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ABSTRACT 

Taneli Penttilä: Thermoforming: The Effects of Machine Parameters to the Process and End 
Product 
Master of Science Thesis 
Tampere University 
Master’s Degree Program in Material Technology 
April 2020 
 

 
Thermoforming is one of the most common polymer converting processes in the food packaging 
industry. The conversion of the polymer sheet to the thermoformed product is achieved by stretch-
ing the softened polymer sheet to the mould cavity. The advantage of thermoforming is the rela-
tively low equipment cost compared to other plastic conversion processes. With thermoforming 
very thin products with enough stability can be produced. The biggest disadvantage of ther-
moforming is the non-uniform wall thickness distribution. The variation of the wall thickness dis-
tribution can be controlled with design, process parameters and manufacturing choices, but due 
to the nature of the stretching process it cannot be fully eliminated. The objective of this thesis 
was to examine different process parameters and their influence on the wall thickness distribution 
of a thermoformed product. 
 
The machine operators have accumulated knowledge and skill of process control over the years, 
but that knowledge is rarely documented. The opinions of the changes that different parameter 
adjustments can make to the product and process can differ between operators. The objective of 
the trial runs was to examine the effects of different machine parameter adjustments and docu-
ment their effects. The trial runs were divided into two segments. In the first segment the addition 
of vacuum to the thermoforming process was examined and in the second segment different pro-
cess parameter adjustments were investigated. There have been problems with the material 
thickness distribution on the examined tray. The objective of the trial runs was to find the connec-
tion between the process parameters and the material thickness distribution of the thermoformed 
product. 
 
The addition of vacuum to the process made the material thickness distribution of the product 
more even. The products were thicker in the critical segments of the sidewall, which increased 
the stability of the products. In conclusion based on the measurements, the addition of vacuum 
to these types of production lines would be beneficial. The parameters for the second segment 
were chosen with the help of experienced operators of the thermoforming machine. The param-
eters were: plug assist displacement, plug assist delay, forming air pressure and forming air delay. 
The parameter adjustment trial runs showed significant difference in the material thickness distri-
bution of the product. With different parameter adjustments the thicker regions of the product 
moved either to the base of the tray or the sidewalls of the tray. The trial runs provided important 
information of different machine parameters and their effects on the material thickness distribution 
of the product.  
 
Keywords: Thermoforming, food packaging, material thickness distribution, extrusion, calander-
ing 
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Lämpömuovaus on yksi yleisimmistä muovin prosessointimenetelmistä elintarvikkeiden 
pakkausteollisuudessa. Lämpömuovauksessa prosessointilämpötilaan lämmitetty muovilevy 
venytetään muottipesään, jossa se saa muotonsa. Lämpömuovauksen etuina ovat matalat 
laitekustannukset muihin muovin prosessointitekniikoihin nähden. Lämpömuovaamalla voidaan 
saada aikaiseksi erittäin ohuita, mutta hyvin kestäviä tuotteita. Lämpömuovaamisen huono puoli 
on epätasainen seinämänvahvuus tuotteessa. Materiaalijakaumaan voi vaikuttaa tuotteen 
suunnittelulla, koneparametreilla ja tuotantovalinnoilla, mutta venytysprosessin luonteesta 
johtuen sitä ei saada täysin tasaiseksi. Tämän diplomityön tarkoituksena on tutkia eri parametreja 
ja niiden vaikutuksia lämpömuovattujen tuotteiden materiaalijakaumaan. 
 
Lämpömuovauskoneiden käyttäjillä on pitkältä ajalta kerääntynyttä tietoa ja taitoa prosessin 
hallitsemisesta, mutta sitä tietoa on harvoin kerätty talteen kirjallisesti. Mielipiteet 
parametrimuutosten vaikutuksista eri käyttäjien välillä saattavat myös vaihdella. Tämän työn 
kokeellisessa osuudessa suoritettujen koeajojen tarkoitus oli saada tuotantoparametrien 
muutosten vaikutukset mitattua ja dokumentoitua. Koeajot jaettiin kahteen osioon, joista 
ensimmäisessä tutkittiin vakuumin lisäämistä tuotantolinjalle ja toisessa neljää eri 
parametrimuutosta. Työssä tutkittavassa lämpömuovatussa tuotteessa on ollut ongelmia 
materiaalijakauman kanssa ja tavoitteena on löytää yhteys parametrien ja tuotteen 
materiaalijakauman välillä. 
 
Vakuumin avulla lämpömuovatun tuotteen materiaalijakauma saatiin referenssinäytteen 
jakaumaa tasaisemmaksi. Tuote oli paksumpi seinämän kriittisiltä alueilta, joka paransi tuotteen 
kuormankestävyyttä. Koeajojen perusteella vakuumin lisääminen lämpömuovausprosessiin 
paransi seinämänvahvuuden tasaisuutta sekä kuormankestävyyttä. Tämän perusteella voitiin 
tehdä johtopäätös, että vakuumin lisääminen tämän tyyppisiin tuotantolinjoihin olisi kannattavaa.  
 
Tutkittavat prosessiparametrit valittiin kokeneiden koneenkäyttäjien suositusten mukaisesti. 
Koeajot suoritettiin puskimen loppuaseman, puskimen ajoituksen, muotoilupaineen määrän ja 
muotoilupaineen ajoituksen parametrisäädöillä. Prosessiparametrien muutoksilla saatiin 
huomattavia muutoksia tuotteen materiaalijakaumaan. Eri prosessiparametreillä pystyttiin 
vaikuttamaan siihen, sijaitsevatko tuotteen paksuimmat kohdat tuotteen pohjassa vai 
sivuseinissä. Yksittäisellä parametrimuutoksella ei saatu aikaan täydellisen tasaista tuotetta, 
mutta mittausten perusteella saatiin tärkeää tietoa siitä, mikä muutos johtaa mihinkin 
lopputulokseen ja niiden perusteella voidaan suunnitella jatkotutkimuksia aiheesta. 

 
Avainsanat: Lämpömuovaus, elintarvikepakkaus, extrusion, kalanterointi  

 
Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla. 
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1. INTRODUCTION 

The thermoforming process converts a polymer sheet to a three-dimensional product. 

The conversion of the polymer sheet is achieved by stretching the sheet by combination 

of plug-assist and air pressure and/or vacuum. Thermoforming is divided to light-gauge 

and heavy-gauge depending on the polymer sheet thickness. Light-gauge thermoform-

ing process is a common processing method for high volume packaging product appli-

cations. The advantage of thermoforming is the relatively low equipment cost compared 

to other plastic conversion processes. Also very thin products with enough stability can 

be produced. Stability is used to describe the products ability to keep its form during use 

and transportation. 

The thermoforming process has its disadvantages. Thermoforming is a secondary pro-

cess, because the polymer sheet needs to be produced first. The biggest disadvantage 

of thermoforming is non-uniform wall thickness. The variation of wall thickness can be 

controlled with design, manufacturing choices and machine parameters, but due to the 

nature of the stretching process it cannot be fully eliminated. 

The master’s thesis consists of the theory section and the experimental section. In the 

theory section the thermoforming process is explained from producing the polymer sheet 

to stacking the finished product. General polymer properties and the common materials 

used in the food packaging industry are presented. Thermoforming parameters that can 

be adjusted during the process and common quality problems in the end product are 

explained. 

The experimental section of the thesis is divided to two sections. In the first section the 

addition of vacuum to the process was examined and in the second section different 

parameter adjustments were tested. Vacuum is not used in these production lines and it 

was examined if the vacuum would make the material thickness distribution of the prod-

uct more uniform. If found that it is a contributing factor in the material thickness distribu-

tion, vacuum could be implemented to similar thermoforming machines in the factory. 

The machine operators have accumulated knowledge and skill of process control over 

the years, but that knowledge is rarely documented. The opinions of the changes that 

different parameter adjustments can make to the product and process can differ between 

operators. The objective of the parameter adjustment trial runs was to examine different 

machine parameter adjustments and document their effects. In the trial runs machine 
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parameters that could be changed during the process were investigated. The parameters 

for the trial runs were chosen with the help of experienced operators of the thermoform-

ing machine. Different plug assist and forming air parameters were tested.  

Top load tests were conducted for the samples. The top load test determines the stability 

of the product. The top load test documents the maximum force that the product can 

withstand in newtons. Also the material thickness of the products was measured from 

various points of the sidewall and base. 
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2. EXTRUSION 

2.1 Polymer extrusion process 

Extrusion is a continuous polymer conversion process where polymer is plasticized 

through heat and friction and then pushed through a die. Polymer extrusion can be used 

to produce polymer films, sheets, pipes and structural parts. The most common type of 

extruder in the polymer converting industry is the single-screw extruder, but also multi-

screw extruders are used. (Rauwendaal, 2014, p. 14) 

Overview of a single-screw extruder is illustrated in picture 1. The main components are 

the feed hopper, heated barrel, extrusion screw and the shaping die. The polymer sheet 

extrusion process starts with the infeed of the polymer pellets through the hopper to the 

heated barrel. The barrel is stationary and a rotating screw pushes the polymer pellets 

forward. During the process the heat generated from friction and the barrel heaters melt 

the pellets. When the molten polymer reaches the end of the screw it is pushed through 

a shaping die. 

 

Picture 1 Extrusion machine overview picture (Bacalhau, Cunha, & Afonso, 2017) 

Depending on the design of the thermoforming production line, the extrusion process 

can be done inline or offline. In inline production lines the extruded polymer sheet is fed 

straight in to the thermoforming machine for the moulding process. And in offline ther-

moforming production lines the polymer sheet rolls are done in a separate extrusion line 

and the extruded rolls are inserted to the thermoforming machine.  
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2.1.1 Single Screw extrusion 

 

The extrusion screw can be divided to three segments which all have different functions: 

feed section, compression section and the metering section. (Picture 2). 

 

Picture 2 The different segments of the extrusion screw (Rauwendaal, 2014, p. 15) 

In the feed section the polymer pellets are fed to the extruder through the hopper. Poly-

mer pellets enter in to the extruder and the pellets become more compacted as they 

continue to flow forward in the barrel. In the feed section most of the polymer pellets are 

still in the solid state. As the pellets flow forward they will start to heat up from the heat 

generated from friction and the barrel heaters. 

To establish proper flow of the solid material inside the extruder the friction factor of the 

barrel surface should be greater than the friction factor of the extruder screw surface. 

The friction factor of the barrel surface can be increased with geometry changes to the 

feed section. Grooved barrel is a common way to increase the friction factor of the barrel 

and thus the adherence of the polymer pellets to the barrel surface (Picture 3). (Lafleur, 

2014, pp. 39-45)  

 

Picture 3 Example of a grooved barrel in the feed section of the extruder screw 

(Lafleur, 2014, p. 39) 

In the compression section the solid polymer begins to melt as a result of the frictional 

heat generation and the heating from the barrel heaters. The root diameter of the ex-



5 

 

truder screw increases. There are two melting mechanisms to melt the polymer: dissipa-

tive melting and conduction melting. Due to the low thermal conductivity of polymers the 

dissipative melting is more efficient melting mechanism. During the melting the size of 

the solid bed decreases and a melt pool is formed (Picture 4). (Lafleur, 2014, pp. 74-75) 

 

Picture 4 The solid bed and melted material in the compression section of the ex-

truder screw (Lafleur, 2014, p. 74) 

When the solid bed becomes smaller and smaller it cannot maintain its integrity, a phe-

nomenon called solid bed break-up occurs. The small particles from the solid bed are 

released to the melt pool. This is where the conduction heating occurs as the small par-

ticles inside the melt pool are heated through conduction. Due to the low thermal con-

ductivity of polymers it is an inefficient heating method and therefore should be avoided. 

With screw design the solid bed break-up can be avoided. Barrier screw separates the 

solid and the melted parts of the polymer inside of the barrel. At the end of the compres-

sion section the polymer should be in the molten state. (Lafleur, 2014, pp. 74-75) 

The metering section is the final section of the screw. At the end of the metering section 

the melt should be homogeneous. The temperature of the melt should be uniform and 

there should not be any unmelted particles. Gear pump (metering pump) is located be-

fore the die. In the gear pump two counter rotating gears transport the melt forward and 

raise the pressure of the melt. The metering section provides the pressure required for 

the molten polymer to flow through the die at a desired flow rate. (Lafleur, 2014, p. 85) 

(Rosato D. V., 1990, pp. 113-114) 
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2.1.2 Extrusion calandering / chill roll extrusion 

Extrusion calandering is a process where extruded polymer is fed through the die be-

tween parallel rotating rollers. Through the calandering process a specific thickness and 

width of the polymer sheet can be achieved. Calandering process can be used to a wide 

variety of different polymers, but the most common polymers used are PVC, ABS, HDPE, 

PP and PS. For packaging industry products that are thermoformed, calandering is a 

typical method for producing sheet with materials like polypropylene and polystyrene. 

(Rosato D. V., 1990, pp. 294-295) 

A typical extrusion calandering production line for producing polymer sheet consists of 

the extruder, calandering unit with three rotating rollers, the cooling section and finally 

the winder (Picture 5).  

 

Picture 5 Extrusion calandering production line (Throne, Understanding 

thermoforming 2nd ed., 2008, p. 206) 

In extrusion calandering the melting of the polymer granulates is done with the extruder 

and the purpose of the calandering is to cool and stiffen the polymer sheet between the 

rotating rollers. In the calandering of thermoformed sheet the calandering unit often con-

sists of three rotating rollers, but it could include the use of an air knife. If an air knife is 

used the calandering unit consists of two rotating rollers and the air knife. 

To produce the polymer sheet, different machine parameters need to be adjusted. The 

extruder die gap should be adjusted to be 10 – 20 % bigger than the desired polymer 

sheet thickness. With the extruder die gap adjustment, the plastic sheet should have a 

uniform thickness when entering the rotating rollers.  

The temperature of the polymer melt should not be too high to avoid the deterioration of 

the materials physical properties, this is especially important when using high amounts 
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of regrinded material. Also, the distance between the die and the rotating rollers should 

be as short as possible to avoid uncontrolled cooling of the polymer. 

By adjusting the temperature of the rotating rollers, the gloss in the surface of the sheet 

can be controlled. For example, with polypropylene with normal processing parameters 

the bottom side of the polymer sheet is glossy, because it stays in touch with the second 

roller longer. However, gloss on both sides of the sheet can be achieved by keeping the 

polymer sheet above its crystallization temperature until it touches the third roller. This 

can be achieved by keeping the temperatures of the first and second roller’s high 

enough, so that the polypropylene sheet will not crystallize before touching the third roller 

surface. (Andersen, Jaakkola, & Järvelä, 2001, pp. 33-37) 
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3. THERMOFORMING 

In the thermoforming process the polymer sheet is converted in to a three-dimensional 

product. The conversion of the polymer sheet to the thermoformed product is achieved 

by stretching the softened polymer sheet to the thermoforming mould cavity by combi-

nation of plug assist and air pressure and/or vacuum. After the forming process the prod-

uct is trimmed from the polymer sheet resulting in the thermoformed product. (Ashter, 

2013, p. 17) 

Thermoforming is often divided to light-gauge forming and heavy-gauge forming pro-

cesses based on the sheet thickness. The machinery used for light-gauge forming is 

different to the one used in heavy-gauge forming. The products produced with light-

gauge thermoforming processes are generally disposable products such as packaging 

materials for the food industry (Picture 6). Whereas the heavy-gauge thermoformed 

products are often made as permanent industrial purpose products.  (Throne, 

Understanding thermoforming 2nd ed., 2008, pp. 5-6) 

 

Picture 6 Light-gauge thermoformed packaging products (Ashter, 2013, p. 8) 

The advantage of thermoforming is that the processing equipment is somewhat cheap 

when compared to other plastic converting equipment, for example to injection moulding. 

Also, in general the mould costs are low due to the low pressure used in the process, 

and the moulds can be made from a wide variety of different materials depending on the 

objective of the product that is manufactured. Low volume production can be made eco-

nomically with prototype tools from cheap materials and prototype tools can be produced 

quickly to review actual thermoformed products. 



9 

 

Thermoformed products can be decorated either before, during or after the forming pro-

cess. Traditional method of decorating a thermoformed product is printing, but new dec-

oration methods are becoming more common such as in-mould decoration (TIML). Ther-

moforming IML is a technique where the decoration of the product is done by inserting a 

pre-printed label in to the mould cavity before the forming process. Shrink-sleeve is also 

a method used in decoration. In shrink-sleeve decoration a decorated plastic film is 

shrank by using heat onto the thermoformed product. Also packages containing both 

plastic and cardboard are used. In this method a removable cardboard is wrapped 

around the plastic container. The cardboard wrapping provides the product the decora-

tion and some rigidity.   (Klein, 2009, pp. 1-7) 

The thermoforming process has its disadvantages. The polymer pellets need to be con-

verted to polymer sheet before it can be formed to a product, so producing the polymer 

sheet increases the manufacturing costs. Typically, polymer sheets that are used in ther-

moforming are produced by a sheet extrusion process. In the forming process only parts 

of the polymer sheet can be converted to a product and the excess material that is left 

over needs to be regrinded and possibly reused. The excess material can be over 50 % 

of the polymer sheet depending on the mould cavity layout.  

