: air) 
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Figure 4.17: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 70%, gas: air) 

 

 

  
Figure 4.18: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 80%, gas: air) 

 

Height = 5 mm Height = 10 mm Height = 15 mm 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

11 13 15 17 19 21 

D
ar

kn
es

s 
F

ra
ct

io
n 

Power % 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

11 13 15 17 19 21 

A
bs

or
be

d 
L

ig
ht

 F
ra

ct
io

n 
Power % 

Height = 5 mm Height = 10 mm Height = 15 mm 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

12 14 16 18 20 22 24 

D
ar

kn
es

s 
F

ra
ct

io
n 

Power % 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

12 14 16 18 20 22 24 

A
bs

or
be

d 
L

ig
ht

 F
ra

ct
io

n 

Power % 



 

 

112 

 

  
Figure 4.19: power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 90%, gas: air) 

 

 

  
Figure 4.20: Laser power effect on the darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 100%, gas: air) 
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Nitrogen 

Figures 4.21 to 4.25 demonstrate the effect of varying power on darkness, or absorbed 

light, at heights of 5.0, 10.0, and 15.0 mm with an air jet. The speeds are fixed at 60% 

(Figure 4.21), 70% (Figure 4.22), 80% (Figure 4.23), 90% (Figure 4.24), and 100% 

(Figure 4.25). 

 

  
Figure 4.21: Laser power effect on darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 60%, gas: nitrogen) 
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Figure 4.22: Laser power effect on darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 70%, gas: nitrogen) 

 

  
Figure 4.23:Laser power effect on darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 80%, gas: nitrogen) 
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Figure 4.24: Laser power effect on darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 90%, gas: nitrogen) 

 

  
Figure 4.25: Laser power effect on darkness fraction (left), and absorbed visible light 

fraction (right). 
(Speed = 100%, gas: nitrogen) 
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data points. The points that exhibited the highest discoloration were, in order, at 10.0 

mm, then 15.0 mm, and then the lowest at 5.0 mm. These zones were noticed in both 

scanned image graphs and the absorbed light graphs. The observed zones are not an 

absolute indication that the optimum operation height is at 10.0 mm (vertical height), 

or 9.9 mm from the focal point of the laser. However, the general trend does 

communicate that there is an optimal height or distance from the focal point such that 

the discoloration is maximized. The optimum height or intensity is expected to lie 

between 5.0 mm and 15.0 mm and could be close to 10.0 mm. The larger the height is, 

the lower the intensity (Figure 4.26). The lower the intensity, the lower the energy 

density, and the higher the energy distribution. At a low energy density, the maximum 

energy in the beam profile at the incident point would also be low. Once the energy is 

distributed, the varying power would have less influence on discoloration. Subsequently, 

the areas of the zones are expected to increase as the intensity decreases.  

 
Figure 4.26: Effect of laser beam intensity on beam energy profile (Menapace, 2007). 

 

According to the beam profile, the energy is not well distributed at low intensities. The 

center of the beam would have more energy. The variability of the energy distribution 
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at large heights leads to having a textured discoloration, which stops the sample from 

reaching certain darkness levels. Trying to correct the texture by increasing power 

causes the sample to ignite or decompose and form holes. When continuing to increase 

the height, there must be a point at which increasing power will have no effect on 

discoloration, because the maximum power would not be sufficient to initiate a 

discoloration reaction. Figure 4.27 shows a qualitative representation of the laser 

intensity and the Gaussian energy distribution. As per the law of conservation of energy, 

using the lens to decrease the intensity, although does increase the beam area, does not 

increase the amount of energy. For this reason, the peak energy is decreased to 

distribute the energy of the beam on a wider area. As depicted in Figure 4.27, the beam 

fades as the intensity decreases. Decreasing intensity after the optimal height causes a 

wasteful energy loss; it increases the input energy required to reach the peak energy 

sufficient to cause discoloration. 

 
Figure 4.27: Gaussian profile representation of laser beam energy profile and beam 

diameter. The circles enclose the beam shape. 
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Since the sampling was aimed at investigating speed variation with power more than the 

effect of height, the resulting graphs are not as comprehensive in exploring the effect of 

height as it could be. Moreover, the sampling in general was also focused on maximizing 

and optimizing the extent of discoloration rather than sampling in low darkness levels. 

