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Abstract  

Portable electronic devices (PED) are used worldwide in the community. Many of these 

devices have display screens made up of glass which is vulnerable to breakage. PED function 

with a damaged screen which results in individuals not replacing them as often as other glass 

objects such as vase or windows.  

Broken PED can be a source of glass and significant on the clothing and belongings of 

individuals suspected in offences involving breaking of glass and even the public. The 

forensic implications of PED glass were investigated. 

There were three objectives investigated. The first one involved identifying whether glass 

fragments can get transferred from mobile phone display screens (a portable electronic device 

(PED)) to the pockets of clothing (jacket and jeans) which the phone screen has any form of 

damage on it. 

There were fragments found in both the clothing whether the phone was the least damaged or 

the most damaged over all the periods of time tested- 1 hr, 2 hr, 4 hr and 8hr with a minimum 

of 4 to 5 fragments of glass found over any duration of time within the time frame. More 

number of glass fragments are found when the individual is active and fewer glass fragments 

are found if the individual is less active. 

The second objective is to identify if PED has a refractive index (RI) different from soda-

lime glass and if it can be used to distinguished between different phone brands. The results 
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found suggest that the refractive index measurement can be used to indicate a possible brand. 

However, since the sample size is small more research will need to be conducted to help 

strengthen the results. The results show that PED glass is different from soda-lime glass and 

can therefore be distinguished from bottles, window glass etc which is a common occurrence 

in forensic cases.   

The third objective is to find the elemental composition of the mobile phone screens to with 

identify whether the source of glass present is mobile phone screen or another type of glass. 

The variation in potassium assisted with the identification of the PED glass provided that the 

glass recovered for case work is from the surface of the display. The results found during this 

research do not account for all the mobile brands and models. More research will need to be 

conducted to determine the refractive index and the elemental composition of other models. 

The refractive index values and elemental compositions of PED glass were significantly 

different to soda-lime glass (e.g., windows and bottles) usually encountered in casework and 

therefore RI and elemental composition can be used to distinguish these sources of glass.   
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1.1 TRACE EVIDENCE  

1.1.1 THEORY OF TRACE EVIDENCE 

Trace evidence can occur by the macroscopic or microscopic exchange of particles due to 

contact between two people and/or objects or the dispersion of particles from an action of 

movement. Edmond Locard a 20th century forensic scientist in his book, Criminal 

Investigation, stated that trace evidence ‘will serve as a silent witness’ against perpetrators as 

“every contact leaves a trace, and all humans are covered in the trace evidence of their 

surroundings constantly.”1 

In a crime conducted, when the victim and perpetrator interact, trace evidence may be left 

behind. explosive residues, fibres, hair, paint, body fluids, fingerprints glass fragments, 

Gunshot residues, pollen, shoe prints, tool marks, and volatile hydrocarbon fuels are common 

types of trace evidence that the perpetrator may have taken or left behind at the scene of the 

crime or on their victim. 

As most of the trace evidence found is microscopic, the analysis conducted relies heavily on 

different types of microscopes to locate the evidence and examine their physical 

characteristics. The first steps to analysis are recognition or location of trace evidence due to 

it being so miniscule that while examining, the evidence can easily get lost. Without visual 

detection, trace evidence from one surface to another can be easily cross transferred. 
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 In situ photography (the place where the artwork is installed or exhibited is called in situ. 

Photographing it in a likely environment instead of showing the work by itself.) is one of the 

best ways to preserve trace evidence. This is followed by removing the object of interest and 

protecting it to analyse later in controlled laboratory conditions. 

To determine links between people, events and areas are one of the main aims to investigate 

any type of evidence (macroscopic or trace evidence) and to help reconstruct the crime scene. 

Trace evidence is often left at the points of entry and exit as the perpetrator must arrive and 

leave the crime scene. Tire tracks, fingerprints, glass, paint, chemical residues, soil, plant 

material or shoeprints may be left behind after a crime has been committed. In a crime, 

victims interact with the environment. In the opinion of the author, victims are either often 

unconcerned with leaving a trace evidence or to help authorities find the truth will want to 

create trace evidence.  

There are different types of trace evidence produced based on the interaction of the victim, 

perpetrator, and the environment amongst each other. Environment here can either be a 

natural environment or the environment at the location of the crime. Since any substance or 

material that interacts with the victim, perpetrator or the environment becomes trace 

evidence, the types are almost limitless. In the end, results from trace evidence examinations 

intend to function as evidence for court proceedings. 
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Usually, trace evidence comes from the suspect involved in the crime and the victim(s) or the 

crime scene or location for comparisons. The evidence of the suspect sample is collected 

from the suspect itself or the crime scene that is analysed to determine a proper origin. Often, 

samples of suspect evidence are found on the suspect’s clothing or belongings, or a location 

related to the suspect and the crime scene.  A few examples of suspect evidence samples are: 

a) Glass fragments on the clothing of the suspect after burglary break and enter through 

a window or a hit and run. 

b) Crime scene with fingerprints and tool marks. 

c) Finding a car with blood in it in a location that is not the crime scene. 

An evidence sample whose origin and properties are known is called a control sample. This 

sample is either a part of the crime scene or was left behind at a crime scene. The control 

samples for the scenarios given above would glass from the store window or car windscreen 

or window (depending on where it was hit), in custody- the suspect’s fingerprint, using the 

suspect tool in a similar media, making test tool marks in a laboratory and for DNA 

comparisons, taking blood from the victim or the suspect. 

Two samples coming from the same source can be suggested and supported by the degree of 

correspondence of the characteristic of the suspect sample and the control sample. If the two 

samples are a possible match, it can be interpreted through a likelihood ratio- a measure for 

the value of an evidence statistically. 
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Based on conditional probabilities, Bayes Theorem (figure 1.1) includes the likelihood ratio. 

Likelihood ratios take background frequencies when determining whether two samples are a 

possible match as well as the data information into account. Cases involving glass as 

evidence routinely use this approach to interpret evidence. The likelihood ratio considers two 

probabilities: 

a) Evidence given that the suspect committed the crime. 

b) Evidence given that the suspect did not commit the crime.  

 

Figure 1.1: Bayes theorem 

Where: Hp = the prosecutor’s hypothesis that the suspect committed the crime. 

 Hd = the defence hypothesis that the suspect did not commit the crime. 

 E = the evidence found. 
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1.1.2 TYPES OF TRACE EVIDENCE 

Every type of trace evidence can be encountered at a crime scene. Many forms of physical, 

chemical, and biological evidence are involved in the transfer of trace material. This is 

ultimately used to link crime scenes to suspects. The nature of the case gives an insight of 

what kind of trace evidence is expected to be present. 

Every trace of evidence has its own significance evidentially. If DNA is found on a scene for 

a domestic violence case, it will not be considered as significant evidence if both the parties 

live in the same location. DNA is expected to be present as it is. Other forms of evidence like 

signs or struggle and/or blood splatters are considered in these cases. Pollen trace on the other 

hand can be considered as a highly significant evidence if for example, the pollen is from a 

rare plant growing in an alley way where a sexual assault case took place.  The suspect’s and 

victim’s clothing had this pollen from that plant found confirming the location of the crime 

and helps support the victim’s story.2 

Evidence that remains intact and undamaged for a long period of time is physical evidence. 

Some physical evidence includes shoeprints, tool marks, and tyre marks. Trace physical 

evidence are fibres, glass fragments and paint chips/smears. 

The most volatile evidence present is chemical evidence. These can be readily lost from a 

scene. explosive residues, gunshots, and volatile hydrocarbon fuels in arson cases come under 

chemical evidence. 
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The most common form of trace evidence is one that has a biological origin known as 

biological evidence. This evidence positively links suspects to victims and includes any form 

of bodily fluids like blood, saliva, and semen. Fingerprints, hair, and pollen also come under 

biological evidence. 

Fibres, glass, and paint commonly sum up trace evidence making up the bulk of physical 

evidence. 

FIBRES 

Fibres are one of the most common trace evidences that can be transferred between two 

clothed people. Fibres in origin are either natural or man-made. The mass of clothing and 

textiles use up most of the fibres and can be distinguished using chromatography and 

microscopy. Due to the extensive variety of fibre types and colours, a certain fibre with a 

specific set of characteristics is very low in frequency. This helps with analysing fibre as an 

evidence as the likelihood ratio would be high if a match was found. 

GLASS  

In New Zealand, glass is one of the most common types of evidence seen. In most 

robbery/burglary cases and stolen vehicle forensic cases glass is used as evidence frequently 

as these cases are prominent in New Zealand. 
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PAINT  

In hit and run cases and vehicular accidents, the most common form of trace evidence found 

is paint. Paint as a trace evidence can also be found on clothing of suspect or tools after a 

break and enter which involved a windowsill or a painted door. If the chemical composition 

of each layer of the paint and the layering between the suspect and control samples match, 

paint evidence becomes very significant as it is highly unlikely for an unrelated paint source 

to have the same chemical composition and layering as the control sample at the time of an 

incident would be present at the crime scene. Usually, paint evidence comparisons are made 

microscopically with analysis further involving highly specific chromatography and 

spectroscopic identification techniques. 
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1.2 GLASS AS A TRACE EVIDENCE 

Glass is found in most locations. A wide variety of forms and compositions are produced 

affecting the properties of glass. When broken in a commission of a crime, it can occur as 

evidence. Ranging from large pieces to tiny shards with respect to size, glass fragments may 

be transferred to a nearby person or object and be retained on it. The mere presence of 

fragments of glass on an alleged burglar’s clothing involved in a break in crime through the 

window may be significant if the fragments were found. Such evidence becomes significant 

and enhanced if the fragments are determined to be the same in all the measured properties as 

glass from the broken window. However, if the recovered fragments differ in their measured 

properties from the broken window, the window can then be eliminated as a possible source 

of glass on the clothing of the subject.3 

1.2.1 TRANSFER AND PERSISTENCE OF GLASS 

The main findings from previous research have shown that fragments can go in all directions 

if a glass object breaks.4 This includes back towards the direction of the breaking force.5 Glass 

fragments can be recovered from up to four meters away from a breaking glass object during 

experimental studies.6,7 Within this distance, glass fragments can transfer onto anything.  

There are certain controlled factors that can affect the number of glass fragments transferred. 

It is more likely to have glass transferred onto a person or object the closer they are to the 

breaking glass.8 The number of glass fragments transferred is inversely proportional to the 
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distance from the break.4 The person breaking the window is likely to have more glass 

fragments transferred on them compared to a bystander. The number of blows on the 

windowpane is directly proportional to the number of glass fragments transferred.9 The 

number of glass fragments transferred is independent of the size and thickness of the 

fragment.10 

Clothing with a smooth surface such as nylon jackets do not retain a lot of glass compared to 

clothing with rougher surfaces like wool sweaters. More glass can be retained on wet clothing 

than dry clothing.9 Over time, large glass fragments fall off clothing faster than smaller 

pieces.13,14,15;16;17 If the person wearing the clothing is active, the glass fragments transferred 

fall off faster. 18;15;17 

Glass transfer and persistence is highly variable. It should be noted that the number of glass 

fragments transferred can vary by an order of magnitude or more in a single type of 

experiment.19  

The above studies mainly involved primary transfer, that is the transfer of glass fragments 

from a broken glass object to something else. Primary transfer can also occur when a person 

or object encounters a previously broken glass object.20 In addition to this, there can be a 

secondary glass transfer between people and objects, for example glass being transferred 

from a window to a person who then transfers it to the seat of vehicle.21  
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During a glass examination, investigators cannot positively determine whether the glass 

present on the person or object was through contact with a previously broken glass object, by 

primary transfer or by secondary transfer12 

Researchers have determined the background level of glass on clothing from random 

individuals. Lau et al. in 1997 examined 213 garments reporting that 1% of the upper 

garments and 3% of the lower garments had glass fragments on their surface.71 Out of the 

garments with glass, <10 garments had one fragment while one garment had two fragments. 

In 1999, Petterd et al.11 found only one fragment of glass in each of six out of 2008 upper 

garments they examined. Roux et al. in 2001 examined footwear and found that out of 776 

pairs of footwear, 5.9% had glass embedded in the sole, 1.9% of the uppers contain glass and 

0.3% of the footwear had glass fragments on both the uppers and in the sole. These and many 

other studies demonstrated that it is unlikely for people to have glass fragments on their 

clothing if they have not been present when a glass object was broken, or they have not 

encountered broken glass.21,22;23;24;25;26;27. However, it is possible to determine the possible 

sources of background glass for example window glass vs glass container would be useful.  