In the moulding process only one side of the polymer sheet is in touch with the ther-

moforming mould, therefore only the side that touches the thermoforming mould has the 

dimensions of the mould cavity. The biggest disadvantage of the thermoforming process 

is non-uniform wall thickness. The variation of wall thickness can be controlled with de-

sign, manufacturing choices and machine parameters, but due to the nature of the 

stretching process it cannot be fully eliminated. (Throne, Understanding thermoforming 

2nd ed., 2008, pp. 6-7) 

3.1 Inline and offline thermoforming 

In offline thermoforming the sheet is produced using separate extrusion equipment. The 

sheet produced with the extruder is cooled during the process and collected to a contin-

uous roll. The rolls are transported to the thermoforming machine and then reheated for 

the thermoforming process. (Lyondellbasell, 2011) 

On inline thermoforming the extruder that is producing the sheet is inline with the ther-

moforming machine. The sheet is fed straight from the extruder to the thermoforming 

machine. In the inline process the sheet is not cooled to the same extent that on the 

offline process. Also the energy demand to heat the sheet to the forming temperature is 
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lower. Therefore energy demand wise the inline process is more efficient. In inline ther-

moforming processes the output of the extruder should be matched to the output capacity 

of the thermoforming machine. Average size extruders in general have a greater capacity 

to produce sheet than the thermoforming machine can process. On offline processes 

extruders with large output capacity can be used to provide sheet to a number of ther-

moforming machines. (Kutz, 2017, p. 345) 

The inline process as a whole is more flexible to changes in the manufacturing process, 

because parameters can be adjusted for the sheet while in production, where as in offline 

thermoforming the polymer sheet is already manufactured therefore the sheet cannot be 

changed. With inline thermoforming more uniform sheet temperature can be achieved, 

because the centre of the sheet’s cross-section is still hot when entering the ther-

moformer. Though with inline process extruder and thermoformer cannot be operated 

separately, so interruptions to any part of the production line will lead to a shut down. 

(Kutz, 2017, p. 345) (Rosen, 2002, pp. 2-4) 

3.2 Thermoforming machine 

Standard roll-fed thin-gauge thermoforming machines consist of different sections (Pic-

ture 7). 

 

Picture 7 Roll-fed thermoforming machine (Kutz, 2017, p. 339) 

The polymer sheet roll is placed on to a roll stand from where it is fed to the thermoform-

ing machine. The sheet is conveyed forward to the machine using pin-chains that impale 

the sheet (Picture 8). The pin chains are placed parallel on both sides of the machine. 

(Kutz, 2017, pp. 339-340) 
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Picture 8 Pin-chains used to transport the polymer sheet  (Rosen, 2002, p. 72) 

The heaters are used to heat the polymer sheet to the forming temperature. Often the 

heaters are placed on above and below the sheet in order to achieve temperature uni-

formity. This is called sandwich heating. To reduce the heating time of the sheet pre-

heaters are commonly used with polymers like polystyrene and polypropylene. Pre-heat-

ers are placed between the roll stand and the infeed of the sheet to the machine.  

The forming station is placed right after the heating station to avoid cooling of the sheet 

before it enters the mould. When the sheet is in the correct forming temperature it is 

clamped and formed to a product. The trimming process can also be done inside the 

mould with in-mould trimming. This removes the need for a separate trimming station.  

(Kutz, 2017, pp. 339-340) 

Without in-mould trimming the trimming station is typically inline after the forming station. 

In the trimming station the products are trimmed to the desired shape. Lastly after the 

products are trimmed they are stacked in the stacking unit. 
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3.3 Thermoforming process 

 

Picture 9 The thermoforming process  

The thermoforming process can be divided to: 

1. Heating the polymer sheet 

2. Forming the product 

3. Trimming the product 

4. Stacking the product 

3.4 Heating the polymer sheet 

The first part of the thermoforming process is heating the polymer sheet to the desired 

forming temperature depending on the material used in the process. For amorphous pol-

ymers such as polystyrene the plastic sheet is heated slightly above the glass transition 

temperature and for semi-crystalline polymers such as polypropylene slightly below the 

melting point. When the plastic sheet is in the correct forming temperature the plastic 

sheet is formed in the thermoforming mould to the desired shape. (Ashter, 2013, p. 15) 

Polymer sheet heating can be done with different heating technologies. When choosing 

the correct heating system for the process sheet thickness, sheet material and energy 

cost need to be taken in to account. Heating of the polymer sheet is an important part of 

the process also economically; energy demand wise it is 80 % of the energy demand 

needed in the process. (Ashter, 2013, p. 15) (Rosato, Rosato, & Schott, 2010, pp. 1167-

1168) 

The polymer sheet needs to be heated uniformly to its processing temperature, if the 

polymer sheet is not heated properly it will create products that do not meet the quality 

standards. If the thermoformed sheet is heated above its forming temperature it can 

cause degradation or sag in the polymer sheet and this may cause the polymer sheet to 

lose its properties and make the sheet thinner. And if the polymer sheet is heated below 
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its forming temperature it could cause cold forming, which induces internal stresses that 

can later cause part failure. (Rosen, 2002, pp. 1-2) 

The three most important heating methods for heating the sheet are: conduction, con-

vection and radiation. For example, when producing thermoformed products offline the 

polymer sheet is pre-heated by using a pre-heater, which uses conduction and convec-

tion heating. Then it is transferred to the thermoforming machine, where the polymer 

sheet is heated to the forming temperature with radiation. Polymers have low heat con-

ductivity and the thermal conductivities and thermal diffusivities vary for different poly-

mers. The fillers and reinforcement fiber content also greatly affect the previously men-

tioned values for polymers.  

Conduction heating is a method where the plastic sheet is heated with a contact to the 

heat-source. For thin-polymer sheets the heating can be done with contact to a uniformly 

heated metal plate. By heating with contact to the polymer sheet, the temperature of the 

polymer sheet cannot exceed the temperature of the contact heater, which is an ad-

vantage. (Throne, Understanding thermoforming 2nd ed., 2008, pp. 101-105) 

Convection heating is a method where the heat is transferred between a fluid and a solid. 

Energy from the convection is transferred whenever the temperature of the air differs 

from the temperature of the polymer sheet. The amount of energy that is transferred in 

convection depends on the movement speed of the air and the temperature differences 

between the fluid and the solid. So when air is more actively moving across the sheet 

the energy transfer is greater. Depending on the time of the year the temperatures on 

the production floor can change. These temperature differences may require different 

temperature parameters in the summer compared to winter-time. (Gruendwald, 1998, 

pp. 3-5) (Throne, Understanding thermoforming 2nd ed., 2008, pp. 103-104) 

The most used and important heating method for thin sheet thermoforming is radiation 

heating. Wavelength (λ) is used to describe the radiant energy between the heater and 

the polymer sheet. In most thermoforming processes the wavelength ranges from 2 to 

15 µm. The energy transferred to the sheet via radiation can be reflected, absorbed or it 

can go through the sheet. Only the radiation that is absorbed by the polymer sheet can 

be directly used to heat the polymer sheet. The radiant energy that the polymer sheet 

absorbs is dependent on the polymer sheet material, composition and thickness. The 

amount of energy reflected from the polymer sheet is normally less than 4 %. The energy 

losses that occur when the energy is transmitted through the plastic sheet can be signif-

icant especially for thin polymer sheets. (Gruendwald, 1998, pp. 5-7) (Throne, 

Understanding thermoforming 2nd ed., 2008, pp. 104-106) 
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Many different heating sources are used in thermoforming and different factors need to 

be considered when choosing a suitable method for the process. Economical factors 

include the installation costs, maintenance costs and running costs. Depending on the 

selections of materials thermoformed in the thermoforming machine the versatility of the 

heater needs to be thought about. If different polymers with different thicknesses are 

produced on the machine it is important that the heaters have a large effective tempera-

ture range. In this case, electronic heaters would be the most suitable choice. If the mould 

is changed regularly in the production machine, fast heat-up time is an important attrib-

ute. Quartz and halogen tube heaters heat up fast. (Throne, Understanding 

thermoforming 2nd ed., 2008, pp. 114-115)  

The most commonly used heaters in thermoforming are: metal rod heaters, quartz heat-

ers, ceramic heaters and catalytic gas. Every one of these heaters have their own ad-

vantages and disadvantages concerning the price, operating costs, longevity and heat-

ing time (Table 1). 

Table 1 Comparison of different heating methods (Throne, Understanding 

thermoforming 2nd ed., 2008, p. 114) 

  Metal Rod Ceramic Quartz tube Catalytic gas 

Radiant efficiency 55 % 95 % 60 % 80 % 

Initial efficiency Low Medium High High 

Temperature at max (°C) 760 760 870 425 

Longevity High Medium Med/low Medium 

Purchase and installing cost Low Medium Medium High 

Operating cost Low/Medium Medium Medium Low 
 

When heating thin polymer sheets the energy transmission to the surface of the sheet is 

more important than heating the core of the polymer sheet. It is important when heating 

thin polymer sheets with short heating cycle times that the energy transmitted through 

the polymer sheet is minimized. (Throne, Understanding thermoforming 2nd ed., 2008, 

p. 118) 
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The purpose of heating is to get the polymer sheet to its forming temperature range 

before the forming process. The temperature of the polymer sheet affects the character-

istics of the process and product in many significant ways: 

- Product wall uniformity 

- Polymer sheet sagging 

- Formation of the web 

- Dimples or depressions of the vacuum holes 

- Trim edge characteristics 

- Brittleness/thickness in the corners 

- Shrinkage 

- Residual stresses in the finished product 

(Throne, Understanding thermoforming 2nd ed., 2008, pp. 117-118) 

Different materials have different forming temperatures, for example Polypropylene (PP) 

has a forming temperature of 154 °C and the forming temperature range (132-166 °C) is 

not as wide when comparing it to the other polymers. (Table 2)  

Table 2 Forming temperatures and ranges for different polymers (Throne, 

Understanding thermoforming 2nd ed., 2008, p. 118)  

Polymer Forming temperature (°C) Forming temperature range (°C) 

Polystyrene (GP-PS) 149 127-182 

ABS 166 127-182 

HDPE 146 127-182 

Polypropylene (PP) 154 132-166 

APET 149 121-166 
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3.5 Forming process 

When the hot polymer sheet has reached its forming temperature range it is then 

stretched into the mould cavity. The product is cooled until it retains the shape of the 

mould cavity and then it is ejected from the mould resulting in the thermoformed product. 

The stretching of the polymer sheet is achieved with a combination of mechanical forces, 

pneumatic forces and pressure. (Kutz, 2017, p. 333) 

Thermoforming process is a differential stretching process, which means that the differ-

ent portions of the polymer sheet touch the mould surface at different times. The portions 

of the polymer sheet that touch the mould cavity chill and stop stretching. And the por-

tions of the polymer sheet that are free of the mould cavity surface will continue to stretch 

until they come in contact with the mould cavity. Because of the differential stretching 

process the portions of the polymer sheet that touch the mould cavity surface first are 

the thickest and the portions touching the surface last are the thinnest. (Throne, 

Understanding thermoforming 2nd ed., 2008, pp. 137-139) 

The differential stretching behaviour of a cup made from medium-impact polystyrene can 

be seen from Figure 1. It can be seen that with the help of a plug-assist a more even 

material thickness distribution can be achieved. 

 

Figure 1 Wall thickness distribution of a thermoformed cup (Sheet thickness 0.4 

mm, material medium-impact polystyrene) (Throne, Understanding thermoforming 

2nd ed., 2008, p. 139) 
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3.5.1 Prestretching 

To achieve a better material distribution in the product, especially for deep-draw prod-

ucts, it is beneficial to prestretch the polymer sheet prior to it contacting the mould cavity 

surface. The prestretching can be done pneumatically or mechanically. Pneumatic pre-

stretching is commonly used in heavy-gauge forming. Pneumatic prestretching is done 

by prestretching the polymer sheet into a billow by using air pressure. Another alternative 

is prestretching the sheet to a draw box with vacuum. Mechanical prestretching is done 

by mechanically prestretching the polymer sheet prior to forming. In light-gauge produc-

tions plug-assists are commonly used (Picture 10). 

 

Picture 10 Plug-assist movement in the forming process (Harron, Martin, & Harkin-

Jones, 2003) 

The shape of the plug-assist has a considerable effect on the material thickness distri-

bution in the product. By modifying the plug-assist shape certain areas of the polymer 

sheet can be prestretched more than others (Picture 11). 

 

Picture 11 The effect of the plug assist shape on the material thickness (Rosato, 

Rosato, & Schott, 2010, p. 1157) 
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The parameters used to control the force and the timings of the plug-assist also affect 

the material thickness distribution. The plug-assist should touch the sheet just at the time 

the mould closes and clamps the sheet. The clamping frame of the mould is designed to 

reserve a certain area of the polymer sheet to each mould cavity. So, if the contact is 

made before the clamping frame is closed, the plug will stretch extra material into the 

mould cavity or puncture the sheet. Also if the plug is pushed to the sheet too late, the 

sheet has time to cool after the clamping. (Rosato, Rosato, & Schott, 2010, pp. 1155-

1159) 

The speed at which the plug-assist pushes the polymer sheet also has a significant effect 

on the material distribution. If the plug is pushed too fast in to the mould cavity, too much 

of the sheet material will be drawn to the bottom of the product which causes the side-

walls to be thinner. After the plug has stretched the sheet, it is important that sufficient 

air pressure is applied so that the sheet separates from the plug. (Rosato, Rosato, & 

Schott, 2010, p. 1157) 

3.6 Trimming process 

Trimming is done after the thermoformed product is moulded to its shape. In the trimming 

the thermoformed part is separated from the polymer sheet. Trimming the thermoformed 

product from the polymer sheet separates excess material which is called skeleton ma-

terial. The skeleton material can be grinded and fed back to the process or it can be 

stored to be used later. In the light-gauge thermoforming process the thermoformed 

products can be trimmed during the forming process inside the mould or after the forming 

in a separate trimming station. (Throne, Understanding thermoforming 2nd ed., 2008, 

pp. 153-154) 

In light-gauge thermoforming the trimming is commonly done by using steel rule dies. 

They are inexpensive, and they can be easily replaced when they are dull. In steel rule 

dies trimming edge is beveled, there are different trimming edge shapes depending on 

the mould design, material and the final application of the product (Picture 12). 

(Engelmann, 2012, pp. 197-198) 
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Picture 12 Trimming edge shapes and a steel rule die (Throne, Understanding 

thermoforming 2nd ed., 2008, p. 156) (Rosen, 2002, p. 240) 

 

In the process of trimming the thermoformed product fine dust or fibers are generated. 

Polystyrene can for example generate dust from the trimming that has a static charge, 

the static charge causes the dust to stick to the surfaces of the product. To decrease the 

dust antistatic additive can be used for the polymer sheet or ionized air can be directed 

to the product during trimming. (Throne, Understanding thermoforming 2nd ed., 2008, 

pp. 154-155) 

Angel hairs are fibers with thicknesses from 0.01 mm to 0.1 mm that are generated dur-

ing the trimming process. It is an unwanted defect in the product that can contaminate 

the product and the machine. The material influences the angel hair generation: it is more 

common for polystyrene and ABS materials and less common for polypropylene. The 

generation of angel hair can be reduced by using a heated steel die. Also in in-mould 

trimming there is less angel hair, because the polymer sheet is still relatively warm. 

(Engelmann, 2012, pp. 198-200) 

3.6.1 Use of regrinded material in thermoforming 

 

As the polymer sheet is formed in to a product excess material called skeleton material 

is created. This material is essential economically and it should be reused in the ther-

moforming process. The amount of skeleton material that is left after the trimming of the 

product depends on the mould layout and the shape of the product. Rectangular products 

can be placed more efficiently on the mould layout and produce less skeleton material 

than for example round products (Picture 13). 
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Picture 13 Mould cavity layouts of rectangular and round products with the Bosch 

Sprang cavity calculator (Kiefel Packaging, 2020) 

As the material goes through the process of thermoforming it is subjected to heat and 

shear and this causes thermomechanical deterioration. Common effect of the deteriora-

tion can be chain breaking which results in the loss of ultimate tensile strength, elonga-

tion at break, toughness or impact strength. With Polyolefins such as Polypropylene ox-

idative degradation can occur which causes yellowing and smell. Although the effects of 

the thermomechanical deterioration are not catastrophic, the properties of a regrinded 

polymer are lower than the properties of a virgin polymer. (Throne, Technology of 

Thermoforming, 1996, pp. 545-546) 

 

𝑀𝑝𝑁 = [
𝑋(1 − 𝑌)(1 − (𝑋𝑌)𝑁)

(1 − 𝑋𝑌)
+ (𝑋𝑌)𝑁] ∗ 𝑀0                              (𝐹𝑜𝑟𝑚𝑢𝑙𝑎 1) 

 

In formula 1  

MpN is the property value of the N-time processed polymer 

M0 is the property value of the virgin polymer 

X is the fraction of property value obtained after a single pass through the processing 

equipment 

Y is the weight fraction of the recycled polymer in the mixed stream 
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Using formula 1 to calculate the deterioration with values X = 0.9, Y = 0.5 (Figure 2). The 

value of MpN decreases as it passes through the processing equipment. When it has done 

3 cycles (N = 3) the value of MpN is 83,48 %. As the value of N increases the value of MpN 

approaches the value 81,82 %. 