4.4.3. Speed at Various Powers (Constant Height) 

The focus during data accumulation was to maximize the power at increased speeds to 

obtain the highest level of discoloration. However, it was also possible to map a few data 

points at constant power levels to see the effect of increasing the speed percentage 

(Figures 4.28, 4.29, and 4.30). The graphs showed a linearly decreasing relationship 

between darkness, or absorbed light, and speed percentage. The data points were too 

limited to confirm that the relationship is, in fact, linear, but they were sufficient to 

show that the amount of discoloration decreases with increasing speeds at constant 

power. 
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Figure 4.28: Laser moving speed effect on darkness fraction (left), and absorbed visible 

light fraction (right). 
(Height = 5.0 mm, gas: air) 

 

 

  
Figure 4.29: Laser moving speed effect on darkness fraction (left), and absorbed visible 

light fraction (right). 
(Height = 10.0 mm, gas: air)  
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Figure 4.30: Laser moving speed effect on darkness fraction (left), and absorbed visible 

light fraction (right). 
(Height = 15.0 mm, gas: air) 
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Figure 4.31: Reproduced graph for LIEP darkness fractions (1-L*%) results with varying 

speeds under two power settings (Chen et al.,2016). 

 

It was not possible to make an accurate comparison between the obtained experimental 

data and Chen’s data. Aside from the fact that Chen’s setup allows going to up to twice 

the speed as the laser marker machine, the laser type nor the wavelength were specified 

in Chen’s paper. Although it may seem that Chen’s graph had no trend at all and that 

it also had zero agreement with the produced graphs, a second graph that was produced 

in Chen’s paper explains the behavior better (Figure 4.32). The graph relates speed to a 

calculated value for laser energy (in mJ). The energy was calculated in the paper by: 

E = P . t = P . d/v     (4.2) 

Where E is energy (mJ), P is laser power (W), t is time (s), d is the unit print point 

(mm) which is the resolution 0.025 mm, and v is the print line speed (mm/s). 
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Figure 4.32: Laser energy related to moving speed (Chen, 2016).  

 

Putting into account equation 4.2, (E=P.d/v), if P and d are constant and v is 

increasing, then E must be decreasing, according to Figure 4.32. Since d is constant, it 

could be inferred from the graph that not only the speed is increasing, but the power is 

also changing. Changing two variables simultaneously made it challenging to deduce 

relationships between the studied variables. Thus, since two variables were changed, the 

behavior in Figure 4.31 does not represent a relationship between darkness and 

increasing speed. Chen’s paper was the only published resource encountered that studies 

laser induced paper discoloration. 
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4.4.4. Varying Gas Jet From Laser Head 

There were two major observations when the gas jet was switched from air to nitrogen. 

The first was that the nitrogen samples did not ignite when it reached high powers. 

Instead, nitrogen samples produced holes when it was provided more power than the 

paper can withstand. Table 4.3 includes the two disqualifying characteristics that lead 

to discarding some samples, and in most cases, the holes were caused in nitrogen 

samples, and the burns were caused in air samples. The second observation is that the 

nitrogen sample discoloration was more even and consistent. Although the difference 

was not that substantial, the consistency can be compared using the difference in 

darkness fraction standard deviation ranges. 

Table 4.3: Standard deviation ranges in the air and nitrogen samples. 

 

The major difference between air and an inert gas (like nitrogen) is that the nitrogen 

blocked air from the surface of the paper where the discoloration reaction is taking 

place. The reason why the paper ignited with the air gas flow is that oxygen was readily 

available for the combustion reaction to take place. Once the power increased, and the 

surface temperature elevated up to the ignition temperature, the paper started to burn. 

Height Air Samples 
Standard Deviation Range 

Nitrogen Samples 
Standard Deviation Range 

5.0 mm 0 - 0.10 0 - 0.07 
10.0 mm 0 - 0.18 0 - 0.15 
15.0 mm 0 - 0.19 0 - 0.18 
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The nitrogen gas flow, on the other hand, drove away the air that covered the surface of 

the paper. The paper had no oxygen to react with, and the pyrolysis reaction occurred 

without burning the paper at all. Consuming the paper sample area partially or 

completely, turning it into a thin carbon-based material, caused the hole formation. The 

balance between power and speed aims at carrying out the pyrolysis without completely 

consuming paper, making use of the covalent bonding to the rest of the paper. 

4.5. Measuring Paper Discoloration 

4.5.1. Digital Image Analysis 

Using digital imaging was a convenient approach to estimate both the extent of 

discoloration by the average darkness percentage and the consistency of the printing by 

the standard deviation. It fulfilled the aim of putting numerical values or ratings for the 

discolored samples. Using a scanner to scan all the samples, although not completely 

accurate in detecting brightness, made the lighting for the digital scanning consistent. 

The samples that were too light or faint were recorded as white images with 100% 

brightness, and the resulting data points were discarded. These variations between the 

real samples and scanned digital images were also confirmed by running them through 

the UV-Vis-IR spectrometer, where the light absorbed by the faint color samples was 

more than by the white paper reference sample. Even samples with richer colors had 
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lighter scanned shades in the digital images than the actual samples. The darker 

samples also had a higher light absorption percentage in the spectrometer than the 

darkness percentage in the scanned images. Although the scanning was not adequately 

sensitive to color variation, it is still considered a systematic error that is exhibited with 

the same weight with all the samples.  