 

 



 12 

Curran et al.28,29 described the transfer and persistence of glass fragments in clothing through 

a Bayesian statistical approach. The author articulates that the final number of glass 

fragments observed in clothing are influenced by the following factors: 

a. The degree of fragmentation. 

b. The glass type and thickness. 

c. Number of times the window was struck. 

d. The person’s position with respect to the struck window. 

e. The window size. 

f. The type of clothing worn by the person breaking the window. 

g. The person’s activity between the time of committing the crime (commission) and the 

time of getting caught (apprehension). 

h. The time between the apprehension and the confiscation of the clothing. 

i. The efficiency of the searching process by the laboratory. 

j. Whether the person gained entry to the premise or not. 

k. Was force required during the confiscation of clothing. 

l. The weather at the time of the incident. 
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Position, time, the type of garment and the laboratory examination are the only factors that 

were included in the proposed model for predicting the likelihood of glass transfer. Greater 

consistency and reliability was seen when a graphical modelling technique was used. The 

author concluded that in any event, the possibility of recovering any given number of glass 

fragments from a suspect is very low. 
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1.3 PORTABLE ELECTRONIC DEVICES (PED) 

A piece of electronic equipment that is small and easy to carry around is known as a portable 

electronic device (PED). Portable electronic devices are becoming a very significant part of 

people’s lives. In the opinion of the author, the need for people to be in contact constantly for 

entertainment or communication has increased the demand for these PEDs. 

A few examples of these devices include but are not limited to laptops, radios, audio devices, 

watches, pagers, cell phones etc., 

1.3.1 CELL PHONES 

Cell phones are one of the most useful, coolest, and convenient electronic devices of all 

time.44 As it is a part of the largest communication network in the world- the telephone 

system, cell phones are one of the most complex technically in terms of functionality and 

features. As of 2022, there are 6.64 billion smartphone users in the world today. This comes 

to 83.72% of the world population (world population is projected to reach 8 million on 15th 

November 2022 according to the United Nations Department of Economic and Social 

Affairs). While there are 7.26 billion cell phone (standard and smart phone) users coming to 

91.54% of the world population.45 This is assuming there is one phone per individual which is 

not usually the case. Many individuals own work phones or personal phones. 
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A basic digital cell phone contains a few individual parts: a) circuit board, b) an antenna, c) a 

liquid crystal display (LCD), d) a keyboard, e) a microphone, f) a speaker, and g) a battery. In 

the opinion of the author the number of features on cell phones increased, the display 

increased in size as well. 

1.3.2 PED GLASS AS EVIDENCE 

Glass display screens of PED are manufactured to withstand accidents and have durability. 

Mobile phone display screens are still vulnerable to breakage. While other glass objects are 

often discarded or replaced, portable electronic devices can function with a cracked or broken 

screen. In the opinion of the author, it is not uncommon for PED holders to use them under 

these conditions.  

Kelsey et al. in 2015 published an article stating that broken portable electronic device 

screens can potentially be a new and significant source of glass fragments present on the 

clothing or objects of the public and people suspected of offences involving the breaking of 

glass.46 They investigated the forensic implications of this new source of glass. According to 

Kelsey et al, PED glass can be easily recognised using the scanning electron microscope-

energy dispersive X-ray analysis (SEM-EDX) and refractive index measurement. Both the 

methods were able to distinguish between PED glass fragments and soda-lime glass 

fragments easily. They concluded that in forensic glass casework, there could be confusion 

where the objective is to compare glass fragments recovered to an alleged PED source.46 
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Using elemental analysis and refractive index measurement for comparison of glass achieves 

a good discrimination between sources. 

According to the opinion of the author, owners of portable electronic devices, in this case 

mobile phones, are carried in the pockets of clothing or in a carry-on like a bag or a purse. In 

terms of transfer and persistence of glass fragments, fragments will tend to remain in the 

pockets of clothing as the contents of pockets are rarely removed unless the pockets are 

turned inside out. Due to the proximity between the device and the pocket, mobility of any 

form can result in glass fragments transferring to the clothing pocket if the device has some 

form of crack or damage. 
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1.4 GLASS IN SOCIETY  

Different materials on earth have changed and impacted society positively and negatively. 

Materials we use every day allow us to create new and different technologies that can help 

enhance life making it more efficient. One of these materials is glass which has allowed us to 

develop many technologies. Glass is used with many aspects of day-to-day life and 

individuals are not actively aware of the important purposes it plays. We use it for protection, 

stimulation, and visual enhancement. Many practical items such as eyeglasses, cameras, light 

bulbs, windows, mirrors, certain bottles and even computer screens are made up of glass.  

Before the manufacturing of glass, naturally occurring glass such as volcanic glass obsidian 

was used by people to make weapons, money and ornaments. One of the first centres of 

glassmaking was Syria.30;59 Egypt and Eastern Mesopotamia were believed to have created 

the earliest glass object around 2500 BC.30;59  

Sand, soda, limestone, clarifying agents and cullet are the primary raw materials used in 

glass. The materials used to make glass are 100% recyclable.57,58 Without any form of loss in 

quality and purity, it can be recycled endlessly. Glass manufacturers can substitute up to 95% 

of the raw material with recycled glass. Any material that is environmentally beneficial 

benefits manufacturers as the overall expense for manufacturing glass is reduced and 

materials that were not used can be recycled.62  
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Crushing glass pieces into smaller pieces via recycling process steps can serve as a substitute 

in the glass production process thus reducing the extraction of raw materials.61  

Compared to raw materials, cullet (recycled glass) has a lower melting point. This reduces the 

energy consumption during glass production.61 Provision and raw material calcination bring 

energy savings.63 Calcination is the thermal treatment process of raw materials to give rise to 

a phase transition, removal of a volatile fraction or thermal decomposition. This process 

normally takes place at a temperature below the melting point of the raw materials using less 

energy in the process. Calcination takes place in the absence of air.  

A 10% increase in cullet volume reduces the energy consumption by 2-3% during the 

production of glass in closed loop cycles.64 The manufacturing process that supports the reuse 

and recycling of post-consumer products to supply materials used to create the same product 

in a new way is called closed-loop recycling (figure 1.2). 
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Figure 1.2: Closed-loop recycling of glass allowing products to retain their value 
indefinitely.68 

 

 According to the foundation of the energy of the community of Madrid (FENERCOM), 32% 

of energy is saved while a non-profit entity responsible in the management of recycling glass 

packaging waste in Spain called Ecovidrio mentions a saving of 32% energy in the glass 

making process.31 

When glass is recycled, it undergoes no loss of quality and has the benefit of conserving its 

purity.32 There is a reduction in the volume of waste in landfill if cullet is used. Glass bottles 

are persistent in exposed environments. Glass takes more than 4000 years to decompose. 

Recycling a glass container did not increase the urban solid waste volume according to the 

National Association of Manufacturers of Glass Containers (ANFEVI).33 
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Since it is possible to reuse the raw material of glass several times, glass recycling impacts 

sustainability positively. According to Sarkis, C.J.L, 2017, we were saving around 0.58t of CO2 

20% with respect to air pollution and 40% - 50% with respect to water pollution by using recycled 

glass.34 

Glass is used in different forms. Windows let light in serving as a transparent barrier from 

external conditions. There are many reasons why glass is a good material for windows. It 

does not close the space off and serves as a protective barrier, unlike doors and walls which 

restrict light. A person’s mood can be affected depending on the amount of light and darkness 

they are exposed to.35 When light passes through a glass window, it naturally warms a space. 

It is strong enough to keep out dust, wind, rain and many other natural disruptions. One of the 

best parts of having a glass window is being able to see outside a building without leaving the 

premises.  

Glass is the best material used to make light bulbs. This is due to transparent glass which 

allows light to pass through. If bulbs aren’t transparent, they wouldn’t be able to light up 

areas. It allows us to navigate in the darkness and light up an area. 

Driving would be less safe if we didn’t have glass to make mirrors. Every computer, cell 

phone and television screen are made up of glass. We use glass to correct our vision. Without 

glass, several necessities will be lost reminding us how important it is. With this kind of 

versatility, let's dive more into the chemical composition of glass. 
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1.4.1 LIQUID CRYSTAL DISPLAY (LCD) 

Items containing a liquid crystal display are used every day.39 LCDs offer many advantages 

over other types of display technologies and hence are used commonly. They draw less 

power, are light weight and thinner than for example cathode ray tubes. Usually, a thin liquid 

crystal film plate is placed between two pieces of transparent glass depending on the product.  

The plates are manufactured with transparent electrodes that are made up of indium tin oxide. 

Indium tin oxide makes it possible to apply an electric field across the liquid crystal films in 

small areas. On either one or both sides of the glass, polarising filters are placed to polarise 

the light that is entering and leaving the crystal. These polarisers are usually crossed ideally 

letting no light pass through the display. However, the liquid crystal modifies the polarisation 

of light in a way making them dependent on the electric field applied to it. It is therefore 

possible to create spots dynamically where light can get through and where it cannot. The 

glass used in these LCDs, especially the glass cover, is alkali aluminosilicate glass, a type of 

aluminosilicate glass. 
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1.5 WHAT IS GLASS?  

Glass is a (mostly) transparent, non-crystalline, amorphous solid. Sand, soda ash and 

limestone are used for making glass. These raw materials are naturally abundant in nature. 

They are melted at a high temperature, then blown, pressed and moulded if containers are 

manufactured. Once the mould is formed, it is rapidly cooled or quenched. Flat glass used for 

architecture and transportation are usually made by the float glass process, whereas patterned 

and wired glass are made by rolling.36 

1.5.1 TYPES OF GLASS 

Glass can be categorised into the following types based on the raw materials used in table 

1.1. 

Type Properties Uses 

Fused quartz or fused 

silica glass 

Highly resistant to 

weathering 
Tube lights and furnaces 

Soda-lime silica glass 
Vulnerable to thermal 

shocks 
Windows 

Sodium borosilicate glass 
Less prone to cracking 

Thermal shock resistant 

Lab equipment and 

kitchenware 

Lead oxide glass High reflective properties Jewellery 

Aluminosilicate glass 

Withstands high 

temperature and thermal 

shock resistant 

Combustion tubes, gauge 

glasses, portable electronic 

device (PED) display 

screen. 

Table 1.1: types of glass based on their raw materials and properties with examples. 
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1.5.2 CHEMICAL COMPOSITION OF GLASS 

Silica (SiO2) is a glass former that can be fused to form fused silica at a temperature in excess 

of 1700˚C. Due to this high-temperature resistance, fused silica is limited to a specialised 

range of products. To reduce the fusion temperature of silica, other chemicals like fluxing 

agents are added. The most used fluxing agent is sodium oxide which gives us a fusion 

temperature range of 1500-1650˚C which is accessible in large scale furnaces.37  

Based on the principal constituents, glass can be categorised giving rise to the basis of alkali-

silica glasses. The glass former is silica whereas the additive is the modifier. Other additives 

are required to make the glass more durable. In this case, the additives are limestone (calcium 

oxide) and alumina (aluminium oxide).36  

Another important type of glass has boric oxide (B2O3) and silica as glass former. This is 

called borosilicate glass.  This type of glass can hold temperature and has good thermal shock 

resistance properties. Important ranges of crystal, optical and electrical glass are made using 

lead silicate glass where silica and lead oxide are the glass former.6 

All glasses have broadly similar melting processes despite having different glass 

composition. However, the process of molten glass converting to the final product brings 

great diversity in glass. 
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The crystallisation prevention, the rate of change in viscosity is vital as the glass cools from 

its melting temperature and stiffening to rigidity. The correct behaviour is obtained through 

the choice of glass composition and the forming process. To prevent the development of 

stress in glass, the glass goes through the process of annealing where the product is further 

cooled at a controlled rate after forming. 

1.5.3 ALUMINOSILICATE GLASS 

Aluminosilicate glass contains between 20% to 40% of aluminium oxide. Based on its 

chemical composition and oxide composition, there are two types of aluminosilicate glass 

(table 1.2): alkaline earth aluminosilicate glass (figure 1.3) and alkali aluminosilicate glass 

(figure 1.4). One of the chemicals present in the two types of glass are alkali metals and 

alkaline earth metals. Alkali metals are elements that belong to the first group of the periodic 

table. Lithium (Li), sodium (Na), potassium (K), rubidium (Rb), cesium (Cs), 

and francium (Fr) are alkali metals. Alkali earth metals are elements that belong to the second 

group of the periodic table. Beryllium (Be), magnesium (Mg), calcium (Ca), strontium (Sr), 

barium (Ba) and radium (Ra) are alkaline earth metals. 
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 Alkaline earth aluminosilicate glass Alkali aluminosilicate glass 

Chemical 

composition 

Aluminium oxide (15-25%), silicon 

dioxide (52-60%) and alkaline earth 

(15%). 