 

Figure 2 Representation of the deterioration of regrind property values 

The value of M∞ can be calculated with formula 2. By using the same values as in the 

previously used calculation, the value of M∞ is 81,82 %.  

𝑀∞

𝑀0
=

𝑋(1 − 𝑌)

1 − 𝑋𝑌
                                       (𝐹𝑜𝑟𝑚𝑢𝑙𝑎 2) 

In formula 2 

M∞ is the steady-state mixed property value 

M0 is the property value of the virgin polymer 

X is the fraction of property value obtained after a single pass through the processing 

equipment 

Y is the weight fraction of the recycled polymer in the mixed stream 

 

Formulas (Throne, Technology of Thermoforming, 1996, p. 548)  
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3.7 Stacking process 

Light-gauge thermoformed packaging products are shipped in stacks in order to save 

space and keep the products undamaged. The stacking unit is either included in the 

thermoformer after the forming process or as a separate machine offline. The formed 

and trimmed products are connected to the polymer sheet by nicks (Picture 14). This 

way they can be transferred to the stacking unit while still attached to the polymer sheet. 

The parts can be separated with light force from the polymer sheet for the stacking op-

eration. (Rosen, 2002, p. 15) 

 

Picture 14 a) Parts held in the web using "nicks" (Rosen, 2002, p. 15) b) the stack-

ing shoulder in a thermoformed product 

Stacking shoulders are used in the products to control the spacing and to avoid the prod-

ucts from jamming to each other when stacked on top of each other (Picture 14). Stack-

ing height is used to describe the clearance between the stacked products. 

Rectangle shaped thermoformed parts are usually stacked upwards from the polymer 

sheet, an example of an up-stacking unit can be seen from picture 15. The products are 

stacked upwards to the stacking unit and when the desired number of products is 

reached they are pushed to a conveyor belt. It is also a possibility to do the stacking 

downwards from the polymer sheet. And in some cup producing applications the ther-

moforming mould tilts and the cup stacking is done horizontally. 

a) b) 
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Picture 15 Up-stacking unit of thermoformed trays (Kiefel Packaging, 2020) 
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4. MOULD DESIGN IN THERMOFORMING 

The basis of mould design is to design a mould for the customer that satisfies their needs 

with the least cost as possible. In thermoforming the mould and the shape of the mould 

cavity shape the product. The thermoforming mould does not only dictate the shape of 

the product, but it also cools the product from the forming temperature, so the product 

can be ejected from the mould. In thermoforming products uniform wall thickness cannot 

be achieved as well as in injection moulding. (Rosato, Rosato, & Schott, 2010, pp. 1190-

1191) 

Thermoforming mould can be a positive/negative or female/male depending on how the 

product is formed. There are two types of thermoforming moulds depending on the pro-

cess type: production moulds and prototype moulds. Prototype moulds are made from 

cheaper materials and materials that are easily modified. Production moulds are made 

from materials that are built to last and therefore give the mould a long lifetime. (Throne, 

Understanding thermoforming 2nd ed., 2008, p. 86) 

4.1 Mould materials 

Thermoforming moulds can be manufactured from different materials depending on the 

mould objective. Prototype moulds are made from inexpensive materials such as: hard-

wood, plaster or epoxy resins. The objective of these prototype moulds is low-volume of 

production and prototype products. (Rosato, Rosato, & Schott, 2010, pp. 1191-1192) 

For production moulds aluminium and steel are materials that are widely used in light-

gauge thermoforming moulds. With the vast increase in development in milling ma-

chines, complex aluminium mould parts can be milled with the help of computer aided 

design programs. With this development in milling machines the mould cavities can be 

reproduced accurately, where as in the lesser developed milling machines they were 

fabricated manually and therefore needed high labour input. (Rosen, 2002, pp. 129-131) 

The most common aluminium type in light-gauge thermoforming moulds is Al6061-T6. 

Also a higher-grade aluminium AL7075-T651 is used. These aluminium types are easily 

milled, and they hold their dimensions very well. (Throne, Understanding thermoforming 

2nd ed., 2008, pp. 86-87) 
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4.2 Mould cavities 

The cavity of the mould is in contact with the polymer sheet and the shape of the cavity 

shapes the thermoformed product. The maximum number of the cavities in the mould 

depends on the polymer sheet width used in the process and the mould mounting di-

mensions in the thermoforming machine. 

There are escape holes in the cavity for the escaping air or vacuum. These escape holes 

are in the surface of the cavity and their diameter depends on the polymer sheet thick-

ness. Rule of thumb is to make the escape holes smaller than the thickness of the poly-

mer sheet. If the diameter of the escape hole is too big the polymer sheet will thermoform 

into it. The small escape holes on the surface of the cavity are drilled to connect to the 

larger holes deeper in the cavity to relieve the air escaping from the back of the mould. 

(Rosato, Rosato, & Schott, 2010, pp. 1190-1192) 

The placement of the escape holes in the cavities should be carefully planned to avoid 

markings in the thermoformed product. The escape holes are often placed in the rib joints 

or slots in the cavity, so they leave only a little trace in the thermoformed product (Picture 

16). The rib joints and slots in the cavity stiffen the thermoformed product. The placement 

of these escape holes is especially important in products that are thermoformed from a 

clear polymer sheet. (Rosen, 2002, pp. 121-123) 

 

Picture 16 Placement of escape holes in the cavity for the escaping air or vacuum 

(Rosen, 2002, p. 123) 
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The cavity can also be engraved for example with the cavity number, company logo and 

the product code. When the cavity number is engraved to the cavity it makes the quality 

assurance easier, because you can measure products from each cavity individually. The 

engraving needs to be engraved as a mirror image to the cavity, so that it can be read 

from the thermoformed product.  

The cavities can be made from separate parts to help with the ejection of the product 

from the mould. The cavity’s bottom can be separate from the cavity walls, where the 

ejector plate is pushed up using a cylinder to eject the thermoformed product from the 

mould (Picture 17). (Rosen, 2002, pp. 149, 125) 

 

 

Picture 17 Cavity with an ejector plate to help with the ejection of the product from 

the mould (Rosen, 2002, p. 149) 

 

4.3 Plug assists 

Plug assists are used to pre-stretch the polymer sheet in the moulding process to achieve 

a more uniform wall thickness in the thermoformed product. When plug assists are used 

in a thermoforming process to pre-stretch the polymer sheet, the plug assist may deliver 

90 % of the total deformation of the thermoformed part and the air pressure or vacuum 

the remaining 10 %. (Engelmann, 2012, p. 125) 

The heat transfer from the polymer sheet to the plug-assist is minimized by using heated 

plug-assists or insulated plug assist materials with low thermal conductivity. Plug assists 

can be manufactured from wood, syntactic foam, epoxy, steel and aluminium, depending 

on the polymer sheet material used in the thermoforming. Wood is a common material 
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for doing tests on new plug assist shapes and it is also used for heavy-gauge ther-

moforming processes. In high-volume thin-gauge processes syntactic foams are widely 

used, due to their low-thermal conductivity. The picture 18 shows a 60-cavity mould with 

plug assists. (Throne, Understanding thermoforming 2nd ed., 2008, pp. 94-95) (Rosen, 

2002, p. 170) 

 

Picture 18 Plug assists on a 60-cavity mould (Plastics Machinery Magazine, 2015) 

The optimal shape of the plug assist is often found through trial and error. Finite element 

analysis (FEM) design programs can also be used to simulate the material thickness 

distribution resulted in the thermoformed part. The shape of the plug assist mimics the 

shape of the thermoformed product, for example for cup shaped products plug assist 

diameter and the length are about 80 % of the thermoformed product’s cavity. As a start-

ing point the plug assist should have a distance of 2.3 – 3 mm from the cavity sidewall 

and 3 – 4.8 mm from the cavity bottom (Picture 19). (Rosen, 2002, pp. 167-168)  (Throne, 

Understanding thermoforming 2nd ed., 2008, p. 96) 

 

Picture 19 Section view of a mould cavity with a plug assist and the recommended 

plug assist distances from the mould cavity bottom and sidewalls (Rosen, 2002, 

p. 166) 
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4.4 Mould design  

The thermoformed product has two product faces and in the design of the thermoforming 

mould it must be decided, which of the two faces of the product is the primary face. In 

female moulds the primary face of the product is the outside face and in male moulds 

the inside face (Picture 20). This is important when making the decision between a male 

and a female mould.  

Female moulds are also better suitable for moulds with many cavities that are placed 

close to each other. In the forming process the part of the hot polymer sheet that touches 

the mould surface first will start to cool first and this part of the product will be thicker in 

the thermoformed product. In female moulds the thermoformed parts will have greater 

wall thickness and a thinner bottom thickness compared to male moulds. There are three 

different mould shapes used in thermoforming: female forming, male forming and a com-

bination of female and male forming. (Rosato, Rosato, & Schott, 2010, pp. 1190-1193) 

 

  

Picture 20 Examples of female and male forming (Throne, Understanding 

thermoforming 2nd ed., 2008, pp. 11-12)  

The trimming of the thermoformed product can be built in to the thermoforming mould, 

these types of thermoforming moulds are typically used in high-volume productions. The 

built-in trimming of the product increases the complexity of the mould and thus the cost 

of mould. The advantage of this when compared to separate trimming stations is that 

misalignment of the product and trimming cannot happen. (Rosato, Rosato, & Schott, 

2010, pp. 1226-1227) 

The total shrinkage of a thermoplastic product is a combination of the shrinkage that 

happens during the manufacturing process and the post-shrinkage which happens after. 
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When designing thermoforming moulds, the material shrinkage varies with different ma-

terials, so different materials need to be moulded with different thermoforming moulds or 

mould cavities (table 3). (Engelmann, 2012, pp. 9-10) 

Table 3 Shrinkage percentages for different thermoformed polymers (Throne, 

Understanding thermoforming 2nd ed., 2008, p. 34) 

Polymer Shrinkage % 

LDPE 1.5 - 4.5 

HDPE 2.0 - 4.5 

ABS 0.5 - 0.9 

PS 0.5 - 0.8 

PP 1.0 - 2.5 

APET 0.3 - 0.6 

CPET 10 - 18 

 

It can be seen from the table 3 that amorphous polymers have a smaller mould shrinkage 

values than the semi-crystalline polymers. 

4.5 Mould cooling 

Mould cooling controls the overall cycle-time of the process in light-gauge thermoform-

ing, therefore it is a significant factor economically especially in high-volume production. 

The faster the part entering the mould can be cooled the faster it can be ejected from the 

mould, for example in high volume thin-gauge productions the thermoformed part can be 

cooled and ejected from the mould in such little time as 1 second. The polymer sheet is 

rigidified with conduction, when the sheet touches the cooler mould surface. (Throne, 

Understanding thermoforming 2nd ed., 2008, p. 147) (Klein, 2009, pp. 23-24) 

With high-volume production thermoforming moulds water cooling is often used to cool 

the mould, the water is circulated through the moulds water-passages. The temperature 

of the cooling water can be controlled with a temperature controller -machine. The tem-

perature controller circulates the water inside the mould and it maintains the given tem-

perature parameter using heating elements.  

With the cooling system the upper and bottom sides of the mould need to be kept at the 

same steady temperature. With big trim-in-place moulds even a slight temperature vari-

ation in the cooling will create problems in the process. (Rosato, Rosato, & Schott, 2010, 

p. 1227)  
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4.6 Draw ratios of the thermoformed products 

As the polymer sheet is stretched to the mould it becomes thinner, the draw ratio is a 

measurement that depicts overall extension of the polymer sheet when it is stretched to 

the mould surface. The areal draw ratio can be calculated by dividing the surface of the 

formed part with the surface of the polymer sheet used to form the part (Formula 3).  

 

𝑅𝑎 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑜𝑟𝑚𝑒𝑑 𝑝𝑎𝑟𝑡

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠ℎ𝑒𝑒𝑡 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑓𝑜𝑟𝑚 𝑝𝑎𝑟𝑡
                (𝐹𝑜𝑟𝑚𝑢𝑙𝑎 3) 

 

Another ratio to measure the stretching of the sheet is the height-to-dimension ratio (For-

mula 4) this is usually used for products that are symmetric, for example drinking cups. 

  

𝐻 ∶ 𝐷 =
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑜𝑟𝑚𝑒𝑑 𝑝𝑎𝑟𝑡

𝐺𝑟𝑒𝑎𝑡𝑒𝑠𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡𝑜𝑝 𝑜𝑓 𝑝𝑎𝑟𝑡
                       (𝐹𝑜𝑟𝑚𝑢𝑙𝑎 4) 

 

Linear draw ratio is a measurement, where the line length of the formed part is divided 

by the original line length on the unformed sheet (Formula 5). 

 

𝑅𝐿 =
𝐿𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑛 𝑓𝑜𝑟𝑚𝑒𝑑 𝑝𝑎𝑟𝑡

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑛 𝑢𝑛𝑓𝑜𝑟𝑚𝑒𝑑 𝑠ℎ𝑒𝑒𝑡
                     (𝐹𝑜𝑟𝑚𝑢𝑙𝑎 5) 

 

The draw ratios can be used as guidelines for the forming of the product and material 

selection, but they do not give substantive information of the wall thickness distribution. 

In Table 4 the maximum areal draw ratios for different polymers are presented. 

Table 4 Maximum areal draw ratios for different polymers (Throne, Understanding 

thermoforming 2nd ed., 2008, p. 141) 

Polymer Maximum areal draw ratio Temperature at max (°C) 

PS 8.0 123 

PP 7.5 175 

ABS 5.5 165 

LDPE 6.0 140 

HDPE 6.5 165 
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These draw ratios change depending on the material used in the process. For Polysty-

rene the maximum area draw ratio is 8.0 (Maximum temperature 123°C) and for Poly-

propylene 7.5 (Maximum temperature 175°C). This means that for Polystyrene surface 

area of the thermoformed product can be 8 times as big as the surface area that is used 

to form the part. (Throne, Understanding thermoforming 2nd ed., 2008, pp. 139-142) 
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5. THERMOFORMABLE MATERIALS IN THE 

FOOD PACKAGING INDUSTRY 

Plastics are a versatile material for the packaging industry. They are lightweight, and 

they can be easily formed to different kinds of shapes. The materials that are used in 

thermoforming are thermoplastics. The most commonly used materials in thermoforming 

packaging products are PP, PS, PET and PE. Thermoforming is an economical way to 

produce packaging products such as drinking cups, dairy cups, meat trays, lids and con-

tainers. (Engelmann, 2012, p. 124)  

When manufacturing packages for the packaging industry there are many key properties 

that the package must fulfil. The most important property of a package is to protect the 

product from the producer to the customer. The package should protect the product from 

any damage that could render the product useless or that could reduce its usefulness. 

From economical point of view the price of the polymer resin is very important when 

choosing a material. Plastic resins are sold in kilograms. Characteristics such as light 

protection and UV-barrier can also be demanded in a food package. Food packages 

should not have any odour on them either. (Engelmann, 2012, pp. 124-125) (Yam, 2009) 

Moisture and oxygen barrier properties are very important attributes because they affect 

the shelf life of the product that is packed inside. Oxygen transmission rate (OTR) is a 

value of the amount of oxygen that passes through the film over a given time. Moisture 

vapour transmission rate (MVTR) measures how much water vapour goes through the 

film in a given time. The OTR and MVTR values can be used as a starting point when 

selecting a suitable material for a packaging product. The OTR and MVTR values for 

different materials can be seen from Table 5. (Emblem & & Emblem, 2012, p. 292)  

Table 5 OTR and MVTR values for different packaging materials (Emblem & & 

Emblem, 2012, p. 214) 

 

Material MVTR OTR
PP 3 - 7 1800 - 2500

PVC 20 - 60  50 - 80

PS  70 - 160 4000 - 6000

PET 16 - 20  60 - 120 

HDPE  5 - 12 1500 - 2000 

MVTR = moisture vapour transmission rate for 25 µ film in g/m2/day; test conditions 38°C, 90% relative humidity.

OTR = oxygen transmission rate for 25 µ film in cm3/m2/day; test conditions 25°C, 50% relative humidity, 1 atmosphere.
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The appearance of the package is also an important attribute and it can be modified to 

be more compelling for the consumer. The appearance of a package can be made more 

attractive with colour and decoration choices. Also the shape and size have an effect on 

the aesthetics. (Emblem & & Emblem, 2012, pp. 214-215) 

Material properties determine whether a certain material is suitable for certain purposes. 

The steps for choosing a suitable polymer for the process can be seen from Chart 1. 

(Throne, Understanding thermoforming 2nd ed., 2008) 

 

Chart 1 Process steps for material selection 

modified from (Throne, Understanding thermoforming 2nd ed., 2008) 
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5.1 General polymer properties 

Plastic resins can be categorized as thermoplastics and thermosets. Thermoplastics can 

be heated and shaped many times. Polystyrene, polypropylene and polyethylene tereph-

thalate are examples of thermoplastics. Thermoforming is mostly done with thermo-

plastic polymers. Thermosets cannot be reshaped after they have been heated and 

shaped for the first time. Examples of thermosets are epoxy, melamine and phenolics. 