The resolution of 300-pixel-per-inch can be greatly improved with another scanner or a 

camera, but it was the most accessible method that uses the same lighting on all the 

samples. Another source of error is selecting the discolored area. Due to the color 

gradient on the edges of each sample with the low resolution, selecting the area was 

challenging and subjected to human error. Using a scanner, however, is still a sufficient 

tool for a preliminary analysis in studying the general behavior of the curves. Using the 

ImageJ software would give even better results with higher quality digital image scans. 

4.6. Surface Temperature 

The experimental method designed to conduct the analysis of paper discoloration 

mimics the design concept of an inkless laser printer. However, the drawback of such 

experimentation is that it depends on a feed forward design of experiment rather than a 

feedback loop. There are certain important factors that can further increase the 

understanding of the control variables and their effects on paper discoloration. Previous 
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work that used Thermogravimetric Analysis (TGA) has the advantage of knowing the 

temperature of the paper, and the change in its mass from decomposition. The TGA 

machine heats up the sample in a furnace with a known temperature via convection and 

conduction. Although the concept of knowing the surface temperature of paper during 

the reaction is indeed captivating, using a TGA would still limit the number of control 

variables to vary. Using lasers is a more realistic method as it teaches the specific laser 

parameters that influence heat induction. It also gives the option of changing the gas 

environment around the paper to simulate conditions for the lasers. Thus, a method 

must be developed to record the real-time surface temperature to better understand the 

discoloration requirements. 
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5. Chapter 5: Conclusion 

5.1. Power, Speed, and Height 

The main three variables that are essential to optimize are laser power, the movement 

speed of the laser head or the working material, and the intensity of the laser (which 

was controlled by the height or distance from the paper). These three variables depend 

on one another, and changing one variable, such as height, leads to adjusting the other 

variables.  

The laser power has an effect on the surface temperature of the paper. Using a power 

that is too low does not provide the sufficient activation energy to induce a discoloration 

reaction. Increasing the power more than a certain threshold or tolerance that a paper 

can withstand causes the paper to form holes or ignite and burn. Hole formation above 

the paper tolerance level was more common with the samples produced under nitrogen 

because the nitrogen flow blocked the paper from reacting with oxygen. Thus, the paper 

decomposed via pyrolysis and formed holes. In the case of providing an air flow above 

the paper surface, the paper tended to ignite or burn above the tolerance level. Air 

contains oxygen, and when the heat is sufficient to cause a combustion reaction, the 

paper readily ignites and forms carbon dioxide. The paper was decomposed via the 

oxidation reaction or combustion. 
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The laser power transfers radiative heat energy to the surface of the paper. The heat 

transfer rate is a function of time. The longer the paper is exposed to the beam, the 

more heat transfer occurs. The heat transfer causes an increase in surface temperature of 

the paper. Since pyrolysis is an endothermic reaction, increasing heat transfer increases 

the reaction rate, until the reactant is consumed. To control the time the paper was 

exposed to the beam, the mechanical movement of the laser beam was controlled on top 

of the paper surface, moving on the x-y axis. Accelerating the speed decreased the 

amount of heat transferred at a given power level. For this reason, the extent of 

discoloration was different at various speeds with the same power. Increasing speed also 

allowed increases the power level and amount of discoloration compared to lower speeds. 

The fact that discoloration at higher speeds was generally better than in low speeds is 

an advantageous aspect. Having the freedom to increase speed, with the drawback of 

having to increase power, can accelerate the discoloration reaction. However, being 

limited by a maximum speed of 0.50 m/s does not allow the development of sufficient 

understanding of how the discoloration would look like at very high speeds. 

The height, or laser distance from the paper, directly controls the intensity of the laser 

beam. The lens that is installed in the laser head (2.0’’ standard lens) determined the 

focal point (2’’, 50.8 mm) and focused beam diameter (0.005’’, 0.127 mm) of the paper. 

A small experiment was designed to calibrate the focal point to the software-controlled 
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vertical height. It was found that the focal point occurs at 0.1 mm height. Three heights 

were investigated in the reaction setup, 5.0 mm, 10.0 mm, and 15.0 mm. Out of the 

tested heights, the optimal results were obtained at the 10.0 mm height, which was 9.9 

mm from the focal point of the focused laser beam. The 5.0 mm height was too focused 

to go to high powers and discoloration levels without damaging the paper. The high 

focus means that the energy density, or the energy per unit area, is extremely high. On 

the other hand, the 15.0 mm height was too unfocused and low in intensity that it had a 

poor power distribution. Operating at 15.0 mm did not show satisfactory results for the 

discoloration consistency and maximum discoloration yields. 