Aluminium oxide (10-25%), 

silicon dioxide (57-60%) and 

alkali (10%). 

Properties 
High transformation temperature and 

softening points. 

High surface compressive 

strength, high transformation 

temperature and excellent 

mechanical behaviour like 

hardness and scratch resistant. 

Applications 
Glass tubes, high temperature 

thermometers, film resistors. 
Touch display, solar cells. 

Table 1.2: difference between alkaline earth aluminosilicate glass and alkali 

aluminosilicate glass. 

  

 

Figure 1.3: structure of alkaline earth aluminosilicate glass 
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Figure 1.4: structure of alkali aluminosilicate glass  

1.5.4 ALKALI ALUMINOSILICATE GLASS IN PED 

This glass is widely used as a chemically strengthened cover glass in commercial applications 

for consumer electronics.40;41;42;43 One of the most popular uses of alkali aluminosilicate glass 

in the present is the portable electronic device industry due to its chemical properties all the 

while maintaining a sleek appearance of glass over plastic. Compared to soda- lime glass, 

alkali aluminosilicate glass is ideal to withstand scratches that are common on mobile phones. 

The manufacturing process of these industries have advanced allowing the aluminosilicate 

glass to be produced in thin sheets acting as an excellent channel between the device and the 

finger on touch screens.  
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1.6 PROPERTIES OF GLASS 

Glass objects possess a unique set of properties such as durability, transparency with or 

without colour, thermal and electrical resistance, hardness, stability, and rigidity along with a 

range of thermal expansion.36 Despite the high hardness value, many types of glass tend to be 

brittle naturally making them vulnerable to fractures or breakage in places where pressure, 

impacts and stress are present. To avoid or eliminate such brittleness, manufacturers and 

engineers must process glass thoroughly according to their optimal strengthening protocols. 

Based on their thermal and mechanical properties, glass types are divided to determine what 

applications they will be suited for.38  

1.6.1 VISCOSITY  

The measure of the resistance to flow or the internal friction of a liquid is called viscosity. 

Manufacturers require the viscosity of glass in its molten liquid state to be within a range of a 

specific temperature for most processing techniques. The viscosity at which glass can be 

shaped by pressing, blowing or any other means by manufacturers is called the working 

point. 
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1.6.2 STRENGTH 

Depending on the specific composition many glasses have a high theoretical strength 

structurally. Certain practical considerations, however, tend to reduce their workable strength 

significantly. Glass surfaces having flaws or defects, rapid cooling process introducing 

thermal stress and introducing small crystals through annealing into the surface of glass can 

be factors that lead to suboptimal strength in the glass type. 

Focal points for stress are what become of these flaws on the glass surface. More pressure is 

exerted compared to the theoretical strength bared by glass when a concentrated stress is 

introduced by a load. This leads to a breakage or fracture. Therefore, defects found on glass 

surfaces can greatly reduce the fracture stress of the product. Regardless, manufacturers can 

prevent or even eliminate these flaws on surfaces through care and precision during the 

manufacturing process. 

Some variations of type and level of strength are a) tempered soda lime glass which has a 

high mechanical strength. They are also known type III glass; b) aluminosilicate glass have 

high compressive strength; c) borosilicate glass have exceptional strength and are frequently 

used in medical and space exploration devices as well as glass tubing.  
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Corning introduced a scratch-resistant durable glass made up of alkali aluminosilicate glass 

called Gorilla glass for PEDs. This was first implemented on the original iPhone in 2007. The 

high content of alkali in alkali aluminosilicate glass makes it intrinsically strong. At 20℃, the 

mechanical characteristics of this glass is as follows:  

a) Knoop hardness = 500 – 640 HK2 

b) Shear modulus = 26 – 31.7 MPa 

c) Vickers hardness = 480 – 670 HV 

1.6.3 THERMAL PROPERTIES 

At up to 800℃ of annealing temperature and up to 1010℃ of Vicat softening temperature, 

alkali aluminosilicate glass has a relatively high thermal resistance when compared to other 

similar kinds of glass materials. The determination of softening point for materials that does 

not have a definite melting point (for example plastics) is called Vicat softening temperature 

or Vicat hardness. Softening point is the temperature at which beyond some arbitrary softness 

a material softens. The thermal resistance of this aluminosilicate glass can be comparable to 

ceramics. 

a) Glass transition temperature = 620℃ - 790℃ 

b) Thermal conductivity = 0.91 W/ (m.K) – 1.1 W/ (m.K), at 20℃ 
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With a thermal expansion coefficient of 4.8 x 10-6 K-1 (at 300℃), alkali aluminosilicate as a 

material falls in the same rank as the materials used in electrodes. Due to this, alkali 

aluminosilicate glass is also used in hot systems and equipment as sealing material. 
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1.7 GLASS MANUFACTURING PROCESS 

1.7.1 PREPARATION OF RAW MATERIALS 

Glass making materials (calcium oxide, magnesium, sand, and soda) are weighed and mixed 

into batches and stored in elevated bins. The materials are transferred to a weigher and mixer 

via gravity feed system where it is mixed with cullet to ensure a homogenous melting. The 

mixture is held in a batch storage bin until it gets dropped to the melting furnace feeder. The 

equipment for handling and preparing raw materials are housed from the furnace separately. 

This area is usually referred to as the batch plan. 

1.7.2 MELTING  

The most used furnace is a continuous regenerative furnace which can produce glass between 

45 and 272 megagrams (Mg) (50 and 300 tons) per day. Furnaces may either have side or end 

ports that connect the inside of the Melter to the brick checkers. The brick checkers are used 

to conserve fuel by collecting the gas heat of furnace exhaust that is used to preheat the 

furnace combustion air when the air flow is reversed. As the material enters the melting 

furnace via the feeder, it floats on top of the molten glass that is already in the furnace.           

It passes to the front of the Melter and flows through a throat eventually leading to the 

refiner. The molten glass is heat conditioned in the refiner for delivery of the forming 

process. 
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1.7.3 FORMING  

The molten glass leaves the furnace after refining through forehearths (in float process, the 

molten glass directly moves to a tin bath) and is to be shaped by pressing, pressing, and 

blowing, blowing, drawing, floating, or rolling to give rise to the desired product.  

1.7.4 ANNEALING  

The end products go through finishing and annealing (decorating or coating and removing 

unwanted stress areas in glass respectively) as required. Slow cooling can avoid undesirable 

stress on glass.  

1.7.5 WAREHOUSE  

The glass is then prepared and inspected for shipment to markets. Damaged and undesirable 

glass is to be used as cullet and is transferred back to the batch plant. 
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1.8 PRODUCTION CORNING GORILLA GLASS- ALKALI ALUMINOSILICATE 

GLASS 

Protective glasses have been used in recent years increasingly on touch screens in portable 

electronic devices (PEDs), to enhance their aesthetics and protect displays. Such devices 

require weight and thickness reduction on the display. Hence, the glass cover is also required 

to be thin for protecting the display.  

If the glass cover sheet however is made thin, the strength of the glass is lowered. If the 

device is dropped while carrying or during use, the glass can sometimes break resulting in the 

cover sheet not achieving the original goal of protecting the display of the device. 

To solve this problem, the manufacturers will need to increase the strength of the glass cover 

sheet. One of the methods considered is forming a compressive layer of stress over the 

surface of the glass chemically using an alkali metal ion below the transition temperature of 

glass. An alkali metal ion having a larger ionic radius (usually K+ ions) replaces another 

alkali metal having a smaller ionic radius (usually Li+ and Na+ ions) present on the glass 

surface. Aluminosilicate glass with a high alkali metal content is used mainly to increase the 

chemically strengthened ion exchange rate. In the author’s opinion people nowadays have 

higher and higher requirements for the glass display surface to be colourless and highly 

transparent for aesthetics without affecting the touch sensitivity.  
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Various raw materials used to manufacture alkali aluminosilicate glass (in this case the 

Gorilla glass) are usually stored in iron containers and hence have a small amount of iron 

impurities brought into the industrial production process. In terms of mass percentage of 

oxides an aluminosilicate glass contains the following components (table 1.3). 

 

Component 

 

Silica 

Aluminiu

m oxide 

Sodium 

oxide 

Magnesiu

m oxide 

Potassium 

oxide 

Zirconium 

oxide 

Chemical 

formula 

 

Si 

 

Al2O3 

 

Na2O 

 

MgO 

 

K2O 

 

ZrO2 

Percentage 

(%) 

 

56.0 – 

68.0 

 

10.0 – 22.0 

 

9.0 – 15.0 

 

2.0 – 8.0 

 

0 – 9.0 

 

0 - 1.5 

Table 1.3: mass percentage of oxides in alkali aluminosilicate glass. 

The total mass percentage of silica and aluminium oxide needs to be between the range of 

70% and 85% while sodium oxide and potassium oxide should have a total mass percentage 

between the range of 9% and 23%.  

1.8.1 MAKING OF GORILLA GLASS  

Since the very beginning of the manufacturing of smartphones, Corning gorilla glass has been 

a big player in the smartphone world. The manufacture of the cover glass that protects phones 

and other PEDs began in upstate New York.48 The molten glass is fed into an “isopipe” which 

is a trough, overfilling it until the glass flows evenly on both sides. The glass then fuses at the 

bottom where it is drawn to form a thin continuous sheet of flat glass. To avoid any 

introduction of flaws or contaminants on the surface, the glass is left untouched.47 
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1.8.2 ION EXCHANGE PROCESS 

The chemical strengthening process where large ions are introduced into the glass surface 

resulting in a state of compression is called ion exchange. Gorilla glass was specially 

designed to maximise this process. At approximately 400℃ the aluminosilicate glass is 

placed in a molten salt bath. The small sodium ions leave the glass surface and are replaced 

by large potassium ions from the salt bath. When the glass cools, the larger ions take up more 

space and are pressed together producing a layer of compressive strength on the surface of 

the glass. The gorilla glass composition allows potassium ions to diffuse far into the glass 

surface creating a high compressive stress into the glass. The surface becomes more resistant 

to damage with a layer of compression.69 
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1.9 AIM AND OBJECTIVES 

The main aims for this study were: 

a. To assess whether glass fragments transfer from broken phone screens into the pockets of 

clothing. 

b. To determine the discrimination of refractive index (RI) measurements for glass from 

portable electronic device screen using the Glass Refractive Index Measurement (GRIM); 

and 

c. To determine the discrimination of Laser Induced Breakdown Spectroscopy (LIBS) 

analyses for glass from portable electronic device screen. 

The first aim of the thesis is to assess the number of glass fragments that would transfer into 

the pockets of commonly worn clothing: one upper clothing and one lower clothing when 

worn for different intervals of time.  

The second aim of the thesis is to measure the refractive index across a phone screen to 

determine whether refractive index can be used to discriminate different sources of PED glass 

and whether RI can differentiate PED glass from other sources of glass. 

The refractive indices of glass samples were determined using the Glass Refractive Index 

Measurement 3 system (ffTATM GRIM3, Foster and Freeman Ltd, Evesham, Worcestershire, 

UK) at ESR (the Institute of Environmental Science and Research). To measure the refractive 
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indices the oil immersion technique was employed which involved using a phase contrast 

microscope with a Mettler FP82 hot stage and monitored by the GRIM3 central processor. 

The third aim is to investigate the elemental composition of PED screens using Laser Induced 

Breakdown Spectroscopy (LIBS). Initially LIBS will be evaluated to see if it is suitable for 

the elemental analysis of mobile phone screens. If LIBS is deemed suitable for analysis of 

PED screens, its discrimination power for the analysis of PED screens will be determined. 

The J200 Laser Induced Breakdown Spectroscopy (LIBS) instrument is Applied Spectra’s 

flagship system.53 The most demanding trace element analysis is handled by this instrument 

and was specially designed as it requires accuracy and high sensitivity. The J200 LIBS with a 

single – digit ppm level detection limit (for many elements in the periodic table) is an ideal 

instrument for challenging quantitative elemental analysis with the matrices of many samples. 

While the J200 LIBS is highly sensitive, the Laser Ablation Inductively Coupled Plasma 

Mass Spectrometry (LA-ICP-MS) from Applied Spectra is more sensitive. The same set of 

phones used in testing the RI across the screen will be used to test the elemental composition 

using LIBS. 