(Osswald, 1998, p. 3)  

Thermoplastics can be further categorized to amorphous and semi-crystalline polymers 

(Picture 21). Amorphous polymers solidify when they cool below their glass transition 

temperature Tg resulting in a random molecular structure. When semi-crystalline poly-

mers solidify the molecules have patterned structures bounded by unorganized amor-

phous regions. As semi-crystalline polymers solidify the molecules arrange in a pattern 

below the melting temperature Tm. And the amorphous regions of the semi-crystalline 

polymers solidify at the glass transition temperature Tg. (Osswald, 1998, pp. 3-5) 

 

Picture 21 Molecular arrangement of semi-crystalline and amorphous polymers 

(Jansen, 2016) 

Polymers often contain additives that modify their properties in certain ways. Additives 

are used for example to help with the processability, to add a colour or make the me-

chanical properties better. When producing polymer sheet for offline thermoforming ap-

plications anti-block agents and anti-slip agents are used to prevent the rolled sheet 

sticking together. If a polymer is flammable flame retardants are used to reduce the pos-

sibility of ignition. Odours are unwanted especially in food packaging applications and by 



35 

 

using odour suppressants the odour can be reduced. Anti-static agents reduce the static 

discharge.   (Throne, Understanding thermoforming 2nd ed., 2008, pp. 173-175) 

5.1.1 Forming range in thermoforming 

In thermoforming the material has a certain temperature range in which the polymer is in 

a state that it can be successfully thermoformed. This temperature range is called the 

forming range and it depends on the material properties. The forming range is different 

for amorphous and crystalline materials. It can be seen from Figure 3 that the forming 

range for amorphous polymers is wider than for crystalline polymers. 

 

Figure 3 Temperature-dependent elastic moduli with forming ranges for amor-

phous and crystalline polymers (Wiley, 2011, p. 1400) 

Precise temperature control is needed when thermoforming crystalline thermoplastics 

such as polypropylene due to the narrow forming range. The polymer sheet needs to be 

formed within the forming range in order to avoid processing or end product problems. 

Knowledge of forming ranges is important when selecting a material for a thermoforming 

process. (Rosato, Rosato, & Schott, 2010, pp. 1163-1164) 
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5.2 Polypropylene (PP) 

Polypropylene (PP) is a thermoplastic material used in food packaging, laboratory equip-

ment and reusable dishwasher-safe food-storage containers. Thermoplastic materials 

can be melted and reshaped multiple times. Polypropylene is a recyclable material, but 

it is estimated that only around 1 % of it globally is recycled. Overall it has lower environ-

mental impact than other alternative materials used for the same purpose. International 

plastic recycling symbols help consumers to identify and properly dispose plastic mate-

rials. Symbols are typically found on the base of containers. Symbol for polypropylene 

has both the number 5 and the letters PP (Picture 22). (Tice, 2002, pp. 4, 20) (Garcia, 

2016, p. 86) (Malpass, 2012, p. 6) 

 

Picture 22 International recycling symbol for polypropylene (Ibeh, 2011, p. 118) 

PP is a semi-crystalline polymer which means that the molecules align regionally in an 

ordered three-dimensional crystal structure. Polypropylene contains only carbon, C, and 

hydrogen, H, and has quite simple molecular structure. PP is manufactured by the 

polymerization of propylene monomer, CHCH3=CH2. The main polymer chain of PP 

consists of carbon atoms. At each tertiary carbon atom, a methyl group (CH3) hangs 

over the main chain. The position of the methyl groups divides PP in to three distinctive 

stereoisomeric types; isotactic (iPP), atactic, and syndiotactic (Picture 23). The tacticity 

can be determined by altering the polymerization conditions and it affects to the degree 

of crystallinity and therefore other properties of PP. Commercially most used form of PP 

is the isotactic form with ≤ 5% of the atactic form. By co-polymerizing isotactic PP with 

ethylene and/or 1-butene the impact strength and sub-zero temperature durability can 

be improved. (Tice, 2002, pp. 5-6) (Osswald, 1998, p. 4) (Karian, 1999, p. 18) (Tolinski, 

2015, p. 3) 
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Picture 23 The three stereoisomeric types of polypropylene (Tice, 2002, p. 5) 

Polypropylene crystallization can happen in more than one crystal form. Alpha is the 

most common crystal form, but a more desirable form of crystallization in thermoforming 

is the beta crystal. The beta crystals improve the impact strength and drawability of the 

sheet. The improvements in drawability make the material thickness distribution more 

uniform in the thermoformed products. The presence of beta crystals in the sheet make 

the processability of the sheet better. (Jacoby, 2012) 

The beta crystals have a lower melting point and when there are both alpha and beta 

crystals in the sheet the thermoforming temperature window is wider. The thermoforming 

temperature window for beta-nucleated polypropylene is about 146 °C – 163 °C and the 

thermoforming temperature window for alpha-crystalline PP is about 160 °C – 163 °C. 

The wider temperature range makes thermoforming of polypropylene easier and cycle 

times faster because of the lower temperatures. (Jacoby, 2012) 

The guide values of PP can be seen in Table 6. Most common ways to process PP are 

injection moulding and film extrusion and they make up almost 90% of all PP implemen-

tations. (Malpass, 2012, p. 6) 
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Table 6 Guide values of polypropylene (Ibeh, 2011, p. 211) (Osswald, 1998, p. A7) 

Feature  Value  

Density (g / cm3) 0.90 - 0.907  

Crystallinity ( % ) 50-80 

Melting point (°C) 160 - 175 

Thermal Conductivity (W/m°C) 0.28 

Tensile Strength (MPa) 21 -37 

Elongation at break (%) 10 - 600 

Moisture absorptivity (% / 24h) 0.01 - 0.03 

Rockwell hardness 80 - 110 
 

The physical and mechanical properties of commercial propylene homo-polymer makes 

it suitable for food packaging industry and other various applications. Those properties 

include good impact strength, high melting point (thus high service temperature), trans-

lucency, low water vapor transmissions, good resistance to grease, oils, chemicals and 

solvents, and medium gas permeability. (Tice, 2002, p. 6) (Osswald, 1998, pp. 4-5) 

When any material is used in food packaging, it must meet the governmental regulations 

for food contact. The aim is to ensure that the health of the consumer is protected. 

1989L0109 — EN — 20.11.2003 89/109/EEC is a directive relating to materials and ar-

ticles intended to come in contact with food.  (Tice, 2002, p. 13) (Malpass, 2012, p. 9) 

 

5.3 Polystyrene (PS) 

Polystyrene (PS) is an amorphous thermoplastic polymer used in thermoforming. Poly-

styrene at its unmodified form has a high modulus and good hot strength drawability. 

Polystyrene is a versatile polymer and its properties can be modified to suit its purpose. 

For example the impact resistance of polystyrene can be boosted by co-reacting it with 

synthetic rubber creating HIPS high impact polystyrene. Polystyrene can be identified 

from the number 6 in the recycling symbol (Picture 24).  (Ibeh, 2011, p. 328) (Throne, 

Understanding thermoforming 2nd ed., 2008, p. 176) 
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Picture 24 International recycling symbol for polystyrene (Ibeh, 2011, p. 118) 

In the packaging industry polystyrene is used to manufacture products such as meat 

trays, cups, food containers and others. Polystyrene has a large thermoforming temper-

ature window making it an easy material to thermoform. Although if a thermoformed part 

made from polystyrene has a high draw ratio the regions of the thermoformed part that 

are stretched the most can be very brittle. The stiffness of polystyrene makes it possible 

to produce very thin thermoformed products that are still relatively rigid. The properties 

of polystyrene are illustrated in the Table 7 below.  

Table 7 Properties of polystyrene (Ibeh, 2011, p. 339) (Throne, Understanding 

thermoforming 2nd ed., 2008, p. 176) (Osswald, 1998, p. A7) 

Feature  Value  

Density (g / cm3) 1.05  

Crystallinity ( % ) 0  

Melting point (°C) Tg = 100  

Thermal Conductivity (W/m°C)  0.18 

Tensile Strength (MPa)  40 

Elongation at break (%)  3-50 

Moisture absorptivity (% / 24h)  0.03 - 0.1 

Rockwell hardness 75 - 80  
 

5.4 Polyethylene terephthalate (PET) 

Polyethylene terephthalate (PET) is a thermoplastic polyester. The majority of PET con-

sumption in the world is for food and beverage packaging. PET is a recyclable polymer 

and it can be distinguished from the recycling symbol in Picture 25. PET can be con-

verted to usable products with typical thermoplastic conversion processes like ther-

moforming, injection moulding and blow moulding. When using PET for film and sheet 
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production different types of PET are available: A-PET, PET-G and C-PET (Ibeh, 2011, 

p. 418) (Pet Resin Association, 2015) (Engelmann, 2012, p. 211) 

 

Picture 25 International recycling symbol for polyethylene terephthalate (Ibeh, 

2011, p. 118) 

PET is produced with a polycondensation reaction between terephthalic acid (TPA) and 

ethylene glycol (EG). From the PET reaction water is extracted as a by-product (Picture 

26). (Ibeh, 2011, p. 407) 

 

Picture 26 Producing polyethylene terephthalate (Ibeh, 2011, p. 407) 

PET is sensitive to moisture and before processing it needs to be dried to avoid hydrolytic 

degradation. It is recommended to keep the moisture level of PET below 50 parts per 
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million (ppm) before the processing. (Throne, Understanding thermoforming 2nd ed., 

2008, p. 181) 

Amorphous PET (APET) has good clarity and it is used for thermoformed packaging 

products. The crystallization of APET is minimized which gives it good processing attrib-

utes for thermoforming and enhanced clarity. Due to the good clarity of APET it is a very 

suitable packaging option for products that need maximum exposure of the contents of 

the package. Food packages made from APET have high tensile modulus and high ten-

sile elongation at break. Disadvantage of APET is that it has low heat distortion which 

means that it cannot be used for products that need high temperature resistance. 

(Throne, Understanding thermoforming 2nd ed., 2008, pp. 180-181)  (Engelmann, 2012, 

p. 212) 

Thermoforming APET can be done with similar thermoforming equipment than ther-

moforming PS or PP. Although there are differences, such as the pre-drying and trim-

ming can be challenging. Biggest difference in trimming APET when compared to PS is 

that the polymer sheet needs to cut all the way through its thickness. With PS only 2/3 

of the thickness needs to be cut and after that a fracture will occur separating the parts 

from the skeleton web. In order to make the trimming of APET more efficient very sharp 

trim dies need to be used. Also heated trim-dies can be used. (Engelmann, 2012, p. 214) 

Food products made from Crystallizable PET (CPET) have high temperature stability. 

This means that packages made from CPET can be put to the freezer, microwave oven 

or a traditional oven. To accelerate the formation of crystallites with CPET additives such 

as talc or polypropylene are added. (Throne, Understanding thermoforming 2nd ed., 

2008, p. 182) 
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6. END PRODUCT QUALITY ISSUES AND PA-

RAMETERS IN THE PRODUCTION PROCESS  

A successful thermoformed product is made economically, it satisfies the customer and 

it meets the specifications it is given. To get a product that will do all these things many 

variables in the process need to be optimized. The thermoformed product is a combina-

tion of the raw material, additives, controlling the process and the processing equipment. 

It is critical to be able to understand what causes certain defects in the product to be able 

to troubleshoot efficiently.  

6.1 Problems with the end product 

The moisture in the polymer sheet can cause blisters or bubbles in the thermoformed 

polymer sheet. The polymer sheet that is going to be thermoformed should be stored in 

an environment that is moisture free to avoid the absorption of moisture. Moisture proof 

wrap for the roll can be also used to prevent moisture absorption. Blisters can be caused 

by heating the polymer sheet too rapidly to the forming temperature. Solution to this is to 

heat the polymer sheet to the forming temperature slower for example by using pre-

heater stations before the polymer sheet enters the thermoforming machine. If the air 

gets trapped between the polymer sheet and the mould or there is dust or dirt on the tool 

blisters and bubbles can form to the product. (Picture 27) (Muralisrinivasan, 2010, pp. 

71-72) 

 

Picture 27 Blisters/Bubbles in the product (Muralisrinivasan, 2010, p. 69) 
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Webbing and wrinkling (picture 28) can be caused by poor thermoforming mould design, 

incorrect temperatures of the polymer sheet or inadequate vacuum. In multi-cavity ther-

moforming moulds, the spacing between the mould cavities should be optimized to avoid 

these problems. Also, in the mould cavity design the draft angles and the radiuses of the 

cavity should not be too small, and it is recommended that plug-assists are used if pos-

sible. When the sheet temperature is too high webbing, bridging and sheet sag can oc-

cur. To eliminate this the heat of the polymer sheet should be decreased. To achieve 

that, the heater distance could be increased or the heating time decreased. Material se-

lection needs to be considered as well to tackle these problems, a resin with lower melt 

index can be chosen. (Muralisrinivasan, 2010, pp. 88-90) (Ashter, 2013, pp. 283-284) 

 

Picture 28 Wrinkling, webbing and bridging in the product (Muralisrinivasan, 2010, 

p. 69) 

Excessive post-shrinkage (picture 29) of the thermoformed part occurs when the formed 

part is removed from the mould cavity while it is still hot. This is caused by the improper 

cooling inside the mould cavity. This can be fixed by increasing the cooling time of the 

product or by reducing the temperature of the mould. The cooling channels inside the 

mould should be checked for proper flow of coolant inside the channels. 

(Muralisrinivasan, 2010, pp. 73-75) 

 

Picture 29 Post shrinkage in the product (Muralisrinivasan, 2010, p. 70) 
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The polymer sheet can stick to the mould surface if the thermoformed part is still too hot 

for it to be released from the mould cavity (Picture 30). To avoid this the temperature of 

the polymer sheet or the thermoforming mould should be reduced. To tackle this the 

cooling time can also be increased, but this reduces the production speed. The mould 

geometry also influences the sticking, the draught angle needs to be big enough for good 

release of the product from the mould. It is possible that the surface of the mould cavity 

can cause sticking as well, so it is recommended that the surface of the mould is rough-

ened or smoothened. (Muralisrinivasan, 2010, pp. 77-78) 

 

Picture 30 Polymer sheet sticks to the mould (Muralisrinivasan, 2010, p. 69) 

The polymer sheet tearing (picture 31) can be caused by incorrect polymer sheet tem-

peratures, the polymer sheet is either too hot or too cold when it comes in contact with 

the mould cavity. Poor mould design can also be the cause for the tearing, if the depth 

of draw is too big in the thermoformed product the stretched sheet will become too thin 

and tear. The material thickness distribution over the width of the sheet should also be 

as uniform as possible. Sometimes if the vacuum or the compressed air is being applied 

too early tearing can happen. (Muralisrinivasan, 2010, pp. 80-82) (Ashter, 2013, p. 303) 

 

Picture 31 Tearing of the polymer sheet during the forming process 

(Muralisrinivasan, 2010, p. 70) 
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Poor reproduction of mould surface details (picture 32) can occur when the polymer 

sheet is too cold. Either the temperature of the heater should be raised, or the heating 

time increased to avoid this. It is also important to keep the polymer sheet temperature 

as uniform as possible and monitor whether there are inconsistencies or draft in the 

heating oven. Uneven part forming details can also be caused by insufficient vacuum or 

pressure. Possible vacuum leaks should be fixed, and the vacuum holes and vents 

should be checked if they are clogged. Clamping frame should also be in the recom-

mended temperature to get a better seal. (Muralisrinivasan, 2010, pp. 89-90) (Ashter, 

2013, p. 292) 

 

Picture 32 Poor reproduction of mould surface details in the product 

(Muralisrinivasan, 2010, p. 69) 

Chill marks and striations (picture 33) can happen when the mould temperature is too 

low. The material freezes onto the mould as it touches it. This can be resolved by in-

creasing the mould temperature. The same effect can happen if the plug assist temper-

ature is too low. Also care needs to be taken into uniform sheet temperature, because 

uneven sheet temperature can cause chill marks/striations. (Ashter, 2013, p. 296) 
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Picture 33 Chill marks and striations in the product (Muralisrinivasan, 2010, p. 69) 

The product can be too thin in the corners (Picture 34) reducing the mechanical proper-

ties significantly. If the material is too cold during the forming process the corners do not 

form properly. This can be solved by increasing the heating time or intensity. Also if the 

part is ejected from the mould while it is too hot, this can be solved by reducing the tool 

temperature or increasing the cooling time. Poor mould design can also cause this, if 

there is not enough space between the cavities. (Muralisrinivasan, 2010, pp. 83-84)  

 

 

Picture 34 Thin corners in the product (Muralisrinivasan, 2010, p. 69) 
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6.2 Extrusion 

The success of a thermoforming process is dependent on the quality of the sheet that is 

thermoformed. The extruded polymer sheet is the starting material for the thermoforming 

process. It is important to understand the basics of extruding a polymer sheet to produce 

high quality thermoformed parts. Producing polymer sheet that has no quality issues is 

very challenging. When producing extruded polymer sheet for a thermoforming process 

different quality issues can happen. 