5.2. CO2 Laser for Paper Marking 

Temporal modes of a laser differ in operating either continuously, or in pulses. 

Continuous wave laser beams are emitted steadily without obstructions. Gas lasers 

commonly supply continuous waves. Pulsed laser beams, on the other hand, operate 

periodically.  The selection of one mode over the other relies on the desired application. 

Continuous wave machining outputs smooth surfaces, which requires high input power. 

Adversely, while pulsed beams may result in surface irregularities, using pulsed lasers 

allows deep cutting depths in the workpiece. Pulsing also reduces the heat-affected zone 

surrounding the working area. 
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Using a CO2 laser is preferred for paper machining and marking. The paper readily 

absorbs the CO2 laser beam wavelength (see section 2.3.5. Paper-Light Interaction), 

taking the paper surface heating energy higher than the activation energy for pyrolysis. 

Apart from the ability of a CO2 to elevate the surface temperature of paper, the beam is 

also continuous, rather than pulsed, which is better to produce a more unified even 

surface, rather than a pulsed beam’s rough, uneven surface output.  

5.3. Lasers for Paper Material Discoloration 

An important factor to consider in the paper for laser material processing is the 

absorption wavelength. Different materials absorb, transmit, and reflect different 

wavelengths. For example, ceramics, plastics, and composites (e.g. paper), absorb 10.6-

micron radiation, making paper subjected to machining using CO2 lasers. Nd: YAG 

lasers operate with 1.06-micron radiation, making it more suitable to machine materials 

like aluminum, copper, and brass that will reflect 10.6-micron wavelengths and absorb 

1.06-micron wavelengths (Chryssolouris, 1991). 

Since paper is white in color, within the visible light spectrum range, most of the colors 

are reflected. Paper discoloration will increase the absorption of visible wavelengths 

between 400 to 700 nanometers. 
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While mechanical paper cutting yields debris and solid waste, laser processing usually 

vaporizes paper fibers and leaves no debris. However, laser cutter scanning speeds are 

relatively low. A 185W beam can reach a cutting velocity of 330 meters per minute. A 

70kW laser is required to reach mechanical cutting speeds. 

 

5.4. Lasers Machining Advantages and Disadvantages 

Laser machining is a thermal process that depends on both thermal and optical 

properties. It is a non-contact process, which eliminates mechanical-related material 

damage. In laser machining, material processing rates are not reduced by maximum tool 

force, built-up edge formation, and tool chatter. Laser machining is a flexible process for 

moving the laser beam mechanically or with optical tools. The flexibility also exists in 

controlling the precision and properties of the machining laser beam. 

The main disadvantages in laser machining are energy inefficiency and material damage. 

The required input power in a laser system is higher than a mechanical machining 

Table 5.1: Cutting speeds for a 250W CO2 laser cutter system 
Paper Type Thickness (× 10-2 mm) Rate (meter per min) 
Copy paper 10 100 
Graph paper 5.0 180 
Newsprint 7.6 160 

Coated paper 13 60 
Forbes cover stock 11 90 
Laminate paper 25 40 

3 layered bond paper 11 40 
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system. In laser machining, there is always a concern in minimizing the heat-affected 

zone, which damages the workpiece.  

5.5. Heat Transfer and Chemical Kinetics Modeling 

A better understanding of the radiative and conductive heat transfer occurring at the 

surface of the paper, causing the chemical change, a more comprehensive heat transfer 

model must be developed. Comsol is proposed software that can be used for heat 

transfer modeling. Simulating the surface chemical change taking heat transfer into 

account allows controlling more variables than with a laser-engraving machine with 

certain specifications. Simulations can also reduce the number of samples produced to 

optimize the discoloration process. The paper material properties, laser properties, as 

well as the chemical reaction can all be put into account to have an accurate model. 

Learning the reaction kinetics and producing accurate graphs demonstrating the extent 

of discoloration related to temperature can save energy in the device design. It can help 

reduce using more power than needed to provide just the required temperature to induce 

the desired level of discoloration. For example, in Figure 5.2, increasing the power from 

21% to 22% results in a noticeable increase in discoloration. However, further increasing 

it to 23% and beyond does not substantially cause much discoloration, and will just 

make the process inefficient in energy. 
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Apart from heat transfer and chemical simulation programs, there are also several 

numerical heat transfer models that have been specifically designed for laser machining 

(Chryssolouris, 1991). These models can be adjusted to account for the chemical change, 

rather than a phase change, at the paper surface. 