The finding through this research is to bring awareness to the forensic science community 

that PED glass can be a new source of glass important for it to be added into the database 

during forensic glass analysis. Based on the results obtained from the first aim, PED display 

screen glass will come under background glass. Several laboratories have established the 

refractive indices and the chemical compositions of glass in a database received in 
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casework.49 It is undeniable to state how valuable the glass database is. But it needs to be 

noted that this database does not account for the actual population of glass. This research will 

help add onto this database by looking at a source of glass prominently present since the 

introduction of smartphones and has not been thoroughly studied after the paper published by 

Kelsey E. Seyfang et al.46 in 2015. 
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CHAPTER II 

EXPERIMENTAL SETUP 
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2.1 MEASUREMENT OF GLASS FRAGMENTS FROM CLOTHING 

This experiment is conducted to find the number of glass fragments that can be found in the 

pocket of clothing from phones with display screens of two levels of damage over different 

intervals of time. The glass fragments found are then measured to estimate the size range of 

the fragments over the different intervals of time. 

Selecting phones with cracked screens 

All the phones and screens used in this research were donated by the staff at the Institute of 

Environmental Science and Research (ESR). After considering the level of damage present 

on each screen, two phones were selected. The two phones were both iPhone 5. Phone A 

(figure 2.1) was the iPhone with minimal damage while phone B (figure 2.2) was the iPhone 

with a large amount of damage. The same phone model was used in the experiment to 

remove any variation that could have been due to different brands or models containing 

different types of glass. 
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Figure 2.1 the front of back side of phone A (iPhone5.) 

 

Figure 2.2 the front of back side of phone B (iPhone5). 

 

The next step was to select clothing with pockets. The clothing used must be commonly worn 

by the population. The items used for this experiment were a jacket (figure 2.3) and a pair of 

jeans (figure 2.4). The preferred order of examination of clothing in casework is a) headwear, 

b) surface of upper clothing and pockets, c) surface of lower clothing and pockets, d) shoe 

surface and e) soles of shoes. In this case the pockets of upper clothing which is the jacket 

were examined followed by the pockets of the lower clothing that is the jeans. 
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Figure 2.3: jacket used in the glass transfer experiment. 

 

Figure 2.4: jeans used in the glass transfer experiment. 
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2.1.1 PRE-EXPERIMENTAL CHECK OF POCKETS 

Prior to the experiments, the pockets of the clothing must be a blank that starts with zero 

fragments of glass in the pockets. The steps to go about determining whether any glass was 

present is as follows: 

a) The area of the bench used for debris recovery and examination was brushed down. 

b) A large sheet of paper was placed over the area and taped down. 

c) A piece of paper (A4 size) was placed on top. 

d) A second large sheet of paper was then placed on top of the first sheet and the A4 

paper. 

e) The item to be examined was carefully removed from its packaging and placed on the 

paper. 

f) The item (i.e., jacket) was vigorously shaken over the paper to collect debris from the 

surfaces followed by turning out the pockets and vigorously shaking over the paper. 

g) The debris was collected by folding the paper and funnelling the debris into a labelled 

petri dish. The petri dish was placed on the A4 sheet of paper while collecting the 

debris to retain any debris that missed the dish. 

h) Repeat steps b to h for the jeans. 

2.1.2 SEARCHING THE DEBRIS 

A stereoscopic microscope was used to search the debris in the petri dish (figure 2.6). Glass 

fragments through microscopy are identified by looking for particles that allow light to 

completely pass through. Glass fragments despite being amorphous have edges when it 

breaks while debris is more or less amoebic in shape If glass was recovered as shown in 

figure 2.5, this was noted, and the steps were repeated to collect more debris until no glass 

fragments were visible in the debris sample. 
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Figure 2.5: glass fragments under a microscope. 

 

Figure 2.5: background debris collected from the pocket of the jacket and jeans before the 

glass transfer experiment. 
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2.1.3 SELECTING THE TIME INTERVALS  

Based on previous glass persistence surveys50;51;72 on windows, the duration of the thesis the 

time intervals chosen were 2 hours, 4 hours, and 8 hours respectively. An additional two 

experiments were also conducted for 1 hour to examine the difference in number of glass 

fragments recovered between 1 hour and 2 hours. A record of the types of activities 

undertaken while wearing the clothing for the experiment was made. 

2.1.4 PERFORMING THE EXPERIMENT 

The phone was placed in the pocket of the clothing and the wearer went about their normal 

daily activities. A note was made of the activities undertaken in case they affected the number 

of fragments transferred to the pocket. The longest time interval (8 hours) was performed 

first, since if no glass fragments were found at 8 hours the shorter time intervals were 

unlikely to transfer glass fragments. 

Three replicates were taken for time intervals 2 hours, 4 hours and 8 hours per item of 

clothing resulting in 36 experiments. In addition, two replicates for the 1-hour time interval 

were performed. Once the item of clothing had been worn for the required time the pockets 

were taped closed until collection of the debris to avoid losing potential glass fragments. 

Debris is recovered in the same manner as the pre-experiment check. 

The debris was searched using a stereoscopic microscope and the number of glass fragments 

present were counted. The size of the glass fragments was measured using a vernier caliper. 
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2.2 INSTRUMENTATION FOR RI MEASUREMENT 

 

Figure 2.6: Foster+Freeman GRIM3 instrument.52 

2.2.1 PRINCIPLE OF GRIM 

 The measure of bending light rays when passing from one medium to another is called 

refractive index. This is represented by the ratio of the velocity of light in a vacuum to the 

velocity of light in a specified medium (in this case glass). 

The instrument originally used to measure refractive index was the GRIM1 developed by 

Foster and Freeman in the mid-1980s. By eliminating the inaccuracies of a visual assessment, 

GRIM 1 offered a significant improvement in the examination of match temperature. GRIM2 

became highly successful as GRIM1 further improved. The objectives of GRIM2 were the 

same as GRIM1 in addition to a comprehensive casework system to collect, process and 

present data of casework. 

GRIM3 succeeded GRIM2 by offering all the accuracy of GRIM2, and greatly increasing the 

casework output speed by allowing up to four glass edges to be analysed at once. Through a 

re-designed hot stage control, GRIM3 has improved the temperature stability. Long term 

temperature drift is reduced making it highly beneficial for maintaining accuracy. It has 

searchable case data, a customisable graphical user interface, automated system performance 

monitoring and improved flexible reporting system in the GRIM3 has shown to provide 

accuracy, precision, and long-term stability in terms of an automated measurement for 

refractive index.  
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The ffTATM GRIM3 module includes the following components: 

a) GRIM3 glass RI processor module:  

i. Monochrome firewire video camera 

ii. GRIM3 GLASS system operating software 

iii. FRAG analyser statistical analysis software 

b) Hot stage 

i. Mettler HS 82 hot stage  

ii. Hot stage fixing bracket 

c) Referencing oils and glasses 

i. Set of 3 purified silicon oils and 19 standard glass samples.  

ii. Standards to cover the range of refractive indices. 

d) Phase ring x10 objective and focusing microscope. 

e) Interference filters 

i. 488, 589, 656 nm. The 589 nm filter is used at ESR 

 There is good control of temperature enabled by the hot stage control unit of the oil on the 

microscopic slide. Per minute, the temperature of the instrument can be programmed at rates 

of 10˚ C, 3˚ C, 2˚ C, 1˚ C or 0.2˚ C for linear heating and cooling. 

The wavelength of Sodium D light i.e., 589 nm is the fixed wavelength used by phase 

contrast microscopy. Developed by Zernicke, the phase contrast microscopy accentuates 

small differences in transparent objects and the surrounding medium’s refractive indices. The 

glass fragment image can be adjusted by the phase contrast microscopy with respect to the 

glass refractive index measurement by adjusting it to give maximum contrast and hence 

providing a very sensitive mean for accurate match temperature determination. 

By monitoring the signal associated with a detection window, the GRIM3 identifies the 

match temperature automatically. The detection window is positioned on the edge of the glass 

fragment. On GRIM the edge that provides a very high contrast image as well as being free 

from dirt is considered suitable for measurement. The match point as the immersion oil is 

either heating or cooling is determined when a minimum contrast intensity signal is detected. 

From the average of the heating and cooling cycles, the match temperature is recorded. The 

match point temperature is converted to a refractive index after eliminating errors due to 

temperature lag using stored calibration data. 
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The figures below are glass fragments viewed with the GRIM3 that are immersed in silicone 

oil. The glass fragment below the match temperature is shown in figure 2.7 while the glass 

fragment below the match temperature is shown in figure 2.8 At match temperature as seen 

in figure 2.9 the fragment of glass disappears or is invisible on the screen. In figure 2.10, the 

glass fragment is above the match temperature. 

 
Figure 2.7: glass fragment below the match temperature in GRIM3 instrument.  

 
Figure 2.7: glass fragment at the match temperature in GRIM3 instrument.  

 
Figure 2.7: glass fragment above the match temperature in GRIM3 instrument.  
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A signal intensity trace in figure 2.11 seen with the GRIM3 is displayed on the right-hand 

side of the glass fragment analysed. The contrast of image with temperature is tracked by the 

trace. An edge contrast value also known as edge count is provided as a measure of the 

quality of the edge. 

 
Figure 2.11: the multi edge processing of fragments on GRIM3 instruments including the 

trace signal of the edge contrast and the edge count value with the match temperature. 

 

A well-shaped and strong minimum point on its trace is displayed from a sharp contrast edge 

of a glass fragment while a broad and shallow trace is displayed from a glass fragment with a 

low contrast edge reflecting the less well- defined match temperature. More than the edge 

counts, the trace provides a meaningful edge quality measurement. 

The detection windows can be adjusted in shape, size, and position by the operator. This is to 

avoid impurities, bubbles and allow the selection of a glass fragment with a good initial 

contrast to ensure maximum accuracy of the results. 

 

2.2.2 CALIBRATION OF OIL 

Before using the GRIM instrument to analyse experimental or casework samples of glass, the 

immersion oil needs to be calibrated. Locke scientific silicone oils were the silicone oils used 

for the analysis of glass fragments. The Locke scientific silicone oils need to be calibrated 

using Locke scientific reference glass standards. The reference glass standards have high RI 

uniformity for calibrating the silicone oil with values obtained being reliable to at least four 

decimal places. 
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The preferred mountant for refractive index measurements is Locke scientific silicone oil for 

the following reasons:  

a) The oil is very thermally stable and chemically inert. 

b) The sample observation is not hindered as the oil does not volatilise onto optical 

surfaces. 

c) To cover the RI ranges of interest, a selection of oils is available: 

i. Silicone oil A covers the high refractive index range and is calibrated with 

five scientific reference standard glasses ranging from A1 to A5. The type of 

glass that falls within this range includes lead glass. 

ii. Silicone oil B covers the refractive index range in the middle requiring 

twelve reference standard glasses ranging from B1 to B12 for calibration. 

Float glass and toughened glass fall within this range.  

iii. Silicone oil C covers low refractive index values. C1 and C2 are the 

reference standard glass used for the calibration. Test tubes and cookware 

composed of borosilicate glass are found within this range. 

For this research, a mixture of Locke scientific silicone oil C and Locke scientific oil B was 

prepared with a 49.997%46 and 50.003%,46 w/w respectively. The mixed oil was calibrated 

using the following Locke scientific reference standard glasses providing a calibration with 

R2 > 0.9999: 

a) B9 with n = 1.51034 

b) B10 with n = 1.50911 

c) B11 with n = 1.50508± 

d) B12 with n = 1.50187 

e) C1 with n = 1.48652 

These reference glasses have a refractive index range between 1.48652 and 1.51034. as the 

mixture of silicone oil is not commercially available, it was made manually for the 

experiment. The weight of the oils used to make the mixture were as follows: 

a) Locke scientific silicone oil B= 5.012 g 

b) Locke scientific silicone oil C= 5.007 g 

Each of the five glass standards were measured a minimum of three times for calibration and 

the mean match temperature was calculated.  
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There was good agreement between the calculated refractive index and the certified refractive 

index from the results as displayed in table 2.1 where the maximum difference between the 

two refractive indices was ± 0.00058 The level of experimental error with the results can be 

noted with this variation. 

Certified 

sample 

Certified 

RI 

Match 

Temperature 

(°C) 

Match Temperature (°C) 

 
Calculated 

RI 

T1 T2 T3 T4 T5 T6 Mean 

B9 1.51034 36.85 36.64 36.93 36.79 36.56 36.72 36.75 1.51048 

B10 1.50911 40.72 40.72 40.79 40.78 40.82 40.89 40.79 1.50964 

B11 1.50508 50.75 50.91 50.9 50.9 50.66 50.9 50.84 1.50566 

B12 1.50187 59.31 59.29 59.45 59.38 59.37 59.25 59.34 1.50226 

C1 1.48652 100.79 100.94 100.21 100.85 100.86 100.61 100.71 1.48648 

Table 2.1: calibration data for Locke scientific silicone oil BC/1 mixture. 