The thickness of the polymer sheet can vary across the sheet. The desired thickness for 

the polymer sheet is adjusted with the die gap. With advanced extrusion equipment the 

die gap can be adjusted automatically, when there is a nuclear gauge monitoring the 

sheet thickness. The thickness of the sheet should be as uniform as possible to achieve 

best results in the thermoformed product. 

The degree of orientation in the thermoformed polymer sheet is important. The orienta-

tion is measured in both the machine direction (MD) and cross-machine direction (TD). 

The degree of orientation may cause problems in the thermoforming process. During 

heating the internal stresses of the sheet are released. If the sheet is highly oriented in 

the cross-machine direction, during heating the sheet could pull off the pin-chains that 

are used to convey the sheet forward in the machine. 

Although the dosing of the pellets is often done automatically there can appear colour 

uniformities in the sheet that can be visually seen. The raw material used for the sheet 

can have irregularities, for example the raw material can be unclean. This can cause 

holes or lumps to the sheet, which will appear in the thermoformed product. Also there 

can be linear surface marks or die lines in the sheet. Quality tests for the sheet should 

be conducted to monitor the quality of the sheets. (Throne, Understanding thermoforming 

2nd ed., 2008, pp. 205-213) 

The calandering extrusion process can be controlled with different important variables. 

The speed and temperature of the calandering rolls can be controlled. Also an important 

variable is the distance between the extruder die and the calandering rolls. The temper-

ature of polymer melt needs to be optimally controlled to avoid quality issues. The die 

gap should be adjusted to be 10 – 20 % bigger than the desired sheet thickness. 
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6.3 Thermoforming 

The thermoforming process can be controlled with numerous different parameters. The 

most important parameters regarding the process are presented in this chapter. The op-

erator needs to have an understanding on how to control the heating variables to achieve 

a uniform sheet temperature. The variables during the forming process are also im-

portant to understand. All these variables have a significant effect on the quality of the 

end product.  

6.3.1 Heating variables 

Uniform heating of the thermoformed sheet is essential to achieve good results in ther-

moforming. The heating elements can be controlled individually in more advanced ma-

chines, but in some machines only rows can be controlled. The mould cavity layout and 

the position of the cavities on the heating elements can be seen from the heating map 

(Picture 35). 

 

Picture 35 Heating map, that shows the placing of the heating elements and the 

mould cavity layout 

Often many different sizes of products are manufactured in the same production ma-

chine. Heating maps are made to make the adjustment of the heating elements easier. 

With the help of heating maps the operator can inspect the thermoformed product and 

adjust the heating elements based on the hands-on inspection of the products. 
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Heating maps are made for each individual product, which shows the placing of the heat-

ers and the mould cavity layout. In thin-gauge thermoforming sandwich heating is often 

used, which means that the heating elements are placed on top of the sheet and below 

the sheet. The placement of the heating elements can be different depending on the 

machine that is used. 

The temperature of polymer sheet is also measured using a pyrometer that is placed on 

top of the polymer sheet. It measures the temperature of a point on the polymer sheet, 

that is at the centre of the sheet in cross-machine direction. Because the pyrometer mon-

itors only one point on the sheet it is not a good representation of the overall temperature 

uniformity of the sheet. With thermal cameras the overall temperature uniformity of the 

polymer sheet could be monitored. 

6.3.2 Forming process variables 

The forming process has many parameters that are critical to the outcome of the ther-

moformed product. The delays and durations of the forming parameters that can be con-

trolled from the machine panel can be seen from Table 8. 

Table 8 Forming process steps 

 

 

Table 8 illustrates the forming process in a timeline. The forming cycle starts with the 

closing of the mould. The lower table movement starts the cycle and after that the upper 

table movement starts. After the mould is closed the plug assist begins its movement to 

pre-stretch the polymer sheet. The forming air is initiated next while the plug assist is still 

Bottom part  
eject

Upper table 
return

Lower table 
return

Blowing

Plug assist

Pressurized 
air

Upper table 
start-up

Lower table 
start-up

Cycle t ime

FORMING PROCESS

Delay Start Time DELAY TIME
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in its end position. The duration of the plug assist and forming air can be controlled. The 

plug assist will retract next from the mould while the forming air is still active. When the 

forming air stops, the mould will start to open. 

First the upper table will start to open and then next the bottom ejector plate will move 

up. After that the lower table will start to open as well. This represents the cycle time. 

The overall cycle time controls the output of the thermoformer. When the cycle time is 6 

seconds the thermoformer outputs 10 cycles per minute. Therefore a 4-cavity mould will 

produce 40 products per minute. 

Plug assist can be controlled with different parameters. The speed and displacement can 

be changed. The displacement of a plug-assist represents the value of how close to the 

mould cavity bottom the plug-assist travels.  
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7. INDUSTRIAL TRIAL RUNS AND MEASURE-

MENTS 

This chapter presents the trial runs, product measurements and conclusions. A compre-

hensive investigation was conducted to find the connection between the process param-

eters and material thickness distribution and stability of a thermoformed product. Ana-

lysing thermoformed products is important to be able to optimize the manufacturing pro-

cess. The variation of wall thickness distribution and top load of a thermoformed tray was 

documented in this thesis.  

The parameters that were adjusted were known to be critical to the material thickness 

distribution of the tray. These parameters were chosen with the help of experienced op-

erators of the thermoforming machine. The forming parameters chosen were: 

- Vacuum 

- Plug assist displacement 

- Plug assist delay 

- Forming air pressure 

- Forming air delay 

There have been problems with the material thickness distribution on the examined tray. 

There is either too much material on the base of the tray, which results in thin side walls 

or too much material on the side walls which results in a thin base. Thin side walls affect 

the stability of the tray causing problems when stacking the trays. 

7.1 Experimental methods 

Industrial trial runs were performed using a roll-fed thermoforming machine. The product 

that is measured is a meat tray. The height of the tray is 100 mm, width 265 mm and 

length 326 mm. The polypropylene polymer sheet used for the product has a thickness 

of 1,1 mm. The mould that was used in the trials was a 4-cavity mould.  

The experimental section of this thesis is divided to two sections. In the first section the 

addition of vacuum to the process was examined and in the second section different 

process parameter adjustments were tested. In total 9 trial runs were conducted (Table 
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9). The parameter adjustment ranges were selected to represent the typical ranges that 

operators use in this production line with this product. 

Table 9 Trial run details 

Trial run number Parameters 

1 Reference trays without vacuum 

2 Vacuum added 

3 Reference trays with normal processing parameters 

4 Plug assist displacement reduction of 10 mm 

5 Plug assist displacement reduction of 20 mm 

6 Plug assist delay reduction of 50 ms 

7 Plug assist delay addition of 50 ms 

8 Forming air reduction of 0,5 bar 

9 Forming air delay reduction of 50 ms 

  

 

The layout of the mould that was used in the trial runs can be seen from picture 35. After 

every parameter adjustment at least 40 trays were formed before collecting the samples 

for experimentation. This was done to wait for the process to stabilize to get reliable 

samples. In each of the trial runs 10 samples were collected from each of the 4 mould 

cavities. In total there were 360 trays collected for experimentation. 

7.2 Measurement points and equipment 

Magna Mike 8500 is a thickness measurement device, which is based on the Hall Effect 

principle. The thickness of the tray is measured by placing a steel ball on the inside of 

the tray and the magnetic probe on the outside of the tray. Magna Mike (Picture 36) 

measures the distance between the steel ball and the magnetic probe tip. 

 

Picture 36 Magna Mike 8500 thickness measurement device 
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The measurement points of the tray can be seen from picture 37. The sidewall measure-

ments W1-W8 were done for the upper, middle and bottom segments of the sidewall. 

The tray base was measured according to measurement points B1-B9. In total there 

were 33 measurement points for each individual tray. 

 

 

 

 

 

  

 

Picture 37 Different segments and the measurement points of the tray 

In order to accurately repeat the base area measurements a stencil was made (Picture 

38). The stencil was inserted to the base area of the tray during the measurements. 

 

Picture 38 Stencil for the base measurements 

The stability of the tray was determined with a top load test. With this test the capacity of 

how much load the tray can withstand can be determined. This is important, because 
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when the trays are packed for shipment they are stacked on top of each other in several 

layers. The top load test was performed on all the sample trays. 

The top load test is conducted by placing the tray face down on the lower plate (Picture 

39). After that the upper pressure plate moves downwards pressuring the tray. The pres-

sure plate keeps moving downwards until the tray gives in. The top load device measures 

the maximum force that the tray can withstand in newtons. During the top load test the 

weight of the tray was also documented. 

 

Picture 39 Top load testing equipment to measure the maximum force that the tray 

can withstand in newtons 

7.3 Vacuum trial runs 1 and 2 

Vacuum is not used in these production lines, so a vacuum pump was installed to the 

machine to examine if it can make the material distribution of the tray more uniform. If 

found that it is a contributing factor in the material thickness distribution, vacuum pumps 

could be installed to similar thermoforming machines in the factory. 

The trial runs were started by gathering 40 test samples with normal processing param-

eters before activating the vacuum. These samples were used as reference samples to 

compare them to the samples with the vacuum.  

The delay and duration of the vacuum activation can be controlled from the operating 

panel. Because vacuum is not used in the production lines, there was no prior experience 

on what the optimal parameters for the vacuum could be. Different delays and durations 

with the vacuum were tested in order to find the optimal ones.  
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It was assumed that the vacuum should not be activated before the plug assist move-

ment, because it could drag the sheet downwards before the movement of the plug as-

sist. This would make the pre-stretching of the sheet unpredictable. The activation time 

that was chosen for the vacuum was just after the plug assist movement but before the 

forming air pressure initiation. 

The material thickness distribution of the reference trays and vacuum trays was meas-

ured. The visual representation in Picture 40 shows the differences between the meas-

urement points and the possible inconsistencies in the symmetry of the material distribu-

tion. Each cell represents one measurement point and the value in the cell is the average 

of the material thickness in millimetres over all of the 40 samples.  

Comparing the two figures can be seen that adding the vacuum has affected the material 

distribution of the tray positively. In the reference samples the material was concentrated 

to the base and bottom segments leaving the middle segment too thin. It was more 

evenly distributed in the vacuum samples. The relative thickness transition between the 

trial runs over every measurement point can be seen in the appendix A. 

 

Picture 40 Visual representation of the average thickness values in mm of each 

measurement point in the tray for trial runs 1 and 2 

Figure 4 represents the average material thickness of each tray segment between the 

reference trays and the vacuum trays. There was variance between the four cavities, but 

it was consistent over the trial runs so the average values can be compared. Also some 

variance inside each segment existed. The standard deviations of each measurement 

points can be found on the appendix B. 
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From the Figure 4 can be seen that the addition of vacuum has affected the middle and 

upper segments quite significantly. The increase in wall thickness is about 23 %. The 

average of base segment has also increased, but as was seen from the picture 40 the 

material was concentrated on the middle point of the base leaving the fringe quite similar 

than in the reference trays. 

 

Figure 4 Average material thickness of the tray segments for trial runs 1 and 2 

The top load test was performed on the reference trays and the trays with vacuum. The 

top load Fmax for both trial runs can be seen from the Figure 5. The trays with the vacuum 

can bear about 13 % more load than the reference trays. The maximum force that the 

tray can withstand can be linked to the more even material distribution of the tray. As 

was shown in the Picture 40 and the Figure 4, the vacuum trays had a more uniform wall 

thickness. From the results of the trial run 1 and trial run 2 it can be assumed that the 

addition of vacuum has affected the material distribution and the stability of the tray pos-

itively. 
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Figure 5 The average top load Fmax for trial runs 1 and 2 

7.4 Trial runs 3-9 with machine parameter adjustments 

The machine operators have accumulated knowledge and skill of process control over 

the years, but that knowledge is rarely documented. The opinions of the changes that 

different parameter adjustments can make to the product and process can differ between 

operators. The objective of these trial runs was to examine different machine parameter 

adjustments and document their effects.  

The parameter values that have been used for successful part formation with acceptable 

quality were used as the reference values. These trays were used as reference samples 

to examine how each parameter adjustment affected the trays. In the trial runs only one 

parameter was changed in turn according to Table 10. During the parameter adjustments 

other parameter values were fixed to the reference values, which are bolded in Table 10. 

Table 10 Parameter adjustments that were examined, the reference values are 

bolded 

Variable Value 

Plug assist displacement (mm) 94; 84; 74 

Plug assist delay (s) 0,46; 0,51; 0,56 

Forming air pressure (bar) 4,0; 4,5 

Forming air delay (s) 0,55; 0,60 
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7.4.1 Trial run 3: Reference trays 

The material distribution of the reference trays can be seen in the Picture 41. Each of 

the trial run 4 - 9 results were compared to the results of this reference trial run. The 

material was concentrated on the base and bottom segments of the tray. The thinnest 

segment was the middle segment of the sidewall. 

 

 

Picture 41 Visual representation of the average thickness values in mm of each 

measurement point in the tray for the reference trays (trial run 3) 

7.4.2 Trial runs 4 and 5: Plug assist displacement 

In trial runs 4 and 5 the effect of plug assist displacement was investigated. The plug 

assist displacement represents the end position of the plug assist during the cycle. The 

greater the plug assist displacement value the closer the plug assist end position is to 

the mould cavity bottom. The plug assist displacement trial runs were compared to the 

reference value of 94 mm. Two different plug assist displacement values were tested: 84 

mm and 74 mm. 

From Picture 42 we can see how the plug assist displacement adjustment has affected 

the material thickness distribution of the tray. The reduction of the plug assist displace-

ment by 10 millimetres reduced the middle segment wall thickness. On the base of the 

tray the material concentrated to the middle point and the fringe was thinner. The upper 

sidewall segments were thicker.  

The results of trial run 5 were mainly consistent with the results of the trial run 4. The 

base segment fringe became further thinner and the bottom and the upper segments of 
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the tray became thicker. The results of the middle segment of the tray did not follow the 

pattern. 

 

 

Picture 42 Visual representation of the average thickness values in mm of each 

measurement point in the tray for different plug displacements (trial runs 3,4,5)  

Figure 6 represents the average material thickness of each tray segment between the 

reference trays and the two trial runs. The figure shows the consistency of the results on 

the base, bottom and upper segment thickness.  

When the plug assist displacement is reduced the plug assist end position is farther away 

from the mould cavity bottom and thus the pre-stretching is reduced. When the pre-

stretching of the sheet is reduced, the sheet needs to travel a greater distance to the 
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mould cavity bottom with only the help of the forming air pressure and it will undergo 

greater thinning. In conclusion the greater the distance between the plug assist and the 

mould cavity bottom the thinner the tray base is. 

The overall thickness distribution of the tray became more uneven when the plug assist 

displacement was reduced. For the usage properties of the tray an even distribution of 

the sidewalls and a thick enough base would be desired. 

 

Figure 6 Average material thickness of the tray segments for different plug dis-

placements (trial runs 3,4,5) 

The Figure 7 shows the top load test results. The highest value for top load was for the 

plug displacement of 74 mm. It can be seen that the stability of the tray is comparable to 

the sidewall material thickness and distribution. The plug displacement of 84 mm resulted 

the lowest stability which can be linked to the thin middle segment and the uneven dis-

tribution of material in the sidewalls.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

BASE BOTTOM MIDDLE UPPER

M
at

er
ia

l t
h

ic
kn

es
s 

(m
m

)

REFERENCE: PLUG DISPL 94 TRIAL 4: PLUG DISPL 84 TRIAL 5: PLUG DISPL 74



61 

 

 

Figure 7 The average top load Fmax for different plug displacements (trial runs 3,4,5) 

7.4.3 Trial runs 6 and 7: Plug assist delay 

In trial runs 6 and 7 the effect of the plug assist delay was investigated. During the form-

ing process the plug assist will be initiated after the set delay. The plug assist delay with 

the reference trays was 0,51 seconds. Two different delay values were tested: 0,46 sec-

onds and 0,56 seconds. The picture 43 represents the average material thickness distri-

bution between the measurement points. The plug assist delay adjustment had a great 

effect on the distribution of the material. 

In trial run 6 the delay was 0,46 seconds meaning that the plug assist begun its move-

ment earlier in the forming process. The material accumulated more to the base and 

bottom segments of the tray and the middle and upper sidewall segments were consid-

erably thinner. 

The trial run 7, where the delay was increased to 0,56 seconds, resulted opposite thick-

ness values. The base and bottom segments were thinner while the middle and upper 

segments were thicker. The measurement results and hands on inspections showed that 

the base thickness of trial run 7 was too thin. It is crucial that the base of the tray is thick 

enough so that the tray can be used for its purpose. There is no defined minimum thick-

ness for the base, but in measurement point B1 the average base thickness was 0,303 

mm, which was validated by the hands-on inspections to be too thin for the product to be 

acceptable. If even one of the measurement point in the tray base is too thin, it will not 

pass the quality check. 
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Picture 43 Visual representation of the average thickness values in mm of each 

measurement point in the tray for different plug assist delays (trial runs 3,6,7) 

The average thickness change in segments between the trial runs can be seen from 

Figure 8. It can be seen that the 50 ms reduction made the base thicker and decreased 

the middle and upper segment thickness. The relative change is quite significant, the 

base is about 23 % thicker and the middle and upper segments about 33 % thinner. The 

50 ms increase in delay has affected the thicknesses in the opposite direction. 