Understanding how fast the reaction rate is as a function of surface temperature of the 

paper is vital. Knowing the maximum moving speed of the laser is limited by the 

reaction speed. Although the results show that the speed can always be increased as 

long as the power is also increased, there is a point of an increased speed at which 

increasing power will not have any effect on the paper discoloration. The reaction speed 

would be the limiting factor. 
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6. Chapter 6: Future Work 

6.1. Experimental Methods 

6.1.1. Printing and Laser Speed 

Although the CO2 laser power that is provided in the experimental method is more than 

sufficient, with the flexibility of only using a controlled percentage of that power, the 

speed of the laser movement is limited to a maximum value of half a meter per second. 

In order to have an inkless laser printer that is competitive to printers on the market, 

the printing speeds must be increased to at least 20 meters per second. As witnessed in 

the results, increasing the speed and power also produces better quality prints, due to 

inducing reactions at the very surface of the paper. 

Another method that can be used concurrently with increasing speed and power of the 

laser is to increase the number of lasers. Using two or three lasers will double or triple 

the printing speeds. Adding lasers has the potential of surpassing even the fastest laser 

printers. The cost and feasibility will have to set the number of added lasers. 

6.1.2. Alternative Setup Design 

Apart from being able to increase speed, redesigning the experimental setup can be 

performed creatively in a way that limits paper exposure to oxygen during heating, 
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without using nitrogen. Having to use a nitrogen flow in the long term is inconvenient 

and wasteful. One patent suggested using a transparent layer with an antireflective 

coating, blocking oxygen from paper during the laser heating (Venkatesh, 2016). More 

designs can be thought of to reach the same result. 

6.1.3. Larger Sample Size 

The sampling for the different laser specifications is based on a one-trial per sample. 

The rational behind that is the fact that the samples are produced using a computer-

controlled device, which decreases the variability between the samples. Another 

motivation is to increase the number of tested variables. The focus is noticing the 

general trends rather than modeling the behavior. For future research, a test sample is 

to be done in groups of 3 to 10 per group, to generate even more reliable data, and allow 

modeling the behavior based on the data. 

6.2. Characterization Methods 

6.2.1. Material Spectroscopy 

Various spectroscopic analyses (e.g. Fourier transform infrared spectroscopy, FTIR) can 

be used to measure the absorption or emissions of samples. These characterization 

methods can compare the scanned data to a large database of different chemical 
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compounds to identify materials. Analyzing paper samples before and after the 

discoloration process can improve the understanding of the paper pyrolysis process 

under different conditions, from a chemical perspective. In fact, using such techniques 

can determine the main differences between operating experiments under an air jet or a 

nitrogen jet. It can also help determining what parameters can be controlled to minimize 

the potential of a combustion reaction at the paper surface. 

6.2.2. Paper Depth 

To measure the paper depth, a profilometer machine can be used. One of the analytical 

capabilities of a profilometer is to perform a step height analysis. The average step 

height, the number of peaks, the maximum height, the vertical distance between the 

maximum peak and valley, and the vertical distance between the valley and the baseline 

can all be measured with the profilometer. 

It is important to analyze the quality of the printing by measuring the thickness of the 

printed area in comparison to the original thickness (printed to raw paper thickness 

ratio). The optimization goal is to avoid compromising thickness in producing a clear 

visible carbonized layer on the paper. An extremely thin layer of printed area causes 

paper to be brittle. The initial aim is to achieve comparable penetration depths to those 

of laser toner printing, which have thicknesses as small as 2.5% of a regular copy paper. 
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Another advantage in including a profilometer in the study is obtaining the depth 

measurements required to calculate the volume of the reacted fraction of the paper. 

Once the volume of the reacted paper is determined, many subsequent calculations can 

be made on the extent of reaction and heat transfer. 

6.3. Technique to Study Pyrolysis 

The methods to study the chemical kinetics of pyrolysis reactions in non-isothermal 

conditions has proved challenging in the past. However, using optical characterization 

techniques, lasers to induce the reactions, and an inert gas flow to block air, collectively 

forming an excellent setup to perform pyrolysis chemical kinetic studies. The challenge 

is finding a fast and accurate method to record temperature from the paper surface 

during the reaction. Several designs of the setup should be proposed to allow recording 

real-time temperature. Modeling the radiative, convective, and conductive heat transfer 

in the process to predict the temperature profile with time can alleviate the need to 

record temperature to study the kinetics. The heat transfer, or temperature model, can 

be coupled with the experimental results to perform a complete comprehensive kinetic 

study. If the radiative heat transfer from the laser is very fast, assumptions can be made 

to predict the average surface temperature, neglecting the other modes of heat transfer 

and heat loss. 
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In fact, since using the spectrometer allows for using a reference sample for the baseline, 

the experimental technique can be further expanded to study a wide variety of non-

isothermal reactions. The general behavior of non-isothermal reactions conversion graphs 

are similar to one another, increasing in rate initially then it decreases in reaction rate 

when it approaches the maximum conversion value. 