 

A calibration line was constructed for the Locke scientific silicone oil mixture by plotting a 

linear regression line of measured match temperature versus the certified refractive index 

values for the reference glass standards in figure 2.12.  Any subsequent RI analysis using this 

oil mixture could obtain the refractive index using the following calibration equation: 

RI = c + m x T 

Where c is the intercept of the graphical line at 0˚ C. 

m is the slope of the graph (in practice as the temperature (T) 

increases, the RI decreases so m is a negative number. 

T is the mean match temperature determined by the GRIM3 

instrument. 
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Here, the equation will be the following: 

RI = 1.5242 – 0.0004 x T 

The model above had an R2 value of 0.9998 indicating that 99.98% of the variation in the RI 

can be explained by the mean match temperature of the data. 

 

Figure 2.12: RI calibration line for the Locke scientific silicone oil BC/1 mixture. 

2.2.3 DAILY STANDARDS 

At ESR, as a part of the quality control procedure, the RI of a chosen glass standard must be 

measured by the analyst at the beginning of each day’s GRIM measurements. This 

measurement of refractive index is called the ‘daily standard’ and is used to monitor the 

GRIM3 instrument’s long-term stability. 

Before initiating casework, the daily standard refractive index must fall within three standard 

deviations (SD) of the glass standard’s known mean. If questioned later for example at court, 

this quality control protocol will provide the assurance that the instrument was working at the 

expected performance (25 on thesis). If something on the GRIM is not working, the analyst 

can detect this through a poor daily standard measurement (example: microscopic optics 

being dirty). 

Throughout the experimental period of this research two daily standards were measured at 

ESR. 
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a) B7 daily standard with a mean temperature of 78.49˚ C in the B204/1 oil with an 

acceptable match temperature range between78.09℃ and 79.66℃ with the RI 

between 1.49427 and 1.51498. 

b) A B11 daily standard with a mean temperature of 50.78℃ in the BC/1 oil mixture 

with an acceptable mean match temperature between 50.64℃ and 50.95℃ with the 

RI between 1.50544 and 1.556. 

All the measured daily standards results fell within the corresponding three SD limits. If the 

daily standard was to fall outside the acceptable interval the hot stage would need to be 

cleaned and then the daily standard would be re-measured until the refractive index 

measurement value fell within the interval. If the measurement continued to fall outside the 

interval, the manager of the instrument would need to check the instrument before any 

refractive index measurements could be performed (14 in thesis). 

The results of the daily standards were checked between the period 3rd March 2022 and 12th 

April 2022 for the B204/1 oil while the BC/1 oil daily standards were checked between the 

period 28th March 2022 and 12th April 2022 as shown in figure 2.13 and figure 2.14. The RI 

measurements for this research were conducted during this period. 

  

 

 

Figure 2.13: daily standard of B7 in Locke scientific silicone oil B204/1 from March 3rd, 

2022 to April 12th, 2022. 
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Figure 2.14: daily standard of B11 in Locke scientific silicone oil BC/1 from March 28th, 

2022 to April 12th, 2022. 

 

 

The daily standard measurements appeared to show a slight downward trend with time. To 

indicate the long-term stability of the GRIM3 instrument, a linear regression analysis was 

performed on the daily standard results. The linear regression analysis gives the daily 

standards a p-value of 0.1379 for the B204/1 oil and 0.1426 for the BC/1 oil. Based on the p-

value, the linear regression is not significant (> 0.05) at the 95% confidence. This means that 

there is no evidence for an upward or downward trend over the analysed period with time. 
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2.2.4 GLASS PREPARATION  

The PED glass available for analysis varied from having intact phone screens with little to no 

cracks, intact phone screens with damaged display screens of phones and fragments of glass 

from phone screens, some with accompanying information indicating the mobile phone brand 

and model and some with no model information. 

For this research, screen protectors or screen guards that did not come with phones were not 

used. The display screen of the phone that comes with the model will be used. The refractive 

indices of a total of 14 phones were measured. Before removing the PED, glass consideration 

was given to the following: 

a) Does the device have multiple layers of glass? 

b) Can the screens of the phone be safely removed? 

c) Was there sufficient glass present in the phone to test the variation of the refractive 

index across the screen? 

All the phones tested had a singular layer of glass and four out of the fourteen phones were 

able to have their screens safely removed by using the smartphone repair tool kit.  

The materials required to remove a phone screen were: 

i. Mini screwdrivers 

ii. Torx drivers (mini) 

iii. Plastic tweezers 

iv. Plastic wedges 

v. A plectrum or guitar pick 

 

The steps to remove a phone screen were: 

Step 1: Any rear cover and battery were removed. Any Torx or standard screws were 

identified. Most of the screws were either by the USB port or inside the battery cavity if the 

model was older with a removable battery. The phone was pried apart using levers and the 

plectrum. The screwdriver was used to unscrew any screws that could hinder the process of 

removing the screen. 
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Step 2: The phone was left in a warm place to help weaken the adhesive that attached the 

screen to the phone. Any ribbon cables attached were removed. The adhesive could also be 

softened using a heat gun. 

Step 3: Removing the screen from the adhesive was difficult if the adhesive had not softened. 

Prying it by pushing through the camera hole against the glass was a good place to start 

eventually resulting in the screen separating from the phone body. 

 

Once the screen was safely removed a ruler was used to make eight grids on the screen.  

These grids were removed by either cutting or scoring each grid line and then breaking along 

the line by hand. An extremely sharp pair of scissors were able to cut the screen as the glass 

is very thin. All the pieces of glass were placed in individual petri dishes and labelled with 

the type of phone brand and model along with the fragment number. For the phones that were 

not divided into grids, the glass fragments were placed in labelled petri dishes. 

 

1 2 3 4 

5 6 7 8 

Figure 2.15: diagrammatic representation of how the grids were labelled on a phone 

screen. 
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The phones having grids were the iPhone 5 (i), Nokia Lumia 520(i), Samsung galaxy note 

II and Samsung galaxy S III.  The following are the other ten phones used in the 

experiment: 

a) Blackberry 9800 

b) Huawei Y 

c) Huawei Y101 

d) iPhone 5 (ii) 

e) iPhone 8 

f) iPhone SE 

g) Nokia Lumia 520 (ii) and (iii) 

h) Samsung A30 and 

i) Samsung unknown model 

The refractive indices of glass from each grid was measured first.  The order of grids 

measured was randomised to have an unbiased result. Figure 2.16 and figure 2.17 give an 

understanding of how PED screen glass is analysed using GRIM3. Three glass fragments 

were analysed per grid or per phone for those that did not have a grid and each fragment took 

a minimum of three readings. All the glass required for the experiment were placed in 

separate petri dishes and labelled. 
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Figure 2.17: diagrammatic 

representation of analysis of RI 

phone screens that did not have a 

grid on the GRIM3 instrument. 

 

Figure 2.16: diagrammatic 

representation of analysis of RI 

per grid on the GRIM3 instrument. 

Where G = grid, F= fragment 

 

RI reading 
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2.3 LASER INDUCED BREAKDOWN SPECTROSCOPY 

 

Figure 2.18: J200 Laser Induced Breakdown Spectroscopy (LIBS) instrument. 

2.3.1 PRINCIPLE OF LIBS 

A laser pulse that is highly focused and intense is fired at a sample creating a small plume of 

plasma which consists of atoms and ions that are electronically excited. Characteristic 

wavelengths of light are emitted as these atoms go back to their ground state. The lens or an 

optic fibre system in the instrument picks up the emitted light and is focussed onto a detector 

such as a charge coupled device (CCD). The emitted light spectrum is analysed for the 

presence of atomic emission lines to indicate what elements are present. 

Some of the key features on the J200 LIBS instrument are the full system automation gearing 

towards setting up effective and efficient laser sampling protocols. For high precision in the 

LIBS measurement, an auto sample height control is present along with a laser energy 

stabilisation shutter for the stable delivery of laser energy. The laser spot size can be 

controlled down to a sub-10-micron range and the LIBS chamber can be purged with helium 

or argon using the purge gas control to improve the sensitivity of the detection. Some other 

features of the J200 LIBS are as follows: 

a) It has a broad CCD and high performance ICCD detector. 

b) It has a powerful LIBS spectra analysis tool and built-in calibration models. 

c) Samples can be classified using PCA and PLS-DA. 

d) The instrument has a high resolution 2D/3D elemental mapping software. 
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e) It has low maintenance costs. 

To use the instrument, the water level must always be checked every fortnight. When using 

the instrument frequently or every day, the water level must be checked every week. The 

water here is used to cool the laser in the instrument. 

2.3.2 WARMING UP THE LASER 

Prior to analysing any sample, the laser coolant temperature must be greater than 30℃. The 

laser was warmed up by ensuring a sample was in focus and then firing the last a number of 

times at 0% power. As warm up shots do not ablate the surface of the sample, any glass 

sample can be used. Throughout this research the NIST 1831 standard was used. Once the 

sample was focussed, the following steps were taken: 54 

a) On the right-hand side of the screen select the components box and click on the laser/ 

spectrometer tab. 

i. Spectrometer delay = 1 µsec. 

ii. Ticks accumulate data. 

iii.  Output level = 0%. 

iv. Warmup shots = 20. 

v. Tick warm up shots ablate sample. 

vi. Check the coolant by clicking on the ‘off’ of query temps.  

b) On the top row ensure that ‘fire in place’ was selected.  

c) On the right- hand side of the ‘fire in place’ button, ensure that Spot size = 100 µm. 

the spot size must be the same size as the one on the laser settings. 

d) Open the laser settings. The symbol is a yellow triangle with a laser written on top of 

the triangle. 

i. Laser repetition rate = 10 Hz. 

ii. Spot size = 100 µm. 

iii. Number of shots = 10,000. 

iv. Array completion time (s)= 0. Press enter. 

v. Pre-ablation time (s) = 0. Press enter.  

Note: the array completion time and the pre-ablation time recalculates the analysis 

time if any factors are changed. 

e) Press the ‘Fire laser’ button which is on the left-hand side of the ‘fire in place button’. 
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The software will prompt to save after the 10,000 warm up shots. There is no reason to save 

this file, so press ‘cancel’. By pressing the ‘off’ under ‘query temp check’ the coolant 

temperature was displayed. Prior to any analysis of samples, this temperature should be 

greater than 30℃. If the temperature was less than 30℃, the instrument required more warm 

up shots. If the temperature was greater than 38℃, the analysis was paused for around 10 to 

15 minutes to allow the temperature to slightly decrease. The analysis was resumed once the 

temperature was less than 38℃. 

2.3.3 DAILY STANDARD 

 As a part of the quality control procedure at ESR, a NIST 1831 glass standard was measured 

by the analyst at the beginning of each day’s LIBS measurements. Just as for the refractive 

index measurements, this measurement was called the ‘daily standard’ and is used to monitor 

the J200 LIBS instrument’s long-term stability. 

For the daily standard, the standard glass sample was analysed in one spot. Once the sample 

was loaded and was in focus, the sample was measured. For glass samples, the following 

settings were recommended: 54 

a) For the daily standard, a single run with four spots was sufficient. To set up a pattern 

of spots to be measured: 

i. Click the top left corner spot to be measured. 

ii. Click the bottom right corner spot to be measured. 

iii. Under the operations tab, change the values to 2 x 2 at the number of 

points to be measured. 

iv. Select the button with a grid of dots under the same operations tab. 

b) Select the components box and click on the laser/ spectrometer tab. 

i. Spectrometer delay = 1 µsec. 

ii. Ticks accumulate data. 

iii.  Output level = 35%. 

iv. Warmup shots = 20. 

v. Tick warm up shots ablate sample. 

vi. Check the coolant by clicking on the ‘off’ of query temps.  

vii. Turn on the argon bottle. 

viii. Make sure the ‘set gas in’ was argon and the ‘gas set point = 1L/m. 

c) On the top row ensure that ‘fire in place’ was selected. 
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d) On the right- hand side of the ‘fire in place’ button, ensure that Spot size = 100 µm. 

the spot size must be the same size as the one on the laser settings. 

e) Open the laser settings. The symbol is a yellow triangle with a laser written on top of 

the triangle. 

i. Laser repetition rate = 10 Hz. 

ii. Spot size = 100 µm. 

iii. Number of shots = 100. 

iv. Array completion time (s)= 0. Press enter. 

v. Pre-ablation time (s) = 0. Press enter. 

f) In front of the jet stream unit turn the Hepa filter ‘on’ using the on/off toggle switch. 

g)  Press the ‘Fire laser’ button which is on the left-hand side of the ‘fire in place 

button’. 

h) Press the ‘zoom reset’ when the spectrograph window appears once the data of the 

required size intensity was acquired. 

i) At the end of the data collection, a save window will appear. Name and save the file 

to the appropriate location. 

j) To remove the analysis spot, go to the operation tab and click on the grid of dots with 

the red X. 