This behaviour could be explained through the sliding of the sheet on the plug assist 

surface. It could be assumed that with the earlier plug assist initiation the sheet temper-

ature is higher during the pre-stretching than in the later initiations. An assumption can 
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be made that when the sheet has a higher temperature, the friction factor between the 

sheet and the plug surface is greater. Therefore the sheet slides less on the plug surface. 

This could explain the thin middle and upper segments.  

Where as in the later plug assist initiation it could be assumed that the sheet temperature 

has a little more time to cool. When the sheet has cooled the friction factor between the 

sheet and the plug assist has reduced and therefore the sheet is able to slide on the 

surface of the plug while stretching. This could explain the thinner base segment. 

 

 

Figure 8 Average material thickness of the tray segments for different plug assist 

delays (trial runs 3,6,7) 

The Figure 9 represents the top load test results for the trial runs 6 and 7 compared to 

the reference results. The figure shows the dramatic drop in the stability of the tray with 

the trial run 6 trays which had thin sidewalls and a thick base. An improvement of the 

stability with the trial run 7 can be seen as the sidewalls were thick and uniform. The 

base segment thickness has no effect on the top load test. Therefore the stability can be 

high although the base is too thin for use. 
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Figure 9 The average top load Fmax for different plug assist delays (trial runs 3,6,7) 

7.4.4 Trial run 8: Forming air pressure 

In trial run 8 the effect of the forming air pressure adjustment was investigated. During 

the forming process the air pressure used is measured in bars. The reference trays had 

a forming pressure of 4,5 bars and the trial run 8 had a forming pressure of 4,0 bars. The 

picture 44 represents the average material thickness distribution between the measure-

ment points.  

The forming air pressure reduction had negative effects on the thermoformed tray. On 

trial run 8 the sidewall middle segment is thinner, and the base is slightly thicker.  

 

Picture 44 Visual representation of the average thickness values in mm of each 

measurement point in the tray for different forming air pressures (trial runs 3,8) 
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The average thicknesses for different segments can be seen from Figure 10. By reducing 

the forming air pressure by 0,5 bars, the thickness of the middle segment was reduced 

on average by 25 % and on other parts of the sidewall by 10 %. The reduction of forming 

pressure had similar effects than the reduction of the plug assist delay. The two trial runs 

both made the base thicker and upper sidewall thinner, in opposite to other trial runs. 

 

Figure 10 Average material thickness of the tray segments for different forming air 

pressures (trial runs 3,8) 

From figure 11 the results of the top load test can be seen. The thinner sidewalls had a 

negative effect on the stability of the tray. From these results we can assume that the 

reduction of forming air pressure is not worthwhile. 

 

Figure 11 The average top load Fmax for different forming air pressures (trial runs 

3,8) 
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7.4.5 Trial run 9: Forming air delay 

In trial run 9 the effect of the forming air delay adjustment was investigated. During the 

forming process the forming air will be initiated after the set delay. The reference trays 

had a forming air delay of 0,60 seconds and in the trial run 9 the forming air delay was 

0,55 seconds. The picture 45 represents the average material thickness distribution be-

tween the measurement points.  

The reduction of forming air delay by 50 ms made the base and bottom segments of the 

tray thinner but in turn the middle and upper segments of the tray thicker. Out of all the 

tested trial runs the trial run 9 had the thickest middle and upper sidewall segments.  

 

Picture 45 Visual representation of the average thickness values in mm of each 

measurement point in the tray for different forming air delays (trial runs 3,9) 

 

The segment thickness differences between the reference trays and trial run 9 are on 

Figure 12. The base and bottom thicknesses have reduced while the middle and upper 

segments have increased. On average the increase in the upper segment was 48 % and 

the middle segment 26%. The trial run 9 had similar results than the trial run 7 with the 

plug assist delay of 0,56 seconds. When the forming air delay was decreased by 50 ms 

it resulted the same time window from the pre-stretching initiation to the forming air initi-

ation as the plug assist delay increasement by 50 ms. Because the results are similar it 

can be assumed that this time window has a great impact on the formation of the product. 
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Figure 12 Average material thickness of the tray segments for different forming air 

delays (trial runs 3,9) 

The Figure 13 has the results of the top load test. The stability of the tray has increased 

most out of all the test runs as the average top load value of 221 N was achieved. The 

high average top load test can be explained by the thick sidewall segments of the tray. 

Even though the results from the top load test were good, from picture 45 it can be seen 

that the average base thickness of the tray was too thin, especially on measurement 

point B1. This was also noticeable with hands on inspection of the trial run 9 samples. 

Based on the results the reduction of the forming air delay had a positive effect on the 

middle and upper segments of the tray and a negative effect on the base and bottom 

segments. It would be beneficial to test a smaller reduction of the delay or the combined 

effect of reducing the delay with other parameter adjustments at the same time. 

 

Figure 13 The average top load Fmax for different forming air delays (trial runs 3,9) 
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7.4.6 Summary of the trial runs 3-9 

There was some variance in the results between the four cavities of the mould in the trial 

runs. By comparing the cavity-specific results it could be seen that each of the cavities 

had their own characteristics and followed their own pattern. It was decided that since 

the cavity-specific results were consistent between the different trial runs, average val-

ues over all four cavities were comparable. 

The relative results from each of the parameter adjustment runs can be seen from Figure 

14. Like was mentioned earlier, the top load test does not alone dictate the quality of the 

tray. It was noticed that evenly distributed sidewalls had the best results in the top load 

tests, but the top load test did not consider the base thickness, which is also an important 

attribute. The trays that had the best top load average had too thin base, which could be 

seen from the measurements and the hands-on inspection of the trays. 

All of the parameter adjustments had a consistent effect of base segment thicknesses 

changing to one direction and upper segment thicknesses to the other. Trial runs that 

had a reductive effect on the base segment thickness were the trial runs 4, 5, 7 and 9. 

The trial runs 4 and 5 both reduced the amount of pre-stretching and the link between 

trial runs 7 and 9 was that both of them reduced the timespan between the pre-stretch 

phase and the forming air initiation. Trial runs that had a positive effect on the stability of 

the tray were trial runs 5, 7 and 9. Both of the trial runs 6 and 8, which were the only trial 

runs resulting in base thickening, increased the timespan between the pre-stretch phase 

and the moment of sheet touching the surface of the mould.  

From the parameter adjustment trial runs it could be seen that when the plug assist 

moved closer to the mould cavity bottom the upper sidewalls became thinner. It was also 

noticed that a short plug assist delay increase resulted in more uniform material distribu-

tion. It was found out that the forming air pressure should not be reduced as it produced 

a more uneven material distribution. From the results it could be seen that increasing the 

forming air delay increased the stability, but the factor of too thin base should also be 

taken into account. 
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Figure 14 Relative change of material thickness and top load for trial runs 4-9 when 

compared to the reference trial run 3 
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8. CONCLUSIONS 

The experimental part of the thesis consisted of two sections. In the first experiments the 

addition of vacuum to the process was examined. The objective of the vacuum addition 

was to make the material thickness distribution more uniform especially in the middle 

sidewall segment of the tray. The stability of the tray is dictated by the thinner regions, 

and the objective was to redistribute the material from the thick regions of the tray to the 

thinner regions. 

A vacuum pump was installed to the production machine and tested, whether it would 

make considerable difference in the material thickness distribution of the tray. Vacuum 

is not used in these production lines, so there was no prior knowledge of the optimal 

parameters. The parameter adjustments with the vacuum took some time before ac-

ceptable quality products could be formed. After the adjustments 40 sample trays were 

gathered for experimentation. 

The overall stability felt better on the vacuum trays on the hands-on inspections and the 

measurement results verified that the vacuum trays had a more even material thickness 

distribution. The trays were thicker in the critical segments of the tray, which were vali-

dated by the better top load results. In conclusion based on these measurements, the 

addition of vacuum to these types of production lines would be justifiable. 

In the second section of the experiments the effects of different machine parameter ad-

justments were investigated. The parameter adjustments tested were the plug assist dis-

placement, plug assist delay, forming air pressure and forming air delay. All of the pa-

rameter adjustments showed some change in the wall thickness distribution of the tray. 

This was desirable, because the objective was to examine how different forming process 

parameters affect the material thickness distribution.  

The goal of this thesis was to find out the effects of thermoforming parameter adjust-

ments to the end product. The results of the 9 trial runs were quite consistent and gave 

important information of the vacuum addition and parameter adjustments. Further inves-

tigations could be initiated in order to find out how the parameter adjustments could work 

together.  
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APPENDIX A:  

The relative material thickness transition from reference trays to trial runs. 

 

 

 

13,68 % 40,35 % -5,70 % 0,49 % -1,34 % 4,95 % -3,80 % 47,15 % 20,38 %

18,50 % 25,20 % -8,57 % -1,81 % 16,99 % 7,04 % -5,56 % 23,47 % 15,67 %

19,86 % 22,92 % -3,30 % 1,43 % 4,19 % 15,08 % -1,01 % 22,23 % 17,49 %

TRIAL RUN 2 VACUUM TRAYS

9,50 %

25,21 %

-5,00 %

-11,59 %

42,92 %

6,63 %

TRIAL RUN 4 PLUG DISPLACEMENT 84 mm

6,30 % -3,65 % -4,87 % -15,84 % -11,43 % -6,81 % 1,75 % -15,80 % 10,69 %

-0,85 % -18,03 % -0,95 % -11,57 % 9,18 % -8,25 % 3,73 % -17,01 % 3,84 %

2,87 % -23,85 % 1,32 % -7,19 % 1,32 % -3,87 % 16,41 % -11,41 % 4,39 %

1,32 %

0,73 %

-2,99 %

-4,09 %

-4,57 %

9,82 %

TRIAL RUN 5 PLUG DISPLACEMENT 74 mm

13,08 % -3,75 % 3,95 % -25,84 % -23,24 % -22,09 % 0,30 % -3,37 % 22,43 %

6,19 % -18,53 % 2,77 % -17,64 % 5,77 % -19,55 % 6,42 % -4,71 % 9,80 %

14,49 % -9,29 % -0,55 % -19,85 % -11,49 % -18,07 % 18,72 % -0,23 % 14,64 %

10,89 %

14,40 %

3,48 %

-4,69 %

-8,00 %

25,24 %



74 

 

 

 

 

 

  

TRIAL RUN 6 PLUG ASSIST DELAY 0,46 s

-36,96 % -41,93 % -4,71 % 20,42 % 14,53 % 21,61 % -8,61 % -34,81 % -27,15 %

-39,93 % -45,06 % -4,53 % 23,19 % 16,48 % 14,79 % -15,42 % -32,50 % -31,04 %

-36,33 % -37,99 % -1,31 % 46,53 % 30,38 % 27,22 % -8,66 % -25,42 % -29,74 %

-32,94 %

-22,31 %

-15,56 %

-25,71 %

-34,13 %

-27,19 %

TRIAL RUN 7 PLUG ASSIST DELAY 0,56 s 

32,69 % 13,17 % -26,61 % -25,52 % -22,97 % -22,34 % -24,70 % 33,57 % 43,16 %

34,85 % 12,45 % -24,01 % -24,19 % -3,13 % -25,99 % -19,19 % 33,42 % 42,92 %

48,74 % 15,14 % -26,44 % -32,16 % -21,52 % -26,09 % -14,24 % 17,15 % 43,93 %

60,13 %

38,33 %

-11,90 %

-21,86 %

11,31 %

60,38 %

TRIAL RUN 8 FORMING AIR PRESSURE 4,0 bar

-10,16 % -31,45 % -16,14 % 7,03 % 5,40 % 4,69 % -9,98 % -26,05 % 4,63 %

-10,75 % -32,65 % -15,32 % 1,40 % 11,42 % -0,97 % -18,06 % -24,92 % -1,86 %

-5,85 % -30,60 % -10,93 % 19,44 % 15,33 % 14,45 % -15,75 % -21,61 % -3,42 %

-4,73 %

-16,94 %

-20,02 %

-17,51 %

-19,37 %

1,98 %

TRIAL RUN 9 FORMING AIR DELAY 0,55 s

40,84 % 15,72 % -25,41 % -23,83 % -24,86 % -27,37 % -24,44 % 40,91 % 51,05 %

37,92 % 14,32 % -18,63 % -25,54 % -2,42 % -26,27 % -17,68 % 43,71 % 45,94 %

48,97 % 15,73 % -23,83 % -32,14 % -21,25 % -29,25 % -10,00 % 22,84 % 42,22 %

43,28 %

62,00 %

-21,57 %

-9,31 %

57,62 %

12,13 %
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APPENDIX B: 

Measurement results and the standard deviations for trial runs 1-9. 

 

TRIAL RUN 1 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,435 ± 0,047 0,41 ± 0,07 0,388 ± 0,055 0,386 ± 0,038

B2 BASE 0,595 ± 0,043 0,587 ± 0,025 0,482 ± 0,059 0,516 ± 0,078

B3 BASE 0,419 ± 0,038 0,407 ± 0,044 0,32 ± 0,037 0,283 ± 0,047

B4 BASE 0,565 ± 0,048 0,673 ± 0,059 0,579 ± 0,072 0,597 ± 0,057

B5 BASE 0,632 ± 0,014 0,725 ± 0,083 0,5 ± 0,117 0,648 ± 0,07

B6 BASE 0,571 ± 0,045 0,606 ± 0,053 0,452 ± 0,048 0,537 ± 0,06

B7 BASE 0,386 ± 0,042 0,469 ± 0,04 0,357 ± 0,053 0,451 ± 0,035

B8 BASE 0,562 ± 0,055 0,663 ± 0,04 0,417 ± 0,082 0,58 ± 0,032

B9 BASE 0,403 ± 0,042 0,461 ± 0,043 0,308 ± 0,058 0,409 ± 0,035

M1 BOTTOM 0,632 ± 0,043 0,704 ± 0,051 0,626 ± 0,034 0,709 ± 0,025

M2 BOTTOM 0,654 ± 0,047 0,668 ± 0,063 0,694 ± 0,054 0,752 ± 0,047

M3 BOTTOM 0,651 ± 0,035 0,602 ± 0,106 0,695 ± 0,059 0,716 ± 0,052

M4 BOTTOM 0,705 ± 0,051 0,666 ± 0,052 0,674 ± 0,047 0,673 ± 0,079

M5 BOTTOM 0,579 ± 0,04 0,673 ± 0,028 0,662 ± 0,047 0,532 ± 0,043

M6  BOTTOM 0,598 ± 0,063 0,733 ± 0,057 0,686 ± 0,039 0,601 ± 0,064

M7 BOTTOM 0,502 ± 0,063 0,719 ± 0,053 0,652 ± 0,054 0,567 ± 0,071

M8 BOTTOM 0,734 ± 0,054 0,756 ± 0,038 0,666 ± 0,062 0,749 ± 0,062

M1 MIDDLE 0,239 ± 0,011 0,211 ± 0,027 0,269 ± 0,02 0,221 ± 0,007

M2 MIDDLE 0,268 ± 0,017 0,26 ± 0,033 0,313 ± 0,081 0,257 ± 0,044

M3 MIDDLE 0,259 ± 0,016 0,271 ± 0,036 0,281 ± 0,024 0,271 ± 0,039

M4 MIDDLE 0,26 ± 0,028 0,261 ± 0,025 0,26 ± 0,02 0,272 ± 0,05

M5 MIDDLE 0,275 ± 0,031 0,256 ± 0,037 0,278 ± 0,017 0,297 ± 0,036

M6 MIDDLE 0,272 ± 0,04 0,265 ± 0,029 0,296 ± 0,022 0,271 ± 0,037

M7 MIDDLE 0,244 ± 0,015 0,238 ± 0,025 0,264 ± 0,019 0,238 ± 0,023

M8 MIDDLE 0,227 ± 0,015 0,218 ± 0,011 0,255 ± 0,041 0,233 ± 0,013

M1 UPPER 0,256 ± 0,034 0,192 ± 0,021 0,377 ± 0,041 0,29 ± 0,012

M2 UPPER 0,274 ± 0,029 0,19 ± 0,027 0,397 ± 0,031 0,329 ± 0,02

M3 UPPER 0,274 ± 0,025 0,169 ± 0,038 0,39 ± 0,04 0,342 ± 0,022

M4 UPPER 0,317 ± 0,029 0,277 ± 0,033 0,366 ± 0,02 0,314 ± 0,05

M5 UPPER 0,334 ± 0,015 0,264 ± 0,033 0,336 ± 0,037 0,212 ± 0,024

M6 UPPER 0,308 ± 0,023 0,269 ± 0,029 0,342 ± 0,039 0,219 ± 0,029

M7 UPPER 0,321 ± 0,029 0,262 ± 0,027 0,338 ± 0,048 0,237 ± 0,026

M8 UPPER 0,383 ± 0,043 0,235 ± 0,019 0,445 ± 0,048 0,245 ± 0,016
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TRIAL RUN 2 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,402 ± 0,043 0,372 ± 0,054 0,441 ± 0,025 0,395 ± 0,058