6.4. Economic Analysis & Feasibility Study 

An important future step to take is to conduct a comprehensive feasibility study.  The 

market, price projections, capital and operating expenses must all be thoroughly 

investigated. The optimization of the technique must take into regards operation 

requirements for the consumers, as increasing the speed of the printer will require a 

higher-powered laser, and subsequently increasing the electricity bill. It is expected that 

the initial costs of implementing a new technology will be high. A life-cycle assessment, 

however, would determine if the tradeoffs outweigh the expenses. Moreover, the 

optimizations and tailoring the technical features over time is expected to increase the 

efficiency of the process and reduce the manufacturing costs and power requirements. 

Since this study is aimed to investigate the technical feasibility of using lasers to induce 

discoloration, the economical feasibility is planned with the next steps to progress in this 

study. 



 

 

139 

There are several advantages and disadvantages to consider laser systems for machining 

in general from the economical perspective. Table 6.1 summarizes the benefits and 

drawbacks of investing in lasers for material processing. 

 

The laser engraver machine to create samples is a great tool to test the different 

relevant variables. Nonetheless, estimating the capital and operating costs of the process 

based on a laser engraver is an unfair comparison. These machines with their different 

models and power outputs range between $500 to around $6000, which would not be 

economical for personal and office use. However, the dark shades that are created in the 

experiments were produced at between 23-26% power. 26% of a 75-watt laser is only 

Table 6.1: Summary of economical advantages and disadvantages of laser machining 

Advantages Disadvantages 

• Eliminates tool wear, breakage, and 
therefore the need for replacement. 

• Eliminates replacement and recalibration 
machine downtime. 

• Increases machining rates by installing a 
computer numerical control (CNC) 
system. 

• Wastes less material due to the high 
precision of laser machining. 

• Eliminates the need for special 
operational environments (e.g. vacuum). 

• Increases capital costs. CO2 lasers cost 
from $70 to $100 for every watt. Nd:YAG 
lasers cost around 10% and up to 20% 
higher than CO2 lasers. Additional costs 
come from the inclusion of the cooling 
system, safety system, power supply, and 
beam delivery equipment. 

• Adds costs of operating gasses (helium, 
nitrogen, and carbon dioxide for CO2 
lasers), electric power, cooling water or 
cooling gas flow, and assist gas usage. 

• Requires full-time trained operators to 
run the machine. 
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19.5 watts. Moreover, these machines are designed in size and in the flexibility of 

controlling variables to process different materials with various dimensions. Designing an 

automated machine with only a few control variables to exclusively discolor paper would 

decrease both the capital costs and the power requirements of the device. 
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Appendix A: Scanned Samples Log 

Table A.1: Scanned samples with the parameters of their preparation 

Laser 
Power (%) 

Laser Moving 
Speed (%) 

Vertical 
Height (mm) 

Gas 
Flow 

Scanned Image 

20 90 10 Air 
 

15 80 10 Air 
 

15 70 10 Air 
 

25 100 10 Air 
 

23 95 10 Air 
 

15 65 10 Air 
 

19 50 15 Air 
 

15 60 15 Air 
 

14 60 15 Air 
 

15 70 15 Air 
 

16 70 15 Air 
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17 70 15 Air 
 

18 70 15 Air 

 

15 50 15 Air 
 

12 50 15 Air 

 

13 50 15 Air 

 

14 50 15 Air 
 

16 50 15 Air 

 

14 50 15 Air 

 

15 50 15 Air 

 

16 60 15 Air 

 

18 60 15 Air 

 

17 60 15 Air 
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19 70 15 Air 

 

19 70 15 Air 

 

20 70 15 Air 

 

17 80 15 Air 
 

18 80 15 Air 
 

19 80 15 Air 

 

20 80 15 Air 
 

20 80 15 Air 

 

21 80 15 Air 

 

22 80 15 Air 

 

23 80 15 Air 
 

19 90 15 Air 
 

20 90 15 Air 
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24 80 15 Air 

 

21 90 15 Air 
 

21 90 15 Air 
 

22 90 15 Air 
 

23 90 15 Air 
 

24 90 15 Air 
 

25 90 15 Air 

 

26 90 15 Air Burned 

22 100 15 Air 
 

22 100 15 Air 
 

23 100 15 Air 
 

24 100 15 Air 
 

25 100 15 Air 
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26 100 15 Air 
 

27 100 15 Air 
 

28 100 15 Air 
 

28 100 15 Air 

 

29 100 15 Air Burn 

10 60 10 Air Blank 

12 60 10 Air 
 

13 60 10 Air 
 

14 60 10 Air 
 

14 60 10 Air 
 

15 60 10 Air 

 