2.3.4 PERFORMANCE CHECK 

Once the file was saved, the Aurora software was used to view the spectra. Refer to the ‘data 

processing’ section. A wavelength check was carried out using the following process: 54 

a) On the ‘peak ID’ tab, zoom in on the peak that was at approximately 616.2 nm. 

b) Select the ‘move’ cursor and move the cursor on to the peak. 

c) Take note of the wavelength of the peak. 

d) Search the database for a peak at the current position is clicked.  The symbol is a 

perpendicular line with an arrow on either side of the line. 

e) In the table on the right-hand side, view the peak matches. 

f) The peak should match to a calcium peak at 616.216 nm. 

g) Take note of the calculated tolerance. 

h) 0.08 nm is the recommended instrument criteria for tolerance. The calculated 

tolerance must be less than 0.08 nm. 

A sensitivity check was carried out after taking note of the calcium peak. 
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a) The peak at approximately 460.7 nm was zoomed in on using the ‘peak ID’ tab. 

b) Like the calcium peak, check the wavelength was for a strontium peak. The peak 

selected should give a library match to strontium at 460.733 nm. 

c) Take note of the peak height shown in a table on the right-hand side of the screen. 

d) Estimate the baseline noise in this region. This can be done by calculating the 

difference between the maximum height and the minimum height of the baseline 

adjacent to the strontium peak. 

e) If the height of the strontium peak is greater than three times the noise estimate, it 

meets the acceptance criteria. 

 

The peaks regularly observed in soda-lime glass samples frequently analysed at ESR are 

shown in table 2.2.  

Elements  Al  Al  Ba  Ca  Ca  Fe  

Wavelength 

(nm)  

309 394 493 534 643 373 

Elements  K  Na  Na  Si  Sr  Sr  

Wavelength 

(nm)  

766 818 330 288 407 460 

Table 2.2: elements regularly found in soda-lime glass. 

The aim was to identify the elements commonly found in mobile phone screens and whether 

any peaks could be used to distinguish between mobile phone glass and other glass types. 
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 2.3.5 GLASS PREPARATION 

While refractive index measurement just required a small fragment of glass for analysis, 

Laser Induced Breakdown Spectroscopy required larger pieces of glass. A minimum spot 

size of 100 μm was required for the analysis to take place. Any mobile phone screens that 

did not fit these criteria were discarded resulting in 13 phone screens available for analysis. 

Like the RI measurements, it was necessary to check if the elemental compositions of the 

mobile phone screens were uniform or if there was any significant change in the composition 

across a screen. To do this, the same four phones: iPhone 5 (i), Nokia Lumia 520(i), 

Samsung galaxy note II and Samsung galaxy S III were used to determine the variation 

across each screen. The other screens used for analysis were: 

a) Blackberry 9800 

b) HTC 

c) Huawei Y 

d) Huawei Y101 

e) iPhone 5 (ii) 

f) iPhone 8 

g) iPhone SE 

h) Samsung A30 and 

i) Samsung unknown model 

As the samples used for this analysis were very thin it was not possible to collect 100 shots 

at 100 μm, as this number of shots completely penetrated the glass. Therefore, the number of 

shots was reduced by half and only 50 shots were collected.  All the other parameters 

remained the same as for larger glass samples. The samples were tested in a random order to 

gain an unbiased result with three replicates per sample. Once the files were saved for 

analysis, the spots of each sample were accumulated and go further for analysing. 
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2.3.7 DATA PROCESSING 

To load files in the Aurora software (version 18), on the top left-hand side of the screen, 

select the yellow folder under load/view spectra tab load files. 

The following steps were taken to accumulate multiple locations/spots in a spectrum: 

a) In the Aurora software, select file from the file options. 

b) Load the spectra. 

c) Under the choose operation, select ‘accumulate all locations. 

d) Select the following variables: 

i. Total spectra/file = 4. 

ii. Spectra per location = 4. 

iii. Spectra start location = 1. 

iv. Spectra end location = 4. 

e) Select ‘run’. 

f) The accumulated file is saved as ‘filename_Acc.tdms’ automatically and can be used 

for further inspection once loaded. 

Once the data is accumulated, click on the ‘select peaks’ tab to analyse the data and label the 

peaks. 
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RESULTS 
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3.1 GLASS TRANSFER FROM MOBILE PHONE TO CLOTHING POCKETS 

As the transfer experiment takes the most amount of time this was performed first. For the 

experiment to take place the wearer of the clothing took note of the activities they did during 

the experiment. 

a) Starting the timer as soon as the phones were placed in each of the pockets. 

b) Walking towards the train station, travelling by train, walking to the bus stop to catch 

the bus, and then walking to their workplace. 

c) On certain occasions, they chose to walk from the train station to their workplace 

which is around 1.6 km in distance with uphill. 

d) Most of the work they do was a desk-based job with the occasional moving around to 

organise. 

e) Take the same route back home. 

f) On the days they worked from home, they exercised while wearing the clothing, went 

on walks and occasionally hiked. 

g) Once the timer goes off, the phones are removed from the pockets immediately. 

h) The phones were placed in their respective zip lock bags  

i) The clothing had the pockets taped to prevent losing glass fragments and were placed 

in their respective bags. 
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There were two hypotheses being studied during these experiments. 

a) The number of fragments of glass in the pockets would increase with the increased 

duration of the time.  

b) The pocket of the jeans would have more glass fragments overall in its pocket 

compared to the pockets of the jacket as the tightness of jeans could create friction 

leading to further damage to the phone creating more glass fragments. 

Something to note before observing the results is the order at which the experiments were 

conducted. The first set of experiments done on the jacket was performed using phone A 

(one with least cracks) for all the time intervals and the jacket contained phone B (one with 

the most cracks) for all the time intervals. Once this set of experiments were completed the 

mobile phones were switched between the clothing and went about the experiment for the 

time intervals required.  

From table 3.1, it is observed that the number of glass fragments found in the pocket of 

clothing increased as the duration of time increased. Overall, the number of glass fragments 

found in the pocket of the jacket (249 fragments) was more than the pocket of the jeans (195 

fragments).  

While there was an increase in fragment number in the jacket pocket with time, the range 

number is consistent throughout the experiment while there is a prominent increase in 

fragment number in the jean pocket with increase in time.  
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Clothing  Phone  
Number of 

fragments after 8 hrs 

Number of 

fragments after 4 

hrs 

Number of 

fragments after 2 

hrs 

Number of 

fragments 

after 1 hr 

Jacket 

pocket 

A 2 18 9 24 17 21 5 4 4  

B 20 11 16 25 21 16 6 7 7 4 4 

Jean 

pocket 

A 13 8 2 8 8 6 3 4 3 4 3 

B 24 16 27 28 15 9 0 4 3  

Table 3.1: number of glass fragments found in the pockets of jacket and jeans when phone 
A and phone B were present over different intervals of time. 

 

 

From figure 3.1 and 3.2 the number of glass fragments found decreased with the decrease in 

the duration of time the phone sat in the individual’s pocket. If both the clothing has the same 

type of phone (for example Phone A with least number of cracks on the screen) for the same 

duration of time, there is a constant decrease of fragments at the time it remains in the pocket. 

One of the advantages of collecting fragments this way was that the only way glass can be 

lost is by turning the pocket inside-out. 
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Figure 3.1: number of glass fragments found in the pocket of jacket and jeans when phone 
A was present over different intervals of time. 

  

Figure 3.2: number of glass fragments found in the pocket of jacket and jeans when phone 
B was present over different intervals of time. 
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Table 3.2 and table 3.3 shows the number of glass fragments found in the pockets of jacket 

and jeans and the size range of the fragments. The fragments of glass were measured using a 

vernier caliper. With respect to the size of the glass fragments were categorised in the 

following ranges: a) 0.0 – 0.1 mm, b) 0.1 – 0.2 mm, c) 0.2 – 0.3 mm, d) 0.3 – 0.4 mm, e) 0.4 

– 0.5 mm, f) 0.5 – 1.0 mm, and g) > 1.0 mm. 

 

Jacket 
pocket 

 

Phone Time 
(hr) 

Size (mm) 
0.0 – 
0.1 

0.1 – 
0.2 

0.2 – 
0.3 

0.3 – 
0.4 

0.4 – 
0.5 

0.5 - 
1.0 > 1.0 

A 

8 
 1 1     
7 5 5  1   
6 2  1    

4 
 3 4 5 4 7 1 
 8 1 4 2 2  
1 5 7 7  1  

2 
1 3 1     
2 2      
1 1 2     

B 

8 
 5 8  2 5  
1 5 3   2  
 2 4 4 3 3  

4 
5 10 3 5  2  
 12 5 1 1  2 
1 8 3  2 2  

2 
 2 2 1 1   
6  1     
 3 2 1  1  

 

Table 3.2: size of glass fragments found in pockets of jacket from phone A and phone B 
over different intervals of time. 
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Jean 
pocket 

 

Phone Time 
(hr) 

Size (mm) 
0.0 – 
0.1 

0.1 – 
0.2 

0.2 – 
0.3 

0.3 – 
0.4 

0.4 – 
0.5 

0.5 - 
1.0 > 1.0 

A 

8 
1 3 5  3 1  
2 1 3 1 1   
 2      

4 
 2 4 1 1   
  7 1    
   6    

2 
 1 1 1    
 2 2     
 1 2     

B 

8 
2 5 4 2 3 7 1 
3 5 2 2 1 2 1 
2 5 3 2 3 2  

4 
4 15 3 1 2 3  
3 5 3 1  1 2 
3 1 5     

2 
       
1 3      
  2 1    

 

Table 3.3: size of glass fragments found in pockets of jacket from phone A and phone B 
over different intervals of time. 

 

As the experiments progressed over time the size of glass fragments was below 0.5 mm in 

size to a point where most of the fragments found were less than 0.1 mm in size making it 

hard to visually distinguish between glass and debris. In jacket pockets shown in figure 3.3 

and figure 3.4 where the greatest number of fragments found fall in the size range of 0.1 – 

0.2 mm (77 fragments) the mean number of glass fragments found throughout different time 

intervals was 5 fragments.  
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Figure 3.3: mean number of glass fragments found in different ranges of size in the pocket 

of jacket from phone A throughout the experiment. 

 

Figure 3.4: mean number of glass fragments found in different ranges of size in the pocket 

of jacket from phone B throughout the experiment. 
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In the pockets of jeans from figure 3.5 an figure 3.6 the greatest number of fragments were 

found in the size range of 0.1 – 0.2 mm with a mean of 4 fragments. 

 

Figure 3.5: mean number of glass fragments found in different ranges of size in the pocket 
of jeans from phone A throughout the experiment. 

 

Figure 3.6: mean number of glass fragments found in different ranges of size in the pocket 
of jeans from phone A throughout the experiment. 
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3.2 REFRACTIVE INDEX MEASUREMENT 

Table 3.4 shows the mean refractive index (RI) and mean standard deviation (SD) of each 

fragment tested across the screens of iPhone 5, Nokia Lumia 520, Samsung Galaxy note II, 

and Samsung Galaxy S III along the overall mean of the RI and SD of the four phone screens. 

Across the screen, there aren’t any significant differences in the refractive index, each having 

a low standard deviation indicating that the RI values are closer to the mean. 

Grid 
no./ 

phone 

iPhone 5 (i) Nokia Lumia 520 
(i) 

Samsung Galaxy 
note II 

Samsung Galaxy 
S III 

RI SD RI SD RI SD RI SD 
G1 1.50896 0.00004 1.50168 0.00003 1.50081 0.00006 1.50082 0.00006 
G2 1.50896 0.00008 1.50164 0.00009 1.50082 0.00004 1.50092 0.00004 
G3 1.50895 0.00011 1.50164 0.00025 1.50089 0.00004 1.50085 0.00010 
G4 1.50895 0.00009 1.50164 0.00007 1.50085 0.00008 1.50076 0.00013 

G5 1.50892 0.00007 1.50161 0.00009 1.50082 0.00009 1.50079 0.00008 
G6 1.50896 0.00011 1.50163 0.00009 1.50087 0.00006 1.50083 0.00005 
G7 1.50895 0.00004 1.50169 0.00008 1.50080 0.00008 1.50079 0.00007 
G8 1.50896 0.00007 1.50169 0.00005 1.50083 0.00007 1.50081 0.00010 

Mean  1.50895 0.00008 1.50165 0.00009 1.50084 0.00007 1.50082 0.00008 
 

Table 3.4: mean refractive index of iPhone 5 (i), Nokia Lumia 520 (i), Samsung Galaxy 
Note II and Samsung Galaxy S III mobile across the screen along with their mean 
standard deviation; the overall mean RI and SD of the four phone screens. 