B2 BASE 0,629 ± 0,028 0,605 ± 0,042 0,494 ± 0,035 0,509 ± 0,058

B3 BASE 0,434 ± 0,017 0,43 ± 0,045 0,381 ± 0,06 0,363 ± 0,053

B4 BASE 0,532 ± 0,057 0,655 ± 0,056 0,582 ± 0,121 0,607 ± 0,063

B5 BASE 0,641 ± 0,062 0,856 ± 0,03 0,617 ± 0,067 0,817 ± 0,067

B6 BASE 0,565 ± 0,035 0,665 ± 0,057 0,52 ± 0,053 0,562 ± 0,052

B7 BASE 0,44 ± 0,052 0,443 ± 0,031 0,357 ± 0,094 0,465 ± 0,05

B8 BASE 0,604 ± 0,033 0,638 ± 0,026 0,403 ± 0,061 0,58 ± 0,037

B9 BASE 0,407 ± 0,032 0,487 ± 0,03 0,342 ± 0,081 0,457 ± 0,023

M1 BOTTOM 0,642 ± 0,048 0,621 ± 0,061 0,613 ± 0,031 0,693 ± 0,03

M2 BOTTOM 0,643 ± 0,055 0,615 ± 0,069 0,656 ± 0,029 0,7 ± 0,041

M3 BOTTOM 0,659 ± 0,035 0,626 ± 0,063 0,656 ± 0,029 0,696 ± 0,038

M4 BOTTOM 0,679 ± 0,057 0,612 ± 0,057 0,694 ± 0,038 0,598 ± 0,084

M5 BOTTOM 0,583 ± 0,044 0,582 ± 0,076 0,576 ± 0,055 0,624 ± 0,027

M6  BOTTOM 0,611 ± 0,048 0,607 ± 0,042 0,563 ± 0,082 0,612 ± 0,053

M7 BOTTOM 0,605 ± 0,045 0,603 ± 0,055 0,544 ± 0,082 0,551 ± 0,066

M8 BOTTOM 0,66 ± 0,029 0,649 ± 0,046 0,577 ± 0,024 0,683 ± 0,03

M1 MIDDLE 0,341 ± 0,02 0,307 ± 0,011 0,435 ± 0,05 0,302 ± 0,033

M2 MIDDLE 0,321 ± 0,009 0,31 ± 0,019 0,408 ± 0,032 0,316 ± 0,01

M3 MIDDLE 0,309 ± 0,016 0,302 ± 0,027 0,381 ± 0,031 0,329 ± 0,021

M4 MIDDLE 0,32 ± 0,008 0,303 ± 0,021 0,361 ± 0,028 0,336 ± 0,021

M5 MIDDLE 0,335 ± 0,021 0,332 ± 0,045 0,35 ± 0,032 0,342 ± 0,02

M6 MIDDLE 0,352 ± 0,016 0,319 ± 0,015 0,379 ± 0,035 0,331 ± 0,015

M7 MIDDLE 0,342 ± 0,02 0,304 ± 0,008 0,41 ± 0,031 0,324 ± 0,015

M8 MIDDLE 0,324 ± 0,015 0,294 ± 0,032 0,396 ± 0,023 0,319 ± 0,009

M1 UPPER 0,315 ± 0,029 0,278 ± 0,031 0,4 ± 0,037 0,351 ± 0,014

M2 UPPER 0,324 ± 0,033 0,269 ± 0,037 0,404 ± 0,028 0,38 ± 0,027

M3 UPPER 0,318 ± 0,018 0,296 ± 0,026 0,388 ± 0,025 0,379 ± 0,021

M4 UPPER 0,329 ± 0,011 0,327 ± 0,034 0,376 ± 0,018 0,363 ± 0,016

M5 UPPER 0,361 ± 0,025 0,332 ± 0,04 0,344 ± 0,027 0,337 ± 0,029

M6 UPPER 0,349 ± 0,028 0,318 ± 0,027 0,358 ± 0,044 0,324 ± 0,026

M7 UPPER 0,347 ± 0,027 0,304 ± 0,025 0,349 ± 0,051 0,317 ± 0,022

M8 UPPER 0,372 ± 0,016 0,297 ± 0,033 0,414 ± 0,022 0,312 ± 0,02
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TRIAL RUN 3 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,386 ± 0,063 0,545 ± 0,041 0,365 ± 0,069 0,49 ± 0,068

B2 BASE 0,634 ± 0,056 0,724 ± 0,026 0,486 ± 0,101 0,64 ± 0,055

B3 BASE 0,498 ± 0,045 0,591 ± 0,029 0,344 ± 0,048 0,506 ± 0,068

B4 BASE 0,552 ± 0,086 0,783 ± 0,051 0,495 ± 0,101 0,712 ± 0,056

B5 BASE 0,745 ± 0,049 0,868 ± 0,029 0,545 ± 0,153 0,748 ± 0,08

B6 BASE 0,649 ± 0,044 0,837 ± 0,042 0,461 ± 0,076 0,749 ± 0,055

B7 BASE 0,488 ± 0,056 0,66 ± 0,037 0,311 ± 0,086 0,595 ± 0,051

B8 BASE 0,623 ± 0,041 0,856 ± 0,029 0,341 ± 0,115 0,761 ± 0,043

B9 BASE 0,486 ± 0,036 0,608 ± 0,032 0,248 ± 0,049 0,547 ± 0,023

M1 BOTTOM 0,742 ± 0,045 0,652 ± 0,188 0,647 ± 0,07 0,738 ± 0,042

M2 BOTTOM 0,727 ± 0,055 0,596 ± 0,125 0,687 ± 0,057 0,847 ± 0,046

M3 BOTTOM 0,76 ± 0,043 0,384 ± 0,055 0,65 ± 0,026 0,734 ± 0,166

M4 BOTTOM 0,7 ± 0,058 0,487 ± 0,027 0,659 ± 0,134 0,495 ± 0,079

M5 BOTTOM 0,445 ± 0,073 0,543 ± 0,066 0,631 ± 0,052 0,671 ± 0,064

M6  BOTTOM 0,452 ± 0,051 0,608 ± 0,135 0,656 ± 0,095 0,728 ± 0,074

M7 BOTTOM 0,46 ± 0,064 0,492 ± 0,067 0,6 ± 0,11 0,668 ± 0,076

M8 BOTTOM 0,793 ± 0,075 0,83 ± 0,033 0,513 ± 0,113 0,838 ± 0,032

M1 MIDDLE 0,304 ± 0,051 0,204 ± 0,013 0,585 ± 0,117 0,215 ± 0,011

M2 MIDDLE 0,345 ± 0,063 0,221 ± 0,015 0,586 ± 0,073 0,234 ± 0,011

M3 MIDDLE 0,34 ± 0,065 0,218 ± 0,017 0,458 ± 0,069 0,216 ± 0,015

M4 MIDDLE 0,291 ± 0,033 0,212 ± 0,024 0,361 ± 0,024 0,342 ± 0,073

M5 MIDDLE 0,445 ± 0,057 0,202 ± 0,011 0,53 ± 0,136 0,354 ± 0,062

M6 MIDDLE 0,465 ± 0,071 0,243 ± 0,015 0,712 ± 0,131 0,348 ± 0,037

M7 MIDDLE 0,343 ± 0,049 0,218 ± 0,015 0,737 ± 0,099 0,243 ± 0,019

M8 MIDDLE 0,34 ± 0,032 0,251 ± 0,018 0,565 ± 0,056 0,296 ± 0,014

M1 UPPER 0,361 ± 0,061 0,258 ± 0,023 0,631 ± 0,047 0,36 ± 0,03

M2 UPPER 0,414 ± 0,069 0,259 ± 0,025 0,652 ± 0,049 0,41 ± 0,027

M3 UPPER 0,404 ± 0,052 0,28 ± 0,026 0,613 ± 0,054 0,424 ± 0,03

M4 UPPER 0,438 ± 0,031 0,309 ± 0,033 0,489 ± 0,046 0,347 ± 0,072

M5 UPPER 0,574 ± 0,076 0,303 ± 0,028 0,571 ± 0,071 0,384 ± 0,09

M6 UPPER 0,579 ± 0,062 0,306 ± 0,019 0,664 ± 0,136 0,388 ± 0,07

M7 UPPER 0,538 ± 0,048 0,294 ± 0,023 0,647 ± 0,113 0,348 ± 0,042

M8 UPPER 0,443 ± 0,051 0,283 ± 0,025 0,648 ± 0,069 0,329 ± 0,023
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TRIAL RUN 4 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,455 ± 0,05 0,418 ± 0,056 0,347 ± 0,038 0,438 ± 0,059

B2 BASE 0,748 ± 0,044 0,633 ± 0,033 0,56 ± 0,054 0,574 ± 0,086

B3 BASE 0,537 ± 0,05 0,497 ± 0,047 0,372 ± 0,053 0,459 ± 0,064

B4 BASE 0,517 ± 0,054 0,687 ± 0,071 0,395 ± 0,02 0,648 ± 0,088

B5 BASE 0,806 ± 0,036 0,896 ± 0,024 0,715 ± 0,093 0,756 ± 0,115

B6 BASE 0,613 ± 0,045 0,733 ± 0,037 0,481 ± 0,046 0,647 ± 0,03

B7 BASE 0,447 ± 0,034 0,547 ± 0,035 0,216 ± 0,049 0,518 ± 0,056

B8 BASE 0,568 ± 0,021 0,697 ± 0,032 0,361 ± 0,078 0,662 ± 0,056

B9 BASE 0,431 ± 0,031 0,51 ± 0,032 0,324 ± 0,042 0,495 ± 0,042

M1 BOTTOM 0,744 ± 0,053 0,68 ± 0,06 0,727 ± 0,043 0,677 ± 0,051

M2 BOTTOM 0,74 ± 0,028 0,658 ± 0,083 0,71 ± 0,042 0,857 ± 0,038

M3 BOTTOM 0,819 ± 0,036 0,562 ± 0,145 0,677 ± 0,054 0,886 ± 0,031

M4 BOTTOM 0,637 ± 0,061 0,425 ± 0,063 0,753 ± 0,124 0,458 ± 0,096

M5 BOTTOM 0,486 ± 0,098 0,541 ± 0,086 0,606 ± 0,053 0,689 ± 0,054

M6  BOTTOM 0,494 ± 0,108 0,582 ± 0,123 0,628 ± 0,097 0,716 ± 0,069

M7 BOTTOM 0,495 ± 0,096 0,397 ± 0,074 0,546 ± 0,088 0,674 ± 0,099

M8 BOTTOM 0,649 ± 0,086 0,904 ± 0,038 0,429 ± 0,073 0,869 ± 0,088

M1 MIDDLE 0,292 ± 0,026 0,228 ± 0,013 0,353 ± 0,037 0,229 ± 0,013

M2 MIDDLE 0,326 ± 0,022 0,247 ± 0,015 0,338 ± 0,034 0,239 ± 0,014

M3 MIDDLE 0,306 ± 0,03 0,235 ± 0,02 0,303 ± 0,03 0,245 ± 0,014

M4 MIDDLE 0,288 ± 0,018 0,254 ± 0,02 0,342 ± 0,029 0,33 ± 0,028

M5 MIDDLE 0,306 ± 0,036 0,245 ± 0,02 0,301 ± 0,03 0,314 ± 0,031

M6 MIDDLE 0,343 ± 0,046 0,264 ± 0,021 0,514 ± 0,179 0,328 ± 0,034

M7 MIDDLE 0,319 ± 0,038 0,231 ± 0,023 0,678 ± 0,132 0,257 ± 0,018

M8 MIDDLE 0,273 ± 0,02 0,338 ± 0,021 0,348 ± 0,035 0,427 ± 0,055

M1 UPPER 0,415 ± 0,073 0,328 ± 0,032 0,587 ± 0,037 0,452 ± 0,042

M2 UPPER 0,435 ± 0,065 0,316 ± 0,031 0,55 ± 0,047 0,5 ± 0,048

M3 UPPER 0,43 ± 0,061 0,339 ± 0,036 0,533 ± 0,048 0,495 ± 0,037

M4 UPPER 0,403 ± 0,022 0,391 ± 0,023 0,399 ± 0,039 0,411 ± 0,039

M5 UPPER 0,536 ± 0,065 0,37 ± 0,036 0,582 ± 0,083 0,395 ± 0,059

M6 UPPER 0,506 ± 0,084 0,357 ± 0,028 0,662 ± 0,115 0,395 ± 0,098

M7 UPPER 0,523 ± 0,066 0,362 ± 0,032 0,65 ± 0,118 0,406 ± 0,072

M8 UPPER 0,601 ± 0,026 0,275 ± 0,028 0,7 ± 0,034 0,294 ± 0,018
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TRIAL RUN 5 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,393 ± 0,063 0,363 ± 0,035 0,343 ± 0,06 0,333 ± 0,073

B2 BASE 0,667 ± 0,044 0,526 ± 0,039 0,497 ± 0,07 0,508 ± 0,084

B3 BASE 0,484 ± 0,045 0,39 ± 0,041 0,368 ± 0,049 0,347 ± 0,043

B4 BASE 0,46 ± 0,055 0,651 ± 0,082 0,419 ± 0,077 0,563 ± 0,052

B5 BASE 0,773 ± 0,058 0,862 ± 0,022 0,614 ± 0,13 0,825 ± 0,063

B6 BASE 0,547 ± 0,028 0,63 ± 0,018 0,44 ± 0,084 0,553 ± 0,062

B7 BASE 0,394 ± 0,07 0,444 ± 0,035 0,291 ± 0,083 0,394 ± 0,043

B8 BASE 0,516 ± 0,072 0,592 ± 0,053 0,333 ± 0,1 0,54 ± 0,06

B9 BASE 0,388 ± 0,038 0,41 ± 0,023 0,326 ± 0,045 0,348 ± 0,032

M1 BOTTOM 0,746 ± 0,058 0,701 ± 0,043 0,686 ± 0,038 0,655 ± 0,056

M2 BOTTOM 0,766 ± 0,074 0,79 ± 0,06 0,664 ± 0,038 0,82 ± 0,037

M3 BOTTOM 0,815 ± 0,048 0,708 ± 0,071 0,645 ± 0,03 0,834 ± 0,028

M4 BOTTOM 0,728 ± 0,059 0,471 ± 0,042 0,78 ± 0,112 0,445 ± 0,074

M5 BOTTOM 0,496 ± 0,059 0,607 ± 0,115 0,568 ± 0,052 0,607 ± 0,075

M6  BOTTOM 0,503 ± 0,114 0,642 ± 0,129 0,66 ± 0,07 0,706 ± 0,065

M7 BOTTOM 0,547 ± 0,103 0,509 ± 0,085 0,602 ± 0,072 0,651 ± 0,061

M8 BOTTOM 0,684 ± 0,061 0,877 ± 0,06 0,402 ± 0,116 0,871 ± 0,062

M1 MIDDLE 0,389 ± 0,058 0,257 ± 0,011 0,392 ± 0,074 0,226 ± 0,016

M2 MIDDLE 0,41 ± 0,032 0,291 ± 0,015 0,364 ± 0,018 0,255 ± 0,021

M3 MIDDLE 0,379 ± 0,032 0,28 ± 0,023 0,309 ± 0,019 0,261 ± 0,018

M4 MIDDLE 0,352 ± 0,033 0,293 ± 0,016 0,359 ± 0,028 0,376 ± 0,06

M5 MIDDLE 0,357 ± 0,033 0,294 ± 0,027 0,327 ± 0,039 0,411 ± 0,073

M6 MIDDLE 0,368 ± 0,049 0,292 ± 0,025 0,443 ± 0,095 0,337 ± 0,042

M7 MIDDLE 0,371 ± 0,065 0,253 ± 0,025 0,607 ± 0,138 0,253 ± 0,02

M8 MIDDLE 0,314 ± 0,027 0,318 ± 0,038 0,346 ± 0,058 0,358 ± 0,063

M1 UPPER 0,455 ± 0,09 0,353 ± 0,044 0,69 ± 0,097 0,473 ± 0,041

M2 UPPER 0,456 ± 0,057 0,321 ± 0,048 0,621 ± 0,072 0,508 ± 0,052

M3 UPPER 0,451 ± 0,055 0,366 ± 0,026 0,656 ± 0,07 0,501 ± 0,047

M4 UPPER 0,431 ± 0,041 0,418 ± 0,049 0,458 ± 0,057 0,449 ± 0,054

M5 UPPER 0,578 ± 0,066 0,43 ± 0,05 0,622 ± 0,078 0,466 ± 0,057

M6 UPPER 0,55 ± 0,08 0,397 ± 0,055 0,656 ± 0,058 0,454 ± 0,068

M7 UPPER 0,568 ± 0,061 0,391 ± 0,039 0,667 ± 0,079 0,439 ± 0,058

M8 UPPER 0,66 ± 0,065 0,404 ± 0,066 0,711 ± 0,053 0,357 ± 0,068



80 

 

 