16 60 10 Air Burn 

14 70 10 Air 
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15 70 10 Air 
 

16 70 10 Air 

 

17 70 10 Air 
 

17 70 10 Air 

 

18 70 10 Air Burn 

15 80 10 Air 
 

16 80 10 Air 
 

17 80 10 Air 
 

18 80 10 Air 
 

19 80 10 Air 
 

19 80 10 Air 
 

20 80 10 Air 

 

17 90 10 Air Blank 
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18 90 10 Air 
 

19 90 10 Air 
 

20 90 10 Air 
 

21 90 10 Air 
 

21 90 10 Air 
 

22 90 10 Air 

 

23 90 10 Air 

 

18 100 10 Air Blank 

19 100 10 Air 
 

20 100 10 Air 
 

21 100 10 Air 
 

21 100 10 Air 
 

22 100 10 Air 
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23 100 10 Air 
 

24 100 10 Air 

 

25 100 10 Air 

 

8 60 5 Air Blank 

9 60 5 Air Blank 

9 60 5 Air Blank 

10 60 5 Air 
 

11 60 5 Air 
 

12 60 5 Air 
 

13 60 5 Air Holes 

14 70 5 Air Holes 

15 70 5 Air Holes 

15 70 5 Air Holes 
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13 70 5 Air Holes 

12 70 5 Air 
 

11 70 5 Air Blank 

13 80 5 Air 
 

12 80 5 Air Blank 

14 80 5 Air 
 

14 80 5 Air 
 

15 80 5 Air 

 

16 80 5 Air Holes 

17 80 5 Air Holes 

14 90 5 Air 
 

15 90 5 Air 
 

16 90 5 Air 
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16 90 5 Air 
 

17 90 5 Air 
 

18 90 5 Air 
 

13 100 5 Air Blank 

14 100 5 Air 
 

15 100 5 Air 
 

19 90 5 Air Holes 

19 90 5 Air Holes 

16 100 5 Air 
 

17 100 5 Air 
 

18 100 5 Air 

 

19 100 5 Air 
 

20 100 5 Air 
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20 80 10 Air 
 

20 80 10 Air 
 

28 80 10 Air Burn 

40 80 10 Air Burn 

20 80 10 Air 
 

20 80 10 Air 
 

20 80 10 Air 
 

20 80 10 Air 

 

20 80 10 Air 
 

20 80 10 Air 

 

20 80 10 Air 

 

20 80 10 Air 
 

20 80 10 Air 
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20 80 10 Air 

 

20 80 10 Air 

 

20 80 10 Air 

 

20 80 10 Air 

 

20 80 10 Air 
 

20 80 10 Air Burn 

20 80 10 Air  

20 80 10 Air 
 

20 80 10 Air 
 

20 80 10 Air Burn 

17 80 10 Air 
 

17 80 10 Air 
 

17 80 10 Air 
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17 80 10 Air 
 

17 80 10 Air 
 

17 80 10 Air 
 

15 80 10 Nitrog. Blank 

15 80 10 Nitrog. 
 

16 80 10 Nitrog.  

 

17 80 10 Nitrog. 
 

18 80 10 Nitrog. 

 

19 80 10 Nitrog. 
 

20 80 10 Nitrog. 

 

21 80 10 Nitrog. 
 

21 80 10 Nitrog. Holes 
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22 80 10 Nitrog. Holes 

15 70 10 Nitrog. 
 

16 70 10 Nitrog. 
 

17 70 10 Nitrog. 
 

18 70 10 Nitrog. 
 

14 70 10 Nitrog. 
 

14 70 10 Nitrog. 
 

19 70 10 Nitrog. 
 

16 60 10 Nitrog. Holes 

13 60 10 Nitrog. 
 

14 60 10 Nitrog. 
 

15 60 10 Nitrog. 
 

12 50 10 Nitrog. 
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12 50 10 Nitrog. 
 

13 50 10 Nitrog. 
 

14 50 10 Nitrog. 
 

16 90 10 Nitrog. Blank 

17 90 10 Nitrog. 
 

18 90 10 Nitrog. 
 

19 90 10 Nitrog. 
 

19 90 10 Nitrog. 
 

20 90 10 Nitrog. 
 

21 90 10 Nitrog. 
 

22 90 10 Nitrog. 
 

18 100 10 Nitrog. 
 

19 100 10 Nitrog. 
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20 100 10 Nitrog. 
 

20 100 10 Nitrog. 
 

21 100 10 Nitrog. 
 

22 100 10 Nitrog. 
 

23 100 10 Nitrog. 
 

24 100 10 Nitrog. 
 

25 100 10 Nitrog. 
 

10 60 5 Nitrog. 
 

10 60 5 Nitrog. 
 