 

Phone’s brand 
and model 

Mean 
% RSD 

RI SD 
iPhone 5 (i) 1.50985 0.00008 0.00530 

Nokia Lumia 520 
(i) 1.50165 0.00009 0.00599 

Samsung Galaxy 
Note II 1.50084 0.00007 0.00466 

Samsung Galaxy 
S III 1.50082 0.00008 0.00533 

 

Table 3.5: mean refractive index and mean standard deviation of four different phone 

screens. 



 76 

Figure 3.7 and figure 3.8 represents the refractive index across all the four phone screens 

tested. 

 

Figure 3.7: mean refractive index (RI) across the mobile phone screen of iPhone 5(i), 
Nokia Lumia 520 (i), Samsung Galaxy note II and Samsung Galaxy S III with the mean 
standard deviation (SD) for each grid. 

 

Once it was identified that there was no significant difference in the RI the refractive index 

measurements were conducted for the rest of the mobile phone screens. The test for the rest 

of the phones was irrespective of the position of glass on the screen. Table 3.6 shows the 

mean refractive index of the phone screens along with their respective standard deviations. 
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Phone’s brand and model 
Mean 

% RSD 
RI SD 

Blackberry 1.51040 0.00003 0.00199 

HTC 1.50523 0.00026 0.01727 

Huawei Ascend Y 1.51816 0.00006 0.00395 

Huawei Ascend Y 101 1.51814 0.00005 0.00329 

iPhone 5 (ii) 1.50466 0.00008 0.00532 

iPhone 8 1.50156 0.00021 0.01399 

iPhone SE 1.50486 0.00003 0.00199 

Nokia Lumia 520 (ii) 1.50196 0.00011 0.00732 

Nokia Lumia 520 (iii) 1.49636 0.00005 0.00334 

Samsung A30 1.51028 0.00007 0.00463 

Samsung Unknown 1.50070 0.00008 0.00533 

 

Table 3.6: mean refractive index and mean standard deviation of different phone screens. 
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Figure 3.8: mean refractive index (RI) different mobile phone screens with the mean 

standard deviation (SD) for each grid. 

 

Figures 3.9 show the distribution of mobile phone brands across different refractive indices. 

Some things to note in the figures are the following: 

a) The three Nokia Lumia 520 tested had three different RI values despite being 

manufactured in the same period with a difference of 0.00560 between the highest and 

the lowest RI of Lumia. 

b) The two iPhone 5 screens also had two different RI values with a RI difference of 

0.00519. 

 



 79 

 

Figure 3.9: distribution of phone brands and models across different refractive index and 

their standard error.  

An easier way to distinguish mobile phone screens is by starting with the mobile brand and 

moving further from there. Figure 3.10 represents the mean RI of six phone brands tested 

during this research. This sample size does not account for all the phone brands and models 

that come under it used around the world.  

 

Figure 3.10:  refractive index distribution across different phone brands. 
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3.3 ELEMENTAL COMPOSITION 

Table 3.7 represents the recommended peaks for regular glass identification using the laser 

induced breakdown spectroscopy (LIBS) used at ESR. The glass mentioned in these 

compositions does not include the mobile phone screen glass. 

 

Element  Aluminium  Barium  Calcium  Iron  Potassium  Sodium  Silica   Strontium 

Chemical 

formula 
Al  Al  Ba  Ca  Ca  Fe  K  Na  Na  Si  Sr  Sr  

Wavelength 

(nm) 
309 394 493 534 643 373 766 818 330 288 407 460 

  

Table 3.7: elements recommended for identification of regular glass using laser induced 

breakdown spectroscopy (LIBS) and their wavelength. 

 

Figures 3.11 to figure 3.22 show the spectrum of different phone brands and models that 

were analysed. While most of the phones tested had very distinct peaks in its spectrum, some 

phones have several peaks (including argon peaks).  
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Figure 3.11: spectrum of Blackberry 9800 phone screen from laser induced breakdown 

spectroscopy (LIBS). 

 

Figure 3.12: spectrum of HTC phone screen from laser induced breakdown spectroscopy 

(LIBS). 

 

Figure 3.13: spectrum of Huawei Y phone screen from laser induced breakdown 

spectroscopy (LIBS). 
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Figure 3.14: spectrum of Huawei Y 101 phone screen from laser induced breakdown 

spectroscopy (LIBS). 

 

Figure 3.15: spectrum of iPhone 5 (i) phone screen from laser induced breakdown 

spectroscopy (LIBS). 

 

Figure3.16: spectrum of iPhone 5 (ii) phone screen from laser induced breakdown 

spectroscopy (LIBS). 
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Figure 3.17: spectrum of iPhone 8 phone screen from laser induced breakdown 

spectroscopy (LIBS). 

 

 

Figure 3.18: spectrum of iPhone SE phone screen from laser induced breakdown 

spectroscopy (LIBS). 

 

Figure 3.19: spectrum of Samsung A30 phone screen from laser induced breakdown 

spectroscopy (LIBS). 
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Figure 3.20: spectrum of Samsung Galaxy Note II phone screen from laser induced 

breakdown spectroscopy (LIBS). 

 

Figure 3.21: spectrum of Samsung Galaxy S III phone screen from laser induced 

breakdown spectroscopy (LIBS). 

 

Figure 3.22: spectrum of Samsung unknown phone screen from laser induced breakdown 

spectroscopy (LIBS). 
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3.31 LABELLING ELEMENTS TO THE SAMPLE SPECTRA 

All the figures described below are in section  are To identify the elemental composition of 

the mobile phone screen glass, the recommended elemental peaks were overlaid over the 

combined spectra of the screens Figure 3.23 represents the combined mobile phone screen 

glass spectra and figure 3.24 shows the elements usually found in glass caseworks.  

From figure 3.24 it is evident that there are several distinct peaks in a screen glass that can be 

used to distinguish casework glass from mobile phone screen glass. During the LIBS analysis 

of mobile phone glass, distinct peaks were identified and labelled under the ‘peak ID’ tab. 

Element Aluminium  Calcium  Potassium  Magnesium  Sodium  Silica  

Chemical 

formula 
Al  Al  Ca  K  Mg Na  Na  Na  Si  Si  

Wavelength 

(nm) 
309 394 422 766 265 588 589 818 288 390 

Table 3.8: elements found in mobile phone glass using the laser induced breakdown 

spectroscopy (LIBS) and the wavelength of the element it is found in the spectra. 

Aurora software (version 18). Figure 3.25 shows the elements that are not usually used in 

elemental analysis for glass caseworks but are found in phone screen glass. Table 3.8 and 

figure 3.25 lists these elements along with their corresponding wavelengths. 

The commonly found elements in all the phone screen analyses are shown in table 3.9 and 

figure 3.26. Some things to note is that the elements from table 3.9 are not completely 

unique to mobile phone display screens. Some of the elements are seen in regular glass cases 

but not as intense as seen in phone glass as shown in figure 3.27. 

 



 86 

Once the elements present on phone screens were identified, the elemental composition of 

each phone model and brand was analysed and compared to distinguish between different 

phone brands. There were three brands of phones in the experiment that had more than one 

model: a) Huawei (Y and Y 101), b) iPhone (5 (i), (ii), 8 and SE) and c) Samsung (A30, 

galaxy note II and Galaxy S III). The compositions of the phone scareens are shown in the 

spectra of figure 3.28, figure 3.29, figure 3.30, and figure 3.31 respectively. 

Element Chemical formula Wavelength (nm) 

Calcium  Ca  616 

Lithium  Ca  422 

Magnesium  Li  610 

Manganese Li  670 

Sodium  Mg  265 

Scandium  Mg  383 

Silica  Mg  516 

Zinc  Mg  518 

 

Table 3.9: commonly found elements in thirteen mobile phone brands and models screen 

glass from laser induced breakdown spectroscopy (LIBS). 

Once the elemental composition for the three brands was completed, the elemental 

composition of Blackberry, HTC, and Nokia Lumia phone screens were analysed. Table 3.10 

organised the elemental composition of eight phone brands with the red numbers indicating 

the peaks with very high intensities that can be used to distinguish between phone brands. 

Take note that this research did not include all the brands and models used in the world and 

that these are only a selected few. 
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Elements Wavelength 
(nm) iPhone Samsung Huawei 

Nokia 
Lumia 

520 
HTC Blackberry 

Mg 265 265 265 265 265 265 265 
Si 288 288 288 288 288 288 288 
Al 309 309 309 309 309 309 309 
Na 330 330 330 330  330  
Mg 383 383  383 383  383 
Si 390 390 390 390 390 390 390 
Al 394 394 394 394 394 394 394 
Sr 407   407   407 
Ca 422 422 422 422 422 422 422 
Sr 460   460   460 
Zn 472   293   472 
Sc 474      474 
Mn 478      478 
Ba 493      493 
Mg 516 516 516 516 516  516 
Mg 518 518 518 518 518  518 
Ca 534   534   534 
Na 588 588 588 588 588 588 588 
Na 589 589 589 589 589 589 589 
Li 610 610  610  610 610 
Ca 616 616  616 616  616 
Ca 643 643  643 643  643 
Li 670 670  670 670 670 670 
K 766 766 766 766 756 756 766 
Na 818 818 818 818 818 818 818 

Table 3.10: elemental composition of six mobile phone brand display screens from LIBS. 

The red coloured numbers represent peaks with strong intensity. 
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Once the glass is identified to be one of the phone brands with different models, the analysis 

can go through based on the model to distinguish amongst themselves. Figure 3.34.1 and 

figure 3.34.2 show the two iPhone5 analysed through LIBS. The iPhone 5 was overlaid in 

figure 3.35 as the composition of the models are the same. While they can have two different 

refractive indices, the display screens are made with the same composition. Figure 3.36 and 

figure 3.37 represent the spectrum on iPhone 8 and iPhone SE respectively with their 

elemental analysis. 

Table 3.11 shows the elements that can be used to identify different iPhone models amongst 

each other. There are a few elements that stand out in one model more than the other. 

Similarly, all the Samsung models had each of their spectra labelled and elements that stand 

out in each model were noted. Figure 3.38, figure 3.39, figure 3.40, and figure 3.41 show 

the spectra of the four Samsung models that were analysed during this research and table 

3.12 show the elements that could be used to distinguish amongst Samsung models. 
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Element Wavelength(nm) 
iPhone 

5 

iPhone 

8 

iPhone 

SE  

Mg  265  O O 

Si  288   O 

Al  309   O 

Na  330    

Mg  383 O  O 

Si  390 O  O 

Al  394 O O O 

Ca  422 O  O 

Mg  516 O  O 

Mg  518 O  O 

Ca  534    

Na  588 O O O 

Na  589 O O O 

Li  610  O O 

Ca  616 O O O 

Ca  643    

Li  670 O O  

K  766 O O O 

Na  818 O O O 

Table 3.11: elemental composition of different iPhone models with ‘o’ representing the 

element with high intensity. 
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Elements 
Wavelength 

(nm) 
A30 

Galaxy 

note II 

Galaxy 

S III 
Unknown 

Mg 265     

Si 288     

Al 309     

Na 330     

Mg 383   O  

Si 390 O O O O 

Al 394 O O O O 

Sr 407   O  

Ca 422  O O  

Zn 472 X  X O X 

Sc 474 X X O X 

Mn 478 X X O X 

Ba 493 X X O X 

Mg 516   O  

Mg 518   O  

Na 588 O O O O 

Na 589 O O O O 

K 766 O O  O 

Na 818 O O  O 

Table 3.12: elemental composition of different Samsung models with ‘o’ representing the 

element with high intensity. 
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Observations from table 3.12 include: 

a) The Samsung Galaxy S III contained four elements Zn (472 nm), Sc (474 nm), Mn 

(478 nm) and Ba (493 nm) which were not present in the other three models of 

Samsung studied making it unique to the model helping easy identification of this 

model. 

b) The Samsung A30 and the unknown Samsung model had similar peaks that have 

around the same intensity asking the question: ‘could the two models have the same 

glass’ the answer to this question lies in the refractive index found during the 

experiment.  

i. The RI of Samsung A30 was 1.51028 and 

ii. The unknown RI of Samsung was 1.50070. 