TRIAL RUN 6 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,711 ± 0,04 0,709 ± 0,048 0,587 ± 0,071 0,609 ± 0,051

B2 BASE 0,93 ± 0,018 0,808 ± 0,031 0,764 ± 0,059 0,735 ± 0,054

B3 BASE 0,649 ± 0,044 0,682 ± 0,059 0,583 ± 0,043 0,553 ± 0,057

B4 BASE 0,75 ± 0,055 0,872 ± 0,02 0,698 ± 0,076 0,81 ± 0,048

B5 BASE 0,882 ± 0,017 0,945 ± 0,015 0,722 ± 0,077 0,836 ± 0,083

B6 BASE 0,769 ± 0,057 0,882 ± 0,028 0,684 ± 0,059 0,76 ± 0,062

B7 BASE 0,633 ± 0,057 0,726 ± 0,054 0,486 ± 0,067 0,627 ± 0,046

B8 BASE 0,722 ± 0,03 0,931 ± 0,025 0,526 ± 0,066 0,778 ± 0,055

B9 BASE 0,573 ± 0,03 0,668 ± 0,031 0,466 ± 0,033 0,59 ± 0,04

M1 BOTTOM 0,611 ± 0,034 0,531 ± 0,058 0,767 ± 0,078 0,631 ± 0,034

M2 BOTTOM 0,655 ± 0,072 0,407 ± 0,088 0,726 ± 0,058 0,628 ± 0,08

M3 BOTTOM 0,603 ± 0,034 0,356 ± 0,144 0,736 ± 0,028 0,615 ± 0,146

M4 BOTTOM 0,524 ± 0,1 0,323 ± 0,047 0,615 ± 0,049 0,516 ± 0,062

M5 BOTTOM 0,563 ± 0,041 0,292 ± 0,022 0,729 ± 0,089 0,676 ± 0,072

M6  BOTTOM 0,587 ± 0,049 0,289 ± 0,014 0,787 ± 0,112 0,669 ± 0,084

M7 BOTTOM 0,596 ± 0,042 0,279 ± 0,016 0,773 ± 0,08 0,468 ± 0,081

M8 BOTTOM 0,376 ± 0,021 0,601 ± 0,096 0,541 ± 0,075 0,69 ± 0,088

M1 MIDDLE 0,235 ± 0,009 0,18 ± 0,006 0,239 ± 0,011 0,2 ± 0,005

M2 MIDDLE 0,249 ± 0,011 0,21 ± 0,019 0,261 ± 0,014 0,216 ± 0,007

M3 MIDDLE 0,231 ± 0,01 0,227 ± 0,02 0,25 ± 0,009 0,21 ± 0,01

M4 MIDDLE 0,219 ± 0,008 0,225 ± 0,011 0,227 ± 0,011 0,266 ± 0,014

M5 MIDDLE 0,247 ± 0,013 0,212 ± 0,011 0,255 ± 0,016 0,234 ± 0,017

M6 MIDDLE 0,245 ± 0,012 0,218 ± 0,01 0,261 ± 0,021 0,246 ± 0,017

M7 MIDDLE 0,233 ± 0,007 0,203 ± 0,007 0,251 ± 0,024 0,208 ± 0,005

M8 MIDDLE 0,236 ± 0,015 0,233 ± 0,016 0,244 ± 0,015 0,243 ± 0,022

M1 UPPER 0,269 ± 0,023 0,215 ± 0,012 0,395 ± 0,038 0,295 ± 0,024

M2 UPPER 0,29 ± 0,028 0,21 ± 0,011 0,374 ± 0,032 0,322 ± 0,03

M3 UPPER 0,311 ± 0,017 0,205 ± 0,013 0,383 ± 0,032 0,311 ± 0,028

M4 UPPER 0,28 ± 0,012 0,223 ± 0,014 0,309 ± 0,019 0,25 ± 0,03

M5 UPPER 0,312 ± 0,03 0,232 ± 0,017 0,381 ± 0,017 0,24 ± 0,021

M6 UPPER 0,302 ± 0,014 0,238 ± 0,017 0,367 ± 0,023 0,256 ± 0,022

M7 UPPER 0,309 ± 0,017 0,231 ± 0,017 0,353 ± 0,026 0,258 ± 0,021

M8 UPPER 0,364 ± 0,029 0,232 ± 0,013 0,403 ± 0,028 0,241 ± 0,023
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TRIAL RUN 7 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,307 ± 0,033 0,269 ± 0,032 0,277 ± 0,073 0,359 ± 0,113

B2 BASE 0,527 ± 0,042 0,534 ± 0,055 0,455 ± 0,087 0,433 ± 0,066

B3 BASE 0,395 ± 0,036 0,413 ± 0,068 0,295 ± 0,082 0,33 ± 0,075

B4 BASE 0,309 ± 0,046 0,621 ± 0,053 0,381 ± 0,074 0,616 ± 0,123

B5 BASE 0,695 ± 0,046 0,913 ± 0,039 0,426 ± 0,131 0,782 ± 0,127

B6 BASE 0,441 ± 0,033 0,715 ± 0,046 0,305 ± 0,075 0,534 ± 0,079

B7 BASE 0,321 ± 0,041 0,486 ± 0,056 0,249 ± 0,069 0,475 ± 0,065

B8 BASE 0,496 ± 0,043 0,676 ± 0,029 0,211 ± 0,042 0,606 ± 0,061

B9 BASE 0,314 ± 0,044 0,531 ± 0,035 0,197 ± 0,067 0,424 ± 0,079

M1 BOTTOM 0,538 ± 0,062 0,494 ± 0,053 0,44 ± 0,082 0,62 ± 0,09

M2 BOTTOM 0,545 ± 0,053 0,477 ± 0,091 0,475 ± 0,093 0,813 ± 0,099

M3 BOTTOM 0,604 ± 0,036 0,435 ± 0,134 0,46 ± 0,077 0,671 ± 0,119

M4 BOTTOM 0,617 ± 0,055 0,308 ± 0,044 0,752 ± 0,109 0,386 ± 0,081

M5 BOTTOM 0,327 ± 0,075 0,407 ± 0,093 0,471 ± 0,076 0,48 ± 0,113

M6  BOTTOM 0,276 ± 0,051 0,476 ± 0,106 0,556 ± 0,129 0,549 ± 0,123

M7 BOTTOM 0,363 ± 0,082 0,307 ± 0,044 0,473 ± 0,106 0,487 ± 0,113

M8 BOTTOM 0,52 ± 0,058 0,664 ± 0,077 0,348 ± 0,043 0,792 ± 0,128

M1 MIDDLE 0,526 ± 0,084 0,263 ± 0,014 0,677 ± 0,098 0,282 ± 0,026

M2 MIDDLE 0,562 ± 0,07 0,29 ± 0,017 0,663 ± 0,106 0,335 ± 0,039

M3 MIDDLE 0,373 ± 0,039 0,282 ± 0,025 0,475 ± 0,049 0,312 ± 0,06

M4 MIDDLE 0,417 ± 0,038 0,338 ± 0,04 0,53 ± 0,112 0,384 ± 0,045

M5 MIDDLE 0,407 ± 0,049 0,351 ± 0,031 0,535 ± 0,07 0,47 ± 0,069

M6 MIDDLE 0,357 ± 0,047 0,335 ± 0,022 0,827 ± 0,055 0,468 ± 0,07

M7 MIDDLE 0,375 ± 0,062 0,273 ± 0,018 0,776 ± 0,063 0,321 ± 0,022

M8 MIDDLE 0,376 ± 0,063 0,307 ± 0,021 0,58 ± 0,072 0,353 ± 0,041

M1 UPPER 0,503 ± 0,105 0,363 ± 0,061 0,889 ± 0,02 0,55 ± 0,063

M2 UPPER 0,534 ± 0,094 0,38 ± 0,067 0,888 ± 0,028 0,677 ± 0,097

M3 UPPER 0,503 ± 0,077 0,462 ± 0,066 0,789 ± 0,049 0,724 ± 0,113

M4 UPPER 0,469 ± 0,04 0,643 ± 0,079 0,657 ± 0,05 0,765 ± 0,037

M5 UPPER 0,569 ± 0,09 0,649 ± 0,09 0,807 ± 0,094 0,699 ± 0,069

M6 UPPER 0,534 ± 0,104 0,545 ± 0,083 0,904 ± 0,064 0,629 ± 0,088

M7 UPPER 0,516 ± 0,084 0,493 ± 0,048 0,911 ± 0,048 0,503 ± 0,058

M8 UPPER 0,768 ± 0,045 0,473 ± 0,076 0,951 ± 0,02 0,538 ± 0,139
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TRIAL RUN 8 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,562 ± 0,06 0,534 ± 0,057 0,45 ± 0,065 0,588 ± 0,03

B2 BASE 0,837 ± 0,033 0,713 ± 0,055 0,631 ± 0,089 0,683 ± 0,091

B3 BASE 0,618 ± 0,032 0,568 ± 0,029 0,469 ± 0,056 0,565 ± 0,068

B4 BASE 0,521 ± 0,055 0,766 ± 0,039 0,534 ± 0,058 0,756 ± 0,028

B5 BASE 0,853 ± 0,027 0,928 ± 0,034 0,662 ± 0,145 0,795 ± 0,12

B6 BASE 0,654 ± 0,034 0,823 ± 0,058 0,497 ± 0,066 0,696 ± 0,1

B7 BASE 0,563 ± 0,052 0,632 ± 0,061 0,371 ± 0,055 0,632 ± 0,044

B8 BASE 0,649 ± 0,03 0,851 ± 0,027 0,423 ± 0,102 0,799 ± 0,077

B9 BASE 0,487 ± 0,048 0,599 ± 0,032 0,336 ± 0,061 0,555 ± 0,051

M1 BOTTOM 0,704 ± 0,061 0,594 ± 0,027 0,59 ± 0,116 0,613 ± 0,055

M2 BOTTOM 0,688 ± 0,047 0,434 ± 0,066 0,65 ± 0,084 0,569 ± 0,138

M3 BOTTOM 0,739 ± 0,027 0,304 ± 0,031 0,679 ± 0,085 0,408 ± 0,148

M4 BOTTOM 0,505 ± 0,065 0,332 ± 0,069 0,642 ± 0,107 0,394 ± 0,077

M5 BOTTOM 0,396 ± 0,068 0,326 ± 0,041 0,724 ± 0,063 0,593 ± 0,073

M6  BOTTOM 0,348 ± 0,062 0,376 ± 0,08 0,744 ± 0,052 0,601 ± 0,095

M7 BOTTOM 0,379 ± 0,053 0,39 ± 0,071 0,68 ± 0,027 0,413 ± 0,071

M8 BOTTOM 0,579 ± 0,088 0,688 ± 0,074 0,49 ± 0,136 0,696 ± 0,078

M1 MIDDLE 0,256 ± 0,02 0,202 ± 0,006 0,298 ± 0,028 0,212 ± 0,012

M2 MIDDLE 0,283 ± 0,022 0,215 ± 0,007 0,321 ± 0,022 0,223 ± 0,011

M3 MIDDLE 0,27 ± 0,015 0,208 ± 0,012 0,292 ± 0,026 0,195 ± 0,015

M4 MIDDLE 0,234 ± 0,013 0,212 ± 0,014 0,302 ± 0,021 0,253 ± 0,032

M5 MIDDLE 0,273 ± 0,021 0,206 ± 0,011 0,318 ± 0,037 0,265 ± 0,033

M6 MIDDLE 0,307 ± 0,039 0,226 ± 0,008 0,383 ± 0,049 0,275 ± 0,023

M7 MIDDLE 0,269 ± 0,024 0,205 ± 0,012 0,368 ± 0,062 0,215 ± 0,01

M8 MIDDLE 0,244 ± 0,012 0,286 ± 0,027 0,302 ± 0,035 0,338 ± 0,046

M1 UPPER 0,362 ± 0,043 0,279 ± 0,015 0,629 ± 0,08 0,414 ± 0,035

M2 UPPER 0,384 ± 0,065 0,269 ± 0,022 0,611 ± 0,079 0,439 ± 0,041

M3 UPPER 0,373 ± 0,05 0,293 ± 0,034 0,549 ± 0,071 0,447 ± 0,017

M4 UPPER 0,362 ± 0,019 0,328 ± 0,03 0,43 ± 0,023 0,388 ± 0,031

M5 UPPER 0,495 ± 0,056 0,336 ± 0,048 0,519 ± 0,077 0,374 ± 0,069

M6 UPPER 0,486 ± 0,069 0,32 ± 0,032 0,539 ± 0,036 0,384 ± 0,048

M7 UPPER 0,455 ± 0,069 0,305 ± 0,025 0,515 ± 0,045 0,365 ± 0,047

M8 UPPER 0,489 ± 0,028 0,287 ± 0,027 0,671 ± 0,051 0,289 ± 0,027
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TRIAL RUN 9 CAVITY 1 CAVITY 2 CAVITY 3 CAVITY 4

B1 BASE 0,288 ± 0,044 0,275 ± 0,056 0,328 ± 0,047 0,32 ± 0,061

B2 BASE 0,526 ± 0,041 0,488 ± 0,061 0,454 ± 0,119 0,386 ± 0,038

B3 BASE 0,386 ± 0,033 0,364 ± 0,067 0,257 ± 0,023 0,49 ± 0,065

B4 BASE 0,312 ± 0,072 0,617 ± 0,052 0,403 ± 0,077 0,363 ± 0,068

B5 BASE 0,68 ± 0,059 0,897 ± 0,049 0,441 ± 0,142 0,56 ± 0,064

B6 BASE 0,427 ± 0,026 0,648 ± 0,054 0,317 ± 0,078 0,817 ± 0,079

B7 BASE 0,254 ± 0,039 0,462 ± 0,049 0,233 ± 0,051 0,594 ± 0,09

B8 BASE 0,445 ± 0,052 0,654 ± 0,032 0,215 ± 0,093 0,453 ± 0,061

B9 BASE 0,307 ± 0,033 0,473 ± 0,04 0,159 ± 0,055 0,627 ± 0,071

M1 BOTTOM 0,513 ± 0,054 0,545 ± 0,07 0,447 ± 0,058 0,597 ± 0,132

M2 BOTTOM 0,478 ± 0,059 0,588 ± 0,09 0,531 ± 0,069 0,757 ± 0,159

M3 BOTTOM 0,587 ± 0,057 0,519 ± 0,086 0,48 ± 0,051 0,691 ± 0,136

M4 BOTTOM 0,685 ± 0,042 0,357 ± 0,15 0,684 ± 0,153 0,399 ± 0,096

M5 BOTTOM 0,343 ± 0,058 0,433 ± 0,134 0,454 ± 0,064 0,514 ± 0,112

M6  BOTTOM 0,324 ± 0,085 0,518 ± 0,167 0,577 ± 0,081 0,571 ± 0,105

M7 BOTTOM 0,369 ± 0,071 0,371 ± 0,151 0,465 ± 0,061 0,452 ± 0,133

M8 BOTTOM 0,524 ± 0,048 0,669 ± 0,131 0,359 ± 0,194 0,78 ± 0,122

M1 MIDDLE 0,497 ± 0,071 0,278 ± 0,043 0,762 ± 0,097 0,305 ± 0,091

M2 MIDDLE 0,565 ± 0,055 0,316 ± 0,044 0,783 ± 0,051 0,329 ± 0,042

M3 MIDDLE 0,381 ± 0,037 0,298 ± 0,016 0,528 ± 0,074 0,304 ± 0,029

M4 MIDDLE 0,428 ± 0,044 0,357 ± 0,036 0,546 ± 0,083 0,398 ± 0,053

M5 MIDDLE 0,432 ± 0,049 0,371 ± 0,054 0,538 ± 0,108 0,433 ± 0,057

M6 MIDDLE 0,46 ± 0,069 0,336 ± 0,032 0,796 ± 0,068 0,429 ± 0,061

M7 MIDDLE 0,477 ± 0,066 0,267 ± 0,019 0,734 ± 0,116 0,305 ± 0,033

M8 MIDDLE 0,402 ± 0,063 0,31 ± 0,03 0,567 ± 0,04 0,35 ± 0,023

M1 UPPER 0,544 ± 0,108 0,399 ± 0,087 0,922 ± 0,042 0,565 ± 0,119

M2 UPPER 0,575 ± 0,115 0,389 ± 0,087 0,906 ± 0,024 0,663 ± 0,163

M3 UPPER 0,466 ± 0,092 0,461 ± 0,058 0,849 ± 0,084 0,672 ± 0,12

M4 UPPER 0,494 ± 0,028 0,668 ± 0,135 0,649 ± 0,101 0,753 ± 0,068

M5 UPPER 0,653 ± 0,061 0,629 ± 0,106 0,787 ± 0,1 0,659 ± 0,075

M6 UPPER 0,633 ± 0,074 0,546 ± 0,101 0,875 ± 0,079 0,619 ± 0,078

M7 UPPER 0,615 ± 0,05 0,532 ± 0,112 0,881 ± 0,067 0,545 ± 0,081

M8 UPPER 0,831 ± 0,036 0,508 ± 0,117 0,893 ± 0,113 0,451 ± 0,058
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