11 60 5 Nitrog. 
 

12 60 5 Nitrog. 
 

13 60 5 Nitrog. 
 

8 60 5 Nitrog. 
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9 60 5 Nitrog. 
 

26 100 10 Nitrog. 

 

26 100 10 Nitrog. 

 

27 100 10 Nitrog. Holes 

14 70 5 Nitrog. Holes 

15 70 5 Nitrog. Holes 

13 70 5 Nitrog. 

 

12 70 5 Nitrog. 

 

11 70 5 Nitrog. 
 

11 70 5 Nitrog. 
 

10 70 5 Nitrog. 
 

13 80 5 Nitrog. 
 

14 80 5 Nitrog. 
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15 80 5 Nitrog. 
 

16 80 5 Nitrog. 
 

12 80 5 Nitrog. 

 

12 80 5 Nitrog. 

 

13 90 5 Nitrog. 

 

14 90 5 Nitrog. 

 

15 90 5 Nitrog. 

 

16 90 5 Nitrog. 

 

17 90 5 Nitrog. 

 

18 90 5 Nitrog. 
 

18 90 5 Nitrog. 
 

15 100 5 Nitrog. 
 

16 100 5 Nitrog. 
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17 100 5 Nitrog. 
 

18 100 5 Nitrog. 
 

19 100 5 Nitrog. 
 

20 100 5 Nitrog. 
 

20 100 5 Nitrog. Holes 

21 100 5 Nitrog. Holes 

11 50 15 Nitrog. 
 

12 50 15 Nitrog. 
 

13 50 15 Nitrog. 
 

14 50 15 Nitrog. 
 

15 50 15 Nitrog. Holes 

15 50 15 Nitrog. Holes 

16 50 15 Nitrog. Holes 
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17 50 15 Nitrog. 

 

13 60 15 Nitrog. 
 

14 60 15 Nitrog. 
 

15 60 15 Nitrog. 
 

15 50 15 Nitrog. 
 

15 50 15 Nitrog. 
 

16 50 15 Nitrog. 

 

16 60 15 Nitrog. 

 

17 60 15 Nitrog. 

 

18 60 15 Nitrog. 

 

19 60 15 Nitrog. 

 

20 60 15 Nitrog. 
 

20 60 15 Nitrog. 
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14 70 15 Nitrog. Blank 

15 70 15 Nitrog. 
 

16 70 15 Nitrog. 
 

17 70 15 Nitrog. 
 

18 70 15 Nitrog. 
 

19 70 15 Nitrog. 

 

19 70 15 Nitrog. 

 

20 70 15 Nitrog. 

 

21 70 15 Nitrog. 

 

22 70 15 Nitrog. 

 

16 80 15 Nitrog. Blank 

17 80 15 Nitrog. Blank 

23 70 15 Nitrog. 
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23 70 15 Nitrog. 

 

24 70 15 Nitrog. 

 

20 80 15 Nitrog. 

 

21 80 15 Nitrog. 

 

22 80 15 Nitrog. 

 

23 80 15 Nitrog. 

 

24 80 15 Nitrog. 

 

24 80 15 Nitrog. 

 

19 80 15 Nitrog. 

 

25 80 15 Nitrog. 

 

20 90 15 Nitrog. 

 

21 90 15 Nitrog. 
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22 90 15 Nitrog. 

 

23 90 15 Nitrog. 
 

23 90 15 Nitrog. 

 

24 90 15 Nitrog. 

 

25 90 15 Nitrog. 

 

26 90 15 Nitrog. 

 

27 90 15 Nitrog. 

 

22 100 15 Nitrog. 

 

23 100 15 Nitrog. 
 

23 100 15 Nitrog. 
 

24 100 15 Nitrog. 
 

25 100 15 Nitrog. 
 

26 100 15 Nitrog. 
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27 100 15 Nitrog. 
 

28 100 15 Nitrog. 

 

29 100 15 Nitrog. 

 

29 100 15 Nitrog. 
 

30 100 15 Nitrog. 
 

20 80 10 Nitrog. 
 

20 80 10 Nitrog. 
 

20 80 10 Nitrog. 
 

20 80 10 Nitrog. 
 

20 80 10 Nitrog. 

 

20 80 10 Nitrog. 

 

20 80 10 Nitrog. 
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20 80 10 Nitrog. 

 

20 80 10 Nitrog. 

 

20 80 10 Nitrog. 

 

20 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

17 80 10 Nitrog. 

 

18 80 10 Nitrog. Blank 
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18 80 10 Nitrog. 
 

18 80 10 Nitrog. 

 

18 80 10 Nitrog. 

 

18 80 10 Nitrog. 

 

18 80 10 Nitrog. 

 

18 80 10 Nitrog. 

 

 