Looking at the two RI values, we can tell that the two models are not the same. 
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Element Wavelength(nm) 
Y 

101 

Mg 265  

Si 288  

Al 309  

Na 330  

Mg 383 O 

Si 390 O 

Al 394 O 

Sr 407  

Ca 422 O 

Sr 460 O 

Zn 472  

Mg 516  

Mg 518  

Ca 534  

Na 588  

Na 589  

Li 610 O 

Ca 616 O 

Ca 643  

Li 670  

K 766  

Na 818 O 

Table 3.13: elemental composition of different Huawei Y 101 with ‘o’ representing the 

element with high intensity. 
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Table 3.13 shows the elemental composition of Huawei Y 101. From the figure (Huawei 

combined), it is seen that the two Huawei models overlay one on top of the other perfectly. 

The difference is seen in the intensity of certain elements in the Huawei Y 101 and this 

intensity difference could play a role in identifying between the two phones. If it still isn’t 

clear, we can use the glass to measure the refractive index to distinguish between the two 

phone models. 
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Figure 3.23: combined spectra of thirteen mobile phone screens from the laser induced breakdown spectroscopy (LIBS). 

 
Figure 3.24: combined spectra of thirteen mobile phone screens with commonly found elements in glass caseworks labelled from the laser 

induced breakdown spectroscopy (LIBS). 
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Figure 3.25: elements present in mobile phone screens that are not usually used in the elemental composition of glass in caseworks from the 

laser induced breakdown spectroscopy (LIBS). 

 
Figure 3.26: commonly found elements in thirteen mobile phone brands and models screen glass spectra from laser induced breakdown 

spectroscopy (LIBS). 
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Figure 3.27: mobile phone screen elemental composition overlayed on glass spectrum from casework in laser induced breakdown 

spectroscopy (LIBS). 

 
Figure 3.28: the elemental composition of Huawei phone screen on the LIBS spectra. 

 



 97 

 
Figure 3.29: the elemental composition of iPhone phone screen on the LIBS spectra. 

 

 
Figure 3.30: the elemental composition of Samsung phone screen on the LIBS spectra. 
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Figure 3.31: the elemental composition of Blackberry screen on the LIBS spectra. 

 

 
Figure 3.32: the elemental composition of HTC screen on the LIBS spectra. 
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Figure 3.33: the elemental composition of Nokia Lumia 520 screen on the LIBS spectra. 

 

 
Figure 3.34.1: the elemental composition of iPhone 5 (i) and iPhone 5 (ii) screen on the LIBS spectra. 
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Figure 3.34.2: the elemental composition of iPhone 5 (ii) screen on the LIBS spectra. 

 
Figure 3.35: the elemental composition of iPhone 5 screen on the LIBS spectra. 
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Figure3.36: the elemental composition of iPhone 8 screen on the LIBS spectra. 

 
Figure 3.37: the elemental composition of iPhone SE screen on the LIBS spectra. 
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Figure 3.38: the elemental composition of Samsung unknown screen on the LIBS spectra. 

 
Figure 3.39: the elemental composition of Samsung A30 screen on the LIBS spectra. 
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Figure 3.40: the elemental composition of Samsung Galaxy Note II screen on the LIBS spectra. 

 
Figure 3.41: the elemental composition of Samsung Galaxy S III screen on the LIBS spectra. 
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In the opinion of the author, every individual has a portable electronic device in the 21st 

century. Some have at least one while some corporate companies carry two or more for the 

sake of convenience. With the number of PEDs increasing the source of glass on displays 

increase as well. Not everyone in the world has a disposable income to replace a phone every 

time there is a crack or some form of damage on the screen. PEDs are made in such a way 

that it can function despite damage caused to the display. If a phone with a damaged screen 

whether small or big is in the pocket of any clothing, there is the possibility of glass being 

transferred to the pocket and remaining there until it is physically removed. Therefore, 

mobile phone display screens must be considered as a potential source of background glass. 

In previous studies examining background glass on clothing, mobile phones were not 

considered as a potential source of glass due to their large size (i.e., would not fit in pockets) 

and small screens (figure). 

 

 

Figure 4.1: evolution of early telephone to smartphone timeline.55 

With the introduction to smartphones and the increase in glass display size, there is the need 

to study mobile screens as a probable source of glass fragments on clothing. Phones are 

usually placed in bags or pockets of clothing and if someone is holding onto it the phone is 

currently being used or they have no means of keeping them anywhere. Glass transfer to bags 

and clothing pockets are ideal places to guarantee finding glass fragments as the only way to 

lose these fragments is to turn the bag or pocket inside out.  
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For example, if an object is dropped on individual sheets of glass or the phone with a display 

screen is dropped the glass will not break in the same way and give the same number of 

fragments. This is because glass is an amorphous solid i.e., the arrangement of atoms in glass 

is random. While materials used to make glass are crystalline solids, the glass is brought to a 

liquid state and undergoes rapid solidification giving it an amorphous solid state as shown in 

figure. 

 

Figure 4.2: atomic structure of glass.56 

 

Calcite, a true crystalline solid break along its crystal plane. It will always break along its 

crystal plane no matter how hard you break it or where you break it.  Glass breaks in what 

can be called ‘chaotically’. This means even a minute change in the way the glass is hit can 

give rise to an unpredictable way it breaks. The same is valid when an assailant breaks a glass 

window for example. Breaking the glass in a similar action and at an accurate point would 

still give two different results. 

 



 
 

 

107 

A large sample size of replicates gives a more accurate value of mean and a smaller margin 

of error. The number of fragments found for most of the time intervals were different from 

one another. While the experiment did not involve breaking the display screen the conditions 

of the experiment were not specific. The activities were not standard throughout the 

experiment.  

On some days the movement was intensive while other days were more relaxed. All the 

experiments took place over different venues and were not constant (workplace, university, 

home, and occasional hiking paths) where weather was unpredictable. On the days where the 

wearer was active, more fragments were found transferred to the clothing.  As mentioned just 

like minute changes in breaking glass, minute changes in movement can increase or decrease 

the number of glass fragments transferred. The greater the damage on the screen gave rise to 

a greater number of fragments transferred compared to the screen with the least amount of 

damage. 

As time on the experiment went on, the size of the most glass fragment was found to be 

closer to 0.1 mm in size. With most of the larger fragments transferred, the number of smaller 

fragments increased having some exception of fragment size greater than 1 mm. The 

experiments were conducted to prove that glass can be transferred from the mobile phone 

screen to the pockets of clothing if the screen has some form of damage making it a source of 

glass that can be included in caseworks of glass forensics. 

There is a lot of difficulty in reproducing these kind of experiments as with each experiment 

the display screen undergoes many changes of its own as the screen is continuing to lose 

glass during the off times in the experiment. 

All the phones tested in this research had their refractive index between the range of 1.499 

and 1.519. The phones used in this research are only a small sample of the phones used 
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around the world. This research did not test mobile phone screen protectors. Display screens 

of phones are designed to be scratch resistant but some use screen protectors to add an extra 

safety. In the author’s opinion, individuals with a damaged screen are carrying their phone 

without a protector.  

Screen protectors are made up of polyethylene terephthalate (PET) or thermoplastic 

polyurethane (TPU) and/or laminated tempered glass which is like the screen of the device 

originally. Tempered glass for screen protectors is not produced by mobile brands during the 

manufacture of smartphones. Screen protectors are sold independent of the phone and are 

sometime mass produced for different phone brands and models. Some companies that make 

screen protectors are JETech, Spigen, Omoton, etc. Screen protectors have a shatter film on 

either side of the tempered glass holding the glass within the film if the tempered glass 

breaks. 

This means glass fragments cannot be transferred from the tempered glass to a bag or 

clothing pocket. Even if the protector is tested for its refractive index, the RI will not give us 

any lead as it will not be possible to point the RI towards a phone brand. Hence tempered 

glass (screen protectors) was not tested throughout the research. There is room for examining 

screen protectors to identify if glass can get transferred onto clothing. 

While measuring the refractive index of the fifteen phone screens, there were two iPhone 5 

and three Nokia Lumia 520 measured. The RI values for the iPhones were 1.50985 and 

1.50466 while the RI of the Nokia Lumia 520 were 1.50165, 1.50196 and 1.49636. iPhone 5 

launched on 21st September 2012 and Lumia 520 launched on 26th April 2013.  

The results found suggest that the refractive index measurement can be used to indicate a 

possible brand. However, since the sample size is small more research will need to be 

conducted to help strengthen the results. The results show that PED glass is different from 
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soda-lime glass and can therefore be distinguished from bottles, window glass etc which is a 

common occurrence in forensic cases.   

The difference in RI could come from the temperature change while manufacturing the 

display screen (using a higher temperature to melt raw materials for the display glass could 

reduce the RI value) and the introduction of impurities to the display screen which can 

increase the refractive index. Mobile companies have many manufacturing units where there 

is no guarantee that all unit will follow the required RI value for display screens.  

The RI calculated during this research was rounded off to six or five significant figures as 

notable difference in RI were seen within these figures to distinguish amongst phone brands 

and models. Manufacturing factories may have a required RI rounded off to two or one 

significant figures rounding the RI of the phone brand to 1.5 individually. For forensic 

analysis greater the number of significant figures, more is the possibility to have a specific RI 

for different types of glass sources phone screen being one of them. With the given sample 

being small, there is an indication that a brand can be identified. 

Elemental composition of the mobile phone screens helps with identifying whether the source 

of glass present is mobile phone screen or another type of glass. Due to lack of time, tests to 

analyse glass to identify the source through their RI and elemental composition did not take 

place. The variation in potassium assisted with the identification of the PED glass provided 

that the glass recovered for case work is from the surface of the display. Some of the samples 

tested for their RI were not tested for their elemental composition due to their size. LIBS 

requires a minimum spot size of 50µm for analysis. Therefore, some samples were not large 

enough for LIBS analyses. 
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The results found during this research do not account for all the mobile brands and models. 

More research will need to be conducted to determine the refractive index and the elemental 

composition of other models. 

 In the field of forensic science where evidence leads you closer to finding answers, it is 

necessary to identify all probable sources of evidence. Glass evidence can come from several 

sources of glass and with its long persistence in nature, any source that can be included as 

background glass must be noted as it can interfere with a forensic glass investigation. PED 

include tablets, laptops, iPods, phones etc.  

The silicone oil mixture is not readily available in analytical lab as PED display glass so far is 

not a considered a source of glass. There is no publication regarding the implication of PED 

glass in forensic analysis apart from the 2015 paper from Kelsey E. Seyfang et al. from South 

Australia. This leaves room for research on PED glass. A lot of phone brands and models that 

were not tested and well as other PED glass to distinguish between different devices and 

different models.  

Fragments of PED glass if found could indicate that the assailant has a device with a cracked 

or damaged display screen. While it will not help identifying who the owner of the phone like 

finding the registration of a phone number. The fragment collected can have its brand and 

model identified and have the device owned by the assailant or group of suspects cross 

verified to narrow it down. 
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Figure 4.3: number of smartphones sold worldwide (in million units) from 2007 – 2021 
and 2016 – 2027* 

 

PED fragments are a glass source found on individuals if the phone is slightly damaged. 

Mobile phone can function irrespective of a damaged screen. If individuals use portable 

electronic devices (figure showing how many units are sold due to demand), the possibility of 

finding glass fragments in clothing especially pockets and bags on a day-to-day basis is 

possible. PED display screen must be a part of a source of glass for forensic glass analysis as 

potential background glass. If glass fragments can not be measured for RI using standard 

silicone oil, it is possible that the glass present is a PED glass which requires a mixture of 

silicone oil B and C.  

With the lack of research on PED glass, forensic analysis for glass caseworks will not be 

100% due to the unawareness of a new source of glass possibly present in the background. 

This background glass could also be used to identify the brand of phone used by the assailant 

with more research on all phone brands and models. The research conducted on PED glass is 

just beginning and will come in handy with more studies on a commonly used source of 

glass. 
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This research has added to the knowledge of PED glass in relation to forensic casework.  It 

has shown that glass fragments from damaged mobile screens can be transferred to the 

pockets of clothing and therefore can contribute to the background population of glass found 

on a garment.  The refractive index values and elemental compositions of PED glass were 

significantly different to soda-lime glass (e.g., windows and bottles) usually encountered in 

casework and therefore RI and elemental composition can be used to distinguish these 

sources of glass.   
